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★ TABLE C Other Hematology Reference Values

Analyte Reference Value

Immature reticulocyte fraction (IRF) 0.09–0.31

RDW 12–14.6

Platelet count 1509400 * 109/L

MPV 6.8–10.2 fL

Sedimentation rate

 Male   650 years 0–15 mm/hr

      750 years 0–20 mm/hr

 Female 650 years 0–20 mm/hr

      750 years 0–30 mm/hr

Zeta sedimentation rate

 Male 40–52

 Female 40–52

Cerebrospinal fluid

 Erythrocytes 0

 Leukocytes 65/mcL

★ TABLE B Age and Race-Specific Reference Intervals for Leukocyte Count and Differentiala

Birth 6 Months 4 Years Adult Adult of African Descent

Total leukocyte count (*109/L) 9.0–30.0 6.0–18.0 4.5–13.5 4.5–11.0 3.0–9.0

Segmented neutrophil: percent (%) 50–60 25–35 35–45 40–80 45–55

Absolute (*109/L) 4.5–18.0 1.5–6.3 1.5–8.5 1.8–7.0 1.5–5.0

Band neutrophil percent (%) 5–14 0–5 0–5 0–5 0–5

Absolute (*109/L) 0.5–4.2 0–1.0 0–0.7 0–0.7 0–0.7

Lymphocyte percent (%) 25–35 55–65 50–65 25–35 35–45

Absolute (*109/L) 2.0–11.0 4.0–13.5 2.0–8.8 1.0–4.8 1.0–4.8

Monocyte percent (%) 2–10 2–10 2–10 2–10 2–10

Absolute (*109/L) 0.2–3.0 0.1–2.0 0.1–1.4 0.1–0.8 0.1–0.8

Eosinophil percent (%) 0–5 0–5 0–5 0–5 0–5

Absolute (*109/L) 0–1.5 0–0.9 0–0.7 0–0.4 0–0.4

Basophil percent (%) 0–1 0–1 0–1 0–1 0–1

Absolute (*109/L) 0–0.6 0–0.4 0–0.3 0–0.2 0–0.2

aCompiled from multiple sources. Values may vary among sources and laboratories.
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care. The mixture of theoretical and practical information relat-
ing to hematology provided in this text allows learners to analyze 
and synthesize this information and, ultimately, to answer ques-
tions and solve problems and cases. Additional applications and 
instructional resources are available at www.pearsonhighered.com/
healthprofesionsresources.

We hope that this book, as well as the entire series, proves to be 
a valuable educational resource.

Elizabeth A. Gockel-Blessing, PhD, MT(ASCP), CLS(NCA)
Clinical Laboratory Science Series Editor

Pearson Health Science
Vice Chair & Associate Professor

Department of Clinical Laboratory Science
Doisy College of Health Sciences

Saint Louis University

Clinical Laboratory Hematology is part of Pearson’s Clinical 
Laboratory Science (CLS) series of textbooks, which is designed to 
balance theory and practical applications in a way that is engaging 
and useful to students. The authors of and contributors to Clini-
cal Laboratory Hematology present highly detailed technical 
information and real-life case studies that will help learners envi-
sion themselves as members of the health care team, providing the 
laboratory services specific to hematology that assist in patient 

Foreword

A01_MCKE6011_03_SE_FM.indd   20 04/08/14   6:22 pm



xxi

“Hemostasis.” Chapter 10, “The Complete Blood Count and Peripheral 
Blood Smear Examination” is a new chapter that describes the infor-
mation that can be gained about blood cells from these frequently 
ordered laboratory tests. Most of the remaining chapters refer to the 
tests that are described in this chapter.

The next three sections include discussions of hematologic dis-
orders. Section Three (Chapters 11–20) begins with an introduction 
to anemia (Chapter 11). In this edition, we combined the introduc-
tion to anemia and the introduction to hemolytic anemia into one 
chapter because many anemias have a hemolytic component. This 
chapter is followed by chapters on the various anemias. Each ane-
mia is discussed in the following manner: introduction, etiology, 
pathophysiology, clinical findings, laboratory findings, and therapy. 
This format helps readers understand what laboratory tests can help 
in diagnosis and how to interpret the results of these tests. Section 
Four (Chapters 21 and 22) covers the nonmalignant disorders of leu-
kocytes. Section Five (Chapters 23–29) is a study of hematopoietic 
neoplasms. This section begins with an overview of these disorders 
to help students understand the classification, terminology, and 
pathophysiology of neoplasms and the laboratory’s role in diagnosis 
and therapy. As a part of this section, we included a chapter on stem 
cell therapy (Chapter 29) because it is a frequently used therapy for 
these neoplasms and the laboratory plays a critical role in harvesting 
the stem cells and preparing them for transplant. Molecular studies 
are becoming a major diagnostic tool for neoplastic disorders and 
are discussed within each chapter as well as in the chapter devoted to 
molecular diagnostics (Chapter 42). Some instructors might prefer 
to cover Section Eight, the study of bone marrow (Chapter 38), flow 
cytometry (Chapter 40), cytogenetics (Chapter 41), and molecular 
diagnostics (Chapter 42) before teaching Section Five or integrate this 
material with Section Five. Some hematology courses do not include 
these topics, or instructors might not want to cover them in the depth 
presented in this book.

Section Six (Chapter 30) is a study of body fluids from a hema-
tologic perspective and thus includes a large number of photographs 
of cells found in body fluids. This chapter has been reorganized and 
revised extensively to give a more complete perspective on body fluid 
analysis. Discussions of semen analysis and amniotic fluid lamellar 
body counts have been added. Additional photographs have been 
added to the online resources. Not all hematology courses include 

As with the first two editions, the third edition of Clinical Labora-
tory Hematology is designed to be a comprehensive resource that 
medical laboratory technician (MLT) and medical laboratory science 
(MLS) students can use in all their hematology courses. Laboratory 
practitioners will find the book a welcome resource to help them keep 
up with advances in the field. The book also is suited for use by stu-
dents in other health care professions including pathology, medicine, 
physician assistant, and nursing. This edition is thoroughly updated 
to include the latest in advances in laboratory medicine. Each chap-
ter has a similar format; the striking visual design makes it easy for 
readers to find information on each topic. Multiple supplemental 
learning tools for students and teaching resources for the instructor, 
including a website with resources available by chapter, are available. 
In summary, the book is not just a book but a package of learning 
tools.

OrgaNIzaTION
We believe that students must have a thorough knowledge of normal 
hematopoiesis and cell processes to understand the pathophysiology 
of hematologic/hemostatic diseases, evaluate and correlate laboratory 
test results, and ensure the appropriate utilization of the laboratory 
in diagnosis and patient follow-up. Thus, this book is organized so 
that the first 10 chapters give the students a comprehensive base of 
knowledge about blood cell proliferation, maturation, and differen-
tiation and the processes that control hematopoiesis. Section One 
(Chapters 1–2) includes an introduction to hematology and hema-
topoiesis, including cell morphology and the cell cycle and its regula-
tion. This introduction includes a description of cellular processes at 
the molecular level, which could be new material for some students 
and a basic review for others. The reader might want to review these 
chapters before beginning a study of neoplastic disorders. Section Two 
(Chapters 3–10) includes chapters on normal hematopoiesis, includ-
ing a description of the structure and function of hematopoietic tis-
sue and organs, erythropoiesis, leukopoiesis, and hemoglobin. In this 
third edition, the chapter on leukocytes is divided into two separate 
chapters: granulocytes/monocytes (Chapter 7) and lymphocytes 
(Chapter 8). An introductory chapter on platelets (Chapter 9) was 
added to this section to complete the discussion of normal blood cells. 
Details of platelet function and physiology are found in Section Eight, 
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meet both Level I and Level II objectives in most cases. If the MLS pro-
gram has two levels of hematology courses—Level I and Level II—this 
book can be used for both.

All instructors, regardless of discipline or level, need to commu-
nicate to their students what is expected of them. They might want 
their students to find the information in the text that allows them to 
satisfy selected objectives, or they might assign particular sections to 
read. If not assigned specific sections to read, the MLT students may 
read more than expected, which is not a bad thing! The two levels of 
review questions at the end of each chapter are matched to the two 
levels of objectives.

The Case Study questions and the Checkpoints are not delin-
eated by level. All students should try to answer as many of them as 
possible to assess their understanding of the material.

We recognize that there are many approaches to organizing 
a hematology course and that not all instructors teach in the same 
topic sequence or at the same depth. Thus, we encourage instruc-
tors to use the book by selecting appropriate chapters and objectives 
for their students based on their course goals. Each program should 
assess what content fits its particular curriculum. The layout of the 
book is such that instructors can select the sequence of chapters in an 
order that fits their course design, which might not necessarily be the 
sequence in the book. However, we recommend that the course begin 
with Sections One and Two and that the chapters “Introduction to 
Anemia” and “Introduction to Hematopoietic Neoplasms” be studied 
before the individual chapters that follow on these topics. The Back-
ground Basics sections help the instructor determine which concepts 
students should master before beginning each chapter. This feature 
helps instructors customize their courses. Some hematology courses 
might not include some chapters on subjects such as molecular tech-
niques, cytogenetics, flow cytometry, and body fluids but they might 
be helpful in other courses.

As a note, this text uses mc as an abbreviation for micro, which 
replaces m. Thus abbreviations of mcg, mcL, mcM replace those that 
use the Greek letter “mu” (mg, mL, mM).

uNIQuE pEdagOgICal FEaTurES
The text has a number of unique pedagogical features to help the 
students assimilate, organize, and understand the information. Each 
chapter begins with a group of components intended to set the stage 
for the content to follow.

•	 The Objectives comprise two levels: Level I for basic or essential 
information and Level II for more advanced information. Each 
instructor must decide what to expect their students to know.

•	 The Key Terms feature alerts students to important terms used in 
the chapter and found in the glossary.

•	 The Background Basics component alerts students to material 
that they should have learned or reviewed before starting the chap-
ter. In most cases, these features refer readers to previous chapters 
to help them find the material if they want to review it.

•	 The Overview gives readers an idea of the chapter content and 
organization.

this topic, but the chapter is written in such a way that it can be used 
separately in a body fluid course.

Section Seven (Chapters 31–36) is a study of hemostasis. Chap-
ters on normal hemostasis include primary and secondary hemostasis 
and fibrinolysis. They are followed by three chapters on disorders of 
hemostasis. Chapter 36 describes the testing procedures for hemo-
stasis, including information on automation. This chapter has been 
revised by laboratory coagulation specialists and describes an exten-
sive collection of coagulation procedures; additional detailed infor-
mation on hemostasis testing is available on the chapter’s website. 
These procedures can be downloaded and used as is or adapted for 
use in student laboratories.

Section Eight (Chapters 37–42) includes chapters on test proce-
dures that help in the diagnosis of hematologic disorders. Automa-
tion in hematology is included in Chapter 39. Extensive additional 
information is included on the book’s website and includes step-by-
step procedures for some tests, graphs, tables, figures, and printouts 
of abnormal results using various hematology analyzers. Chapter 42 
is designed to introduce molecular procedures and their use in detect-
ing various hematologic and hemostatic disorders. A background in 
genetics is suggested before students begin this chapter.

Section Nine (Chapter 43) is a thorough discussion of qual-
ity assessment in the hematology laboratory. Problems discussed 
include common abnormal results, errors, and alert flags. Correc-
tive action to take to resolve these problems is described. Several 
excellent tables help to quickly find needed information. We suggest 
that these tables be read early in the course of study because they 
can be used periodically when attempting to interpret and correlate 
laboratory test results. Chapter 10 refers the reader to these tables 
because it discusses interpretation of test results and abnormalities 
in the CBC.

The text emphasizes the effective, efficient, and ethical use of 
laboratory tests. The clinical laboratory professional is in an ideal 
position to assist physicians in interpreting laboratory test results 
and choosing the best reflex tests to arrive at a diagnosis or evaluate 
therapy. Many laboratories develop algorithms to assist in these tasks. 
This text includes several algorithms that some laboratories use. To 
save page space in the text, some algorithms are on the website.

SuITablE FOr all lEvElS 
OF lEarNINg
The book is designed for both MLT and MLS students. Using only 
one textbook for both levels is beneficial and economic for labora-
tory science programs that offer both levels of instruction. It also is 
helpful for programs that have developed articulated MLT to MLS 
curricula. The MLS program can be confident of the MLT’s knowl-
edge in hematology without doing a time-consuming analysis of the 
MLT course.

Objectives are divided into two levels: Level I (basic) and Level 
II (advanced). MLT instructors who reviewed the objectives for this 
text generally agreed that most Level I objectives are appropriate for 
the MLT body of knowledge. They also indicated that some Level II 
objectives are appropriate for MLTs. MLS students should be able to 

A01_MCKE6011_03_SE_FM.indd   22 04/08/14   6:23 pm



 xxiiipreface

•	 The body fluid chapter (Chapter 30) was expanded to include more 
information on procedures and additional body fluids including 
semen and amniotic fluid. Additional photos of cells are available 
on the chapter’s website.

•	 Automation in hemostasis testing was moved to the chapter about 
hemostasis procedures (Chapter 36).

•	 Chapter 39 includes automation in the hematology laboratory.
•	 Appendix A contains the answers to chapter review questions. The 

answers to the case study questions and checkpoints are available 
on the website.

•	 Two new comprehensive tables were added to the appendices. 
The table in Appendix B was developed through a collaborative 
effort of several authors. It lists hematopoietic neoplasms with 
the following information on each: immunophenotype using 
CD markers, cytogenetic abnormalities, and genotypic findings. 
This table provides a ready reference for information from the 
chapters in Section Five (Neoplastic Hematologic Disorders) 
and Section 8 (Hematology Procedures). The table in Appen-
dix C is a comprehensive classification of hematopoietic, lym-
phopoietic, and histiocytic/dendritic neoplasms using the 2008 
WHO classification system.

a COmplETE TEaChINg aNd 
lEarNINg paCkagE
A variety of ancillary materials designed to help instructors be more 
efficient and effective and students more successful complements this 
book.

An Instructor’s Resource Center is available upon adoption 
of the text and gives the instructor access to a number of powerful tools 
in an electronic format. The following materials are downloadable:

•	 The MyTest feature includes questions to allow instructors to 
design customized quizzes and exams. The MyTest guides instruc-
tors through the steps to create a simple test with drag-and-drop or 
point-and-click transfer. Test questions are available either manu-
ally or randomly and use online spell checking and other tools to 
quickly polish the test content and presentation. Instructors can 
save their tests in a variety of formats both local and network, print 
as many as 25 variations of a single test, and publish the tests in an 
online course.

•	 The PowerPoint Lectures tool contains key discussion points and 
color images for each chapter. This feature provides dynamic, fully 
designed, integrated lectures that are ready to use, allowing instruc-
tors to customize the materials to meet their specific course needs. 
These ready-made lectures will save instructors time and allow an 
easy transition into using Clinical Laboratory Hematology.

•	 The Image Library feature contains all of the images from the 
text. Instructors have permission to copy and paste these images 
into PowerPoint lectures, printed documents, or website as long as 
they are using Clinical Laboratory Hematology as their course 
textbook.

•	 The Case Study is a running case feature that first appears at the 
beginning of a chapter and focuses the students’ attention on the 
subject matter that the chapter covers.

•	 Appropriate places throughout the chapter provide additional 
information on the case, such as additional laboratory test results 
followed by questions that relate to the material presented in pre-
ceding sections. The book’s website provides the answers to Case 
Study questions.

•	 The Checkpoints components are integrated throughout the 
chapter. They are questions that require students to pause along the 
way to recall or apply information covered in preceding sections. 
The answers are provided on the book’s website.

•	 A Summary concludes the text portion of each chapter to help 
students bring all the material together.

•	 Review Questions appear at the end of each chapter. The two sets 
of questions, Level I and Level II, are referenced and organized to 
correspond to the Level I and Level II objectives. Answers are pro-
vided in the Appendix.

The page design features a number of enhancements intended to aid 
the learning process.

•	 Colorful symbols are used to identify callouts for tables (★) and 
figures (■) within the chapter text to help students quickly cross-
reference from the tables and figures to the text.

•	 Figures and tables are used liberally to help students organize and 
conceptualize information. This is especially important for visual 
learners.

•	 Microphotographs are displayed liberally in the book and are 
typical of those found in a particular disease or disorder. Students 
should be aware that cell variations occur and that blood and bone 
marrow findings do not always mimic those found in textbooks. 
The legend for each microphotograph gives the original magnifi-
cation but sometimes the image was zoomed to enhance detail.

WhaT’S NEW
Major changes in the text organization are listed here as a quick refer-
ence for instructors. In addition to updating, the following changes 
have been made:

•	 The leukocyte chapter has been split into two chapters (7 and 8). 
Chapter 7 includes granulocytes and monocytes; chapter 8 includes 
lymphocytes.

•	 An introductory chapter on platelets (Chapter 9) was added to 
complete the section on blood cells. More detailed information is 
included in Section Seven, Hemostasis.

•	 A chapter was added (Chapter 10, The Complete Blood Count and 
Peripheral Blood Smear Evaluation) to introduce the student to the 
results and interpretation of two of the most common laboratory 
tests in hematology.

•	 Section Five, Hematopoietic Neoplasms, is thoroughly updated 
using the WHO 2008 classification.

A01_MCKE6011_03_SE_FM.indd   23 04/08/14   6:23 pm



xxiv preface

COmpaNION rESOurCES  
(WWW.pEarSONhIghErEd.COm/
hEalThprOFESSIONSrESOurCES)
This online resource page is completely unique to the market. The 
website presents additional figures, tables, and information for read-
ers. For procedure chapters, the website includes detailed laboratory 
procedures that can be adapted and printed for use in the laboratory.

•	 The Instructor’s Resource Manual tool in PDF and Word for-
mats can be accessed.

•	 The Bonus Image Library feature contains microphotographs 
of normal and abnormal blood cells filed by chapter. These can 
be downloaded into instructors’ digital presentations or used on 
password-protected course websites.
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Thank you, Pearson, for having faith in us to publish a third edition. 
Thank you for providing the special team of experts to help us accom-
plish this task. We recognize that the job is not over but will require the 
efforts of sales and marketing to ensure widespread use and adoption.

SBM and JLW

The reason I took the task of writing my first hematology text-
book was that as an instructor for medical laboratory science students, 
I could not find a suitable text for them. Thus, my former students 
were the inspiration for this book. Thank you for your feedback to 
help make each edition better.

Writing and editing a text of this size is a monumental job. I 
am privileged to work with my brilliant fellow coeditor and friend, 
Dr. J. Lynne Williams, who spent many hours of research on topics 
before editing to ensure that the chapters are up to date and accurate. 
Her ability to recognize errors is without equal. She spent many late 
hours at the office to complete editing tasks. We have similar phi-
losophies about teaching hematology and often discussed how to 
best present the information in this book.

During the time this book was under development, my profes-
sional life took over many hours of my personal life. Many thanks to my 
husband and best friend for his support, sacrifices, and understanding 
during some very stressful times so this book could become a reality. 
My parents, George and Helen Olson, instilled in me the confidence 
that I could accomplish anything I set my heart to. This mind-set has 
stuck with me through life, especially in this task. I hope that through 
example I have provided the same to my children and grandchildren.

SBM

I extend a special thank you to my colleagues in the Biomedical 
Diagnostic and Therapeutic Sciences program at Oakland University—
Dr. Kristin Landis-Piwowar, Dr. Sumit Dinda, Lisa DeCeuninck, and our 
many part-time instructors—who kept the programs moving forward 
while I was working on this new edition—and to the BDTS students 
of the past 2 years who tolerated a distracted and often absent-minded 
professor. To all my former students: You have been my inspiration to 
try to create a meaningful and useful book to support your educational 
endeavors. But especially to my coeditor, Dr. Shirlyn McKenzie: thank 
you for the privilege of accompanying you on this wonderful journey.

JLW

Writing a textbook is a complicated task that requires a team of 
dedicated authors, editors, copy editors, artists, permission research-
ers, educators, practitioners, content reviewers, project and program 
managers, and many other individuals behind the scenes. The team 
that Pearson and the editors put together to make the third edition of 
this book an excellent hematology and hemostasis resource for stu-
dents and health care practitioners worked tirelessly over several years 
to bring the project to completion. The new and returning authors 
ensured that their chapters were up to date and accurate. Content 
reviewers and users of the second edition provided helpful sugges-
tions that were incorporated into the chapters. Dr. Brooke Solberg had 
an important role in reviewing the body fluid chapter and making 
recommendations that enhanced the chapter’s content and organiza-
tion. We offer our thanks to this group who ensured a quality textbook 
for a wide audience.

Andrea Klingler was our daily contact who kept us on track even 
though it meant multiple deadline revisions. She was understanding 
when our mistakes meant more work for her. Her gentle prodding 
was evident and appreciated. Her editing was superb.

Rebecca Lazure came into the picture later in the process and 
played an important role in final copyediting. Patty Gutierrez was 
instrumental in working with permission researchers to obtain per-
mission for use of copyright works.

John Goucher started the ball moving on the third edition. He 
had faith in us and provided support and encouragement for another 
edition of Clinical Laboratory Hematology. Jonathan Cheung and 
Nicole Rangonese were essential in finding authors for support 
materials including PowerPoints, test questions, and the instructor’s 
guide. This group of author educators contributed behind the scenes 
to enhance the instructors’ use of this book.

A very special thanks goes to Dr. Kristin Landis-Piwowar, Con-
sulting Editor, who accepted a critical editing role late in our pro-
cess. Her knowledge and expertise in molecular diagnostics proved 
invaluable. Her attention to detail, writing ability, and suggestions for 
organization are evident in her editing. Most notably, she was always 
willing and able to take additional tasks to help keep us on track.

Although he wasn't involved in producing this edition, Mark 
Cohen was responsible for the creation of the first edition of this text. 
His keen insights into developing a unique textbook design with peda-
gogical enhancements has helped Clinical Laboratory Hematology 
become a leading textbook in the field of clinical laboratory science. 
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FAB  French-American-British
FFP  Fresh frozen plasma
G6PD Glucose-6-phosphate dehydrogenase
GMP Granulocyte/monocytes progenitor
Hb  Hemoglobin
Hct  Hematocrit
HDFN Hemolytic disease of the fetus and newborn
HES  Hypereosinophilic syndrome
HPFH Hereditary persistence of fetal hemoglobin
HUS  Hemolytic uremic syndrome
IAT  Indirect antiglobulin test
Ig  Immunoglobulin
INR  International normalized ratio
IRF  Immature reticulocyte fraction
ISC  Irreversibly sickled cell
ISI  International sensitivity index
ITP   Immune thrombocytopenia also called  

Idiopathic thrombocytopenic purpura
L  Liter
LAP  Leukocyte alkaline phosphatase
LCAT Lecithin-cholesterol acyl transferase
LD  Lactic dehydrogenase
Lymph Lymphocyte
MAHA Microangiopathic hemolytic anemia
MCH Mean corpuscular hemoglobin
MCHC Mean corpuscular hemoglobin concentration
MCV Mean corpuscular (cell) volume
MDS Myelodysplastic syndrome
MEP  megakaryocytic/erythroid progenitor
MHC Major histocompatibility complex
mcG  Microgram
mcL  Microliter
mcM Micrometer
mL  Milliliter
Mono Monocyte
MPD Myeloproliferative disorder
MPN Myeloproliferative neoplasm
MW  Molecular weight
NRBC Nucleated red blood cell
PAS  Periodic acid-Schiff

AHG Antihuman globulin
AIDS Acquired immune deficiency syndrome
AIHA Autoimmune hemolytic anemia
AL  Acute leukemia
ALL  Acute lymphoblastic leukemia
AML Acute myeloid leukemia
ANLL Acute nonlymphocytic leukemia
APTT Activated partial thromboplastin time
ARC  AIDS-related complex
Band  Nonsegmented neutrophil
BCR  B-cell receptor
BT  Bleeding time
CBC  Complete blood count
CD  Cluster of differentiation
CDK  Cyclin-dependent kinase
cDNA Complementary DNA
CEL, NOS Chronic eosinophilic leukemia, not otherwise specified
CFU  Colony-forming unit
CGL  Chronic granulocytic leukemia
CHr  Reticulocyte hemoglobin
CHCMr  Mean corpuscular hemoglobin concentration of  

the reticulocyte
CKI  Cyclin-dependent kinase inhibitor
CLL  Chronic lymphocytic leukemia
CLP  Common lymphoid progenitor
CML Chronic myeloid (myelogenous) leukemia
CMML Chronic myelomonocytic leukemia
CMV Cytomegalovirus
CNL  Chronic neutrophilic leukemia
DAF  Decay-accelerating factor
DAT  Direct antiglobulin test
DIC  Disseminated intravascular coagulation
dL  Deciliter
DNA Deoxyribonucleic acid
DVT  Deep vein thrombosis
EBV  Epstein-Barr virus
EPO  Erythropoietin
ER  Endoplasmic reticulum
ET  Essential thrombocythemia
FA  Fanconi’s anemia

Select Abbreviations Used
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rHuEPO Recombinant human erythropoietin
RNA  Ribonucleic acid
RPI  Reticulocyte production index
SCIDS Severe combined immunodeficiency syndrome
Seg  Segmented neutrophil
SER  Smooth endoplasmic reticulum
SLL  Small lymphocytic lymphoma
TCR  T-cell receptor
TF  Transcription Factor
TIBC Total iron-binding capacity
TPO  Thrombopoietin
TRAP Tartrate-resistant acid phosphatase
TTP  Thrombotic thrombocytopenic purpura
UTR  Untranslated region
VWF von Willebrand factor
WBC White blood cell
WHO World Health Organization

PCH  Paroxysmal cold hemoglobinuria
PCR  Polymerase chain reaction
PDW Platelet distribution width
PIVKA Protein induced by vitamin-K absence (or antagonist)
PK  Pyruvate kinase
PMN Polymorphonuclear neutrophil
PNH  Paroxysmal nocturnal hemoglobinuria
PT  Prothrombin time
RA  Refractory anemia
RB  Retinoblastoma
RAEB Refractory anemia with excess blasts
RARS Refractory anemia with ring sideroblasts
RBC  Red blood cell
RDW Red cell distribution width
RER  Rough endoplasmic reticulum
RET-He  Reticulocyte hemoglobin content measured by Sysmex 

instrument
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Section one
Introduction to Hematology

Objectives—Level I and Level II
At the end of this unit of study, the student should be able to:
 1. Compare the reference intervals for hemoglobin, hematocrit, erythro-

cytes, and leukocytes in infants, children, and adults.
 2. Identify the function of erythrocytes, leukocytes, and platelets.
 3. Describe the composition of blood.
 4. Explain the causes of change in the steady state of blood components.
 5. Describe reflex testing, and identify the laboratory’s role in designing 

reflex testing protocols.
 6. Define hemostasis and describe the result of an upset in the hemostatic 

process.
 7. Identify hematology and hemostasis screening tests.
 8. List the three components of laboratory testing and correlate errors 

with each component.

Introduction
SHIrlyn B. McKenzIe, PhD

Chapter Outline
Objectives—Level I and Level II 1

Key Terms 1

Background Basics 1

Case Study 2

Overview 2

Introduction 2

Composition of Blood 2

Reference Intervals for Blood Cell 
Concentration 3

Hemostasis 3

Blood Component Therapy 3

Laboratory Testing in the Investigation 
of a Hematologic Problem 3

Summary 5

Review Questions 5

Companion Resources 6

References 6
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Key Terms
Activated partial 

thromboplastin time (APTT)
Complete blood count (CBC)
Diapedese
Erythrocyte
Hematocrit
Hematology
Hematopoiesis
Hemoglobin
Hemostasis

Leukocyte
Plasma
Platelet
Prothrombin time (PT)
RBC index
Red blood cell (RBC)
Reflex testing
Thrombocyte
White blood cell (WBC)

Background Basics
Students should complete courses in biology and physiology 
before beginning this study of hematology.
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2 SECTION I   •   INTrOduCTION TO HEmaTOlOgy

CoMPoSItIon of BlooD
Blood is composed of a liquid called plasma and of cellular elements, 
including leukocytes, platelets, and erythrocytes. The normal adult has 
about 6 liters of this vital fluid, which composes from 7% to 8% of the 
total body weight. Plasma makes up about 55% of the blood volume; 
about 45% of the volume is composed of erythrocytes, and 1% of the 
volume is composed of leukocytes and platelets. Variations in the quan-
tity of these blood elements are often the first sign of disease occurring 
in body tissue. Changes in diseased tissue may be detected by laboratory 
tests that measure deviations from normal in blood constituents. Hema-
tology is primarily the study of the formed cellular blood elements.

The principal component of plasma is water, which contains 
dissolved ions, proteins, carbohydrates, fats, hormones, vitamins, 
and enzymes. The principal ions necessary for normal cell function 
include calcium, sodium, potassium, chloride, magnesium, and hydro-
gen. The main protein constituent of plasma is albumin, which is the 
most important component in maintaining osmotic pressure. Albu-
min also acts as a carrier molecule, transporting compounds such as 
bilirubin and heme. Other blood proteins carry vitamins, minerals, 
and lipids. Immunoglobulins, synthesized by lymphocytes, and com-
plement are specialized blood proteins involved in immune defense. 
The coagulation proteins responsible for hemostasis (arrest of bleed-
ing) circulate in the blood as inactive enzymes until they are needed 
for the coagulation process. An upset in the balance of these dissolved 
plasma constituents can indicate a disease in other body tissues.

Blood plasma also acts as a transport medium for cell nutri-
ents and metabolites; for example, the blood transports hormones 
manufactured in one tissue to target tissue in other parts of the body. 
Albumin transports bilirubin, the main catabolic residue of hemo-
globin, from the spleen to the liver for excretion. Blood urea nitrogen, 
a nitrogenous waste product, is carried to the kidneys for filtration 
and excretion. Increased concentration of these normal catabolites 
can indicate either increased cellular metabolism or a defect in the 
organ responsible for their excretion. For example, in liver disease, the 
bilirubin level in blood increases because the liver is unable to func-
tion normally and clear the bilirubin. In hemolytic anemia, however, 
the bilirubin concentration can rise because of the increased metabo-
lism of hemoglobin that exceeds the ability of a normal liver to clear 
bilirubin.

When body cells die, they release their cellular constituents into 
surrounding tissue. Eventually, some of these constituents reach the 
blood. Many constituents of body cells are specific for the cell’s par-
ticular function; thus, increased concentration of these constituents in 
the blood, especially enzymes, can indicate abnormal cell destruction 
in a specific organ.

Blood cells are produced and develop in the bone marrow. This 
process is known as hematopoiesis. Undifferentiated hematopoi-
etic stem cells (precursor cells) proliferate and differentiate under 
the influence of proteins that affect their function (cytokines). 
When the cell reaches maturity, it is released into the peripheral 
blood.

Each of the three cellular constituents of blood has specific func-
tions. Erythrocytes contain the vital protein hemoglobin, which is 
responsible for transport of oxygen and carbon dioxide between the 
lungs and body tissues. The five major types of leukocytes are neu-
trophils, eosinophils, basophils, lymphocytes, and monocytes. Each 
type of leukocyte has a role in defending the body against foreign 

overvIew
Hematology is the study of blood and blood-forming organs. The 
hematology laboratory is one of the busiest areas of the clinical labora-
tory. Even small, limited-service laboratories usually offer hematology 
tests. This chapter is an introduction to the composition of blood and 
the testing performed in the hematology laboratory to identify the 
presence and cause of disease.

IntroDuCtIon
Blood has been considered the essence of life for centuries. One of the 
Hippocratic writings from about 400 b.c. describes the body as being a 
composite of four humors: black bile, blood, phlegm, and yellow bile. It 
is thought that the theory of the four humors came from the observa-
tion that four distinct layers form as blood clots in vitro: a dark-red, 
almost black, jellylike clot (black bile); a thin layer of oxygenated red 
cells (blood); a layer of white cells and platelets (phlegm); and a layer 
of yellowish serum (yellow bile).1 Health and disease were thought to 
occur as a result of an upset in the equilibrium of these humors.

The cellular composition of blood was not recognized until the 
invention of the microscope. With the help of a crude magnifying 
device that consisted of a biconvex lens, Leeuwenhoek (1632–1723) 
accurately described and measured the red blood cells (also known 
as RBCs or erythrocytes). The discovery of white blood cells 
(also known as WBCs or leukocytes) and platelets (also known 
as thrombocytes) followed after microscope lenses were improved.

As a supplement to these categorical observations of blood cells, 
Karl Vierordt in 1852 published the first quantitative results of blood 
cell analysis.2 His procedures for quantification were tedious and time 
consuming. After several years, many others attempted to correlate 
blood cell counts with various disease states.

Improved methods of blood examination in the 1920s and the 
increased knowledge of blood physiology and blood-forming organs in 
the 1930s allowed anemias and other blood disorders to be studied on a 
rational basis. In some cases, the pathophysiology of hematopoietic disor-
ders was realized only after the patient responded to experimental therapy.

Contrary to early hematologists, modern hematologists recognize 
that alterations in the components of blood are the result of disease, 
not a primary cause of it. Under normal conditions, the production 
of blood cells in the bone marrow, their release to the peripheral blood, 
and their survival are highly regulated to maintain a steady state of 
morphologically normal cells. Quantitative and qualitative hematologic 
abnormalities can result when an imbalance occurs in this steady state.

We will address this case study throughout the chapter.

Aaron, a 2-year-old male, was seen by his pediatrician 
because he had a fever of 102 to 104ºF over the past 
24 hours. Aaron was lethargic. Before this, he had been 
in good health except for two episodes of otitis.

 Consider why the pediatrician might order laboratory 
tests and how this child’s condition might affect the com-
position of his blood.

CaSe StuDy
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HeMoStaSIS
Hemostasis is the property of the circulation that maintains blood 
as a fluid within the blood vessels and the system’s ability to form a 
barrier (blood clot) to prevent excessive blood loss when the vessel 
is traumatized, limit the barrier to the site of injury, and dissolve the 
clot to ensure normal blood flow when the vessel is repaired. Hemo-
stasis occurs in stages called primary and secondary hemostasis 
and fibrinolysis (breakdown of fibrin). These stages are the result of 
interaction of platelets, blood vessels, and proteins circulating in the 
blood. An upset in any of the stages can result in bleeding or abnor-
mal blood clotting (thrombosis). Laboratory testing for abnormalities 
in hemostasis is usually performed in the hematology section of the 
laboratory; occasionally, hemostasis testing is performed in a separate 
specialized section of the laboratory.

pathogens such as bacteria and viruses. Platelets are necessary for 
maintaining hemostasis. Blood cells circulate through blood vessels, 
which are distributed throughout every body tissue. Erythrocytes and 
platelets generally carry out their functions without leaving the vessels, 
but leukocytes diapedese (pass through intact vessel walls) to tissues 
where they defend against invading foreign pathogens.

1. If Aaron was diagnosed with otitis media, what  cellular 
component(s) in his blood would be playing a central 
role in fighting this infection?

CaSe StuDy (continued from page 2)

What cellular component of blood can be involved in dis-
orders of hemostasis?

checkpoint 1-1
referenCe IntervalS for BlooD 
Cell ConCentratIon
Physiologic differences in the concentration of cellular elements can 
occur according to race, age, sex, and geographic location; pathologic 
changes in specific blood cell concentrations can occur as the result of 
disease or injury. The greatest differences in reference intervals occur 
between newborns and adults. In general, newborns have a higher eryth-
rocyte concentration than any other age group. The erythrocytes are 
also larger than those of adults. In the 6 months after birth, erythrocytes 
gradually decrease in number and then slowly increase. Hemoglobin 
and erythrocyte counts increase in children between the ages of 5 and 
17. The leukocyte concentration is high at birth but decreases after the 
first year of life. A common finding in young children is an absolute and 
relative lymphocytosis (increase in lymphocytes). After puberty, males 
have higher hemoglobin, hematocrit (packed red blood cell volume 
in whole blood), and erythrocyte levels than females. The hemoglobin 
level decreases slightly after age 70 in males. This is thought to be due to 
the decrease in testosterone. Tables A through K on the inside covers of 
this text give hematologic reference intervals for various age groups and 
by sex if appropriate.

Each individual laboratory must determine reference intervals 
of hematologic values to account for the physiologic differences of a 
population in a specific geographical area. Reference intervals for a 
hematologic parameter are determined by calculating the mean ±2 
standard deviations for a group of healthy individuals. This inter-
val represents the reference interval for 95% of normal individuals. 
A value just below or just above this interval is not necessarily abnor-
mal; normal and abnormal overlap. Statistical probability indicates 
that about 5% of normal individuals will fall outside the ±2 standard 
deviation range. The further a value falls from the reference interval, 
however, the more likely the value is to be abnormal.

Aaron’s physician ordered a complete blood count 
(CBC). The results are Hb 11.5 g/dL (115 g/L); Hct 34% 
(0.34 L/L). 

2. What parameters, if any, are outside the reference 
intervals? Why do you have to take Aaron’s age into 
account when evaluating these results?

CaSe StuDy

BlooD CoMPonent tHeraPy
Blood components can be used in therapy for various hematologic 
and nonhematologic disorders. Whole blood collected from donors 
can be separated into various cellular and fluid components. Only 
the specific blood component (i.e., platelets for thrombocytopenia or 
erythrocytes for anemia) needed by the patient will be administered. 
In addition, the components can be specially prepared for the patient’s 
specific needs (i.e., washed erythrocytes for patients with IgA defi-
ciency to reduce the risk of anaphylactic reactions). Table 1-1 ★ lists 
the various components that can be prepared for specific uses. The 
reader may want to refer back to this table when reading subsequent 
chapters about therapies that use these components.

laBoratory teStIng In 
tHe InveStIgatIon of a 
HeMatologIC ProBleM
Laboratory testing is divided into three components: pre-examination, 
examination, and post-examination (formerly known as preanalytical, 
analytical, postanalytical). The pre-examination component includes all 
aspects that occur prior to the testing procedure that affect the test out-
come such as phlebotomy technique and storage of the specimen after 
it is drawn but before the test is run. The examination phase refers to 
all aspects affecting the test procedure. The post-examination compo-
nent includes all aspects after the testing is completed such as reporting 
of results. These three aspects of testing are the backbone of a quality 
assessment program. See Chapters  10 and 43 for a detailed description 
of these three phases.

A physician’s investigation of a hematologic problem includes 
taking a medical history and performing a physical examination. 
Clues provided by this preliminary investigation help guide the 
physician’s choice of laboratory tests to help confirm the diagnosis. 
The challenge is to select appropriate tests that contribute to a cost- 
effective and efficient diagnosis. Laboratory testing usually begins 
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4 SECTION I   •   INTrOduCTION TO HEmaTOlOgy

partial thromboplastin time (APTT) (Chapter 36). The PT and 
APTT tests involve adding calcium and thromboplastin or partial 
thromboplastin to a sample of citrated plasma and determining the 
time it takes to form a clot. These tests provide clues that guide the 
choice of follow-up tests to help identify the problem.

Follow-up testing that is done based on results of screening 
tests is referred to as reflex testing. These testing protocols are 
sometimes referred to as algorithms. Follow-up tests can include 
not only hematologic tests but also chemical, immunologic, and/or 
molecular analysis. As scientists learn more about the pathophysi-
ology and treatment of hematologic disease and hemostasis, the 
number of tests designed to assist in diagnosis expands. Errors in 
selection of the most appropriate laboratory tests and interpreta-
tion of results can result in misdiagnosis or treatment errors and is 
a major source of poor patient outcomes. Laboratory professionals 
can assist in promoting good patient outcomes by assisting phy-
sicians and patient care teams in selecting the most efficient and 
effective testing strategies3–5 and assisting in interpretation of test 
results.6 Readers are urged to use the reflex testing concept in their 
thought processes when studying the laboratory investigation of a 
disease.

with screening tests; based on results of these tests, more specific tests 
are ordered. The same tests can be ordered again on follow-up to track 
disease progression, evaluate treatment, identify side effects and com-
plications, or assist in prognosis.

Hematology screening tests include the complete blood count 
(CBC), which quantifies the white blood cells (WBCs), red blood cells 
(RBCs), hemoglobin, hematocrit, and platelets and the RBC indices 
(Chapter 10). The indices are calculated from the results of the hemo-
globin, RBC count, and hematocrit to define the size and hemoglobin 
content of RBCs. The indices are important parameters used to dif-
ferentiate causes of anemia and help direct further testing. The CBC 
can also include a WBC differential. This procedure enumerates the 
five types of WBCs and reports each as a percentage of the total WBC 
count. A differential is especially helpful if the WBC count is abnor-
mal. When the count is abnormal, the differential identifies which cell 
type is abnormally increased or decreased and determines whether 
immature and/or abnormal forms are present, thus providing a clue 
to diagnosis. The morphology of RBCs and platelets is also studied as 
a routine part of the differential.

If a hemostasis problem is suspected, the screening tests include 
the platelet count, prothrombin time (PT), and activated 

Component name Composition Primary use

Whole blood Red blood cells and plasma Not used routinely; can be used in selected trauma, autologous transfusions, and 
neonatal situations; increases oxygen-carrying capacity and volume

Packed red blood cells 
(PRBCs)

PRBCs used in individuals with symptomatic anemia to increase oxygen-carrying 
capability

PRBCs, washed PRBCs; plasma and most leukocytes 
and platelets removed

used for individuals with repeated allergic reactions to components containing 
plasma and for IgA-deficient individuals with anaphylactic reactions to products 
containing plasma

PRBCs, leukoreduced PRBCs; WBC removed used to decrease the risk of febrile nonhemolytic transfusion reaction, Hla sensi-
tization, and cytomegalovirus (CmV) transmission

PRBCs, frozen, 
deglycerolized

PRBCs frozen in cryroprotective 
agent, thawed, washed

used for individuals with rare blood groups (autologous donation)

PRBCs, irradiated PRBCs with lymphocytes inactivated used to reduce the risk of graft-vs-host disease

Platelets, pooleda 4–6 units of random donor platelets used to increase platelet count and decrease bleeding when there is a deficiency 
or abnormal function of platelets

Platelets, singlea donor 
(pheresis)

Equivalent of 4–6 donor platelets 
 collected from single donor

used to treat patients refractory to random platelet transfusion or to increase 
platelet count due to a deficiency or abnormal function of platelets

Fresh frozen plasma (FFP) Plasma with all stable and labile 
 coagulation factors; frozen within 8 
hours of collection of unit of blood

used to treat patients with multiple coagulation factor deficiencies; disseminated 
intravascular coagulation (DIC); used with packed RBC in multiple transfusions

Cryoprecipitated AHFb Concentrated FVIII, fibrinogen, FXIII, 
von Willebrand factor

used to treat patients with hypofibrinogenemia, hemophilia a, von Willebrand’s 
disease, FXIII deficiency

Plasma, cryo-poor Plasma remaining after cryo removed used to treat thrombotic thrombocytopenic purpura (TTp)

Liquid plasma Plasma not frozen within 8 hours of 
collection

used in patients with deficiency of stable coagulation factor(s) and for volume 
replacement

granulocytes granulocytes used to treat the neutropenic patient who is septic and unresponsive to anti-
microbials and who has chance of marrow recovery

a Platelets can also be leukoreduced or irradiated. See PRBC for reasons.
b Cryo = Cryoprecipitated antihemophilic factor

Courtesy of linda Smith, ph.d., mlS(aSCp)Cm; adapted from the circular of information for the use of human blood and blood components. Prepared jointly by 
the American Association of Blood Banks, America’s Blood Centers, and the American Red Cross (2002).

★ taBle 1-1 Blood Components and Their Uses
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In an effort to help the student gain the knowledge to perform 
these functions, in this text, each hematologic disorder is discussed in 
the following order: pathophysiology (and etiology, if known), clini-
cal findings, laboratory findings, and treatment. The reader should 
consider which laboratory tests provide the information necessary to 
identify the cause of the disorder based on the suspected disorder’s 
pathophysiology. Although it is unusual for the physician to provide 
a patient history or diagnosis to the laboratory when ordering tests, 
this information is often crucial to direct investigation and assist in 
interpretation of the test results. In any case, if laboratory professionals 
need more patient information to perform testing appropriately, they 
should obtain the patient’s chart or call the physician.

A 13-year-old female saw her physician for complaints of a 
sore throat, lethargy, and swollen lymph nodes. A  CBC was 
performed with the following results: Hb 9.0 g/dL (90 g/L); 
Hct 30% (0.30 L/L); WBC 15 × 109/L; (15 × 103/mL). On the 
basis of these results, should reflex testing be performed?

checkpoint 1-2

Summary
Hematology is the study of the cellular components of blood: 
erythrocytes, leukocytes, and platelets. Physiological changes 
in the concentrations of these cells occur from infancy until 
adulthood. Diseases can upset the steady state concentration 
of these parameters. A CBC is usually performed as a screening 
test to determine whether there are quantitative abnormalities 
in blood cells. The physician can order reflex tests if one or 

more of the CBC parameters are outside the reference interval. 
Platelet count, PT, and APTT are screening tests for disorders 
of hemostasis.

Changes in the health care system focus on containing 
costs while maintaining quality of care. The laboratory’s role in 
this system is to work with physicians to optimize utilization of 
laboratory testing.

Review Questions
Level i and Level ii

 1. In which group of individuals would you expect to find the 
highest reference intervals for hemoglobin, hematocrit, 
and erythrocyte count? (Objective 1)

 A. newborns

 B. males older than 12 years of age

 C. females older than 17 years of age

 D. children between 1 and 5 years of age

 2. Which cells are important in transporting oxygen and 
carbon dioxide between the lungs and body tissues? 
 (Objective 2)

 A. platelets

 B. leukocytes

 C. thrombocytes

 D. erythrocytes

 3. Forty-five percent of the volume of blood is normally com-
posed of: (Objective 3)

 A. erythrocytes

 B. leukocytes

 C. platelets

 D. plasma

 4. Alterations in the concentration of blood cells generally are 
the result of: (Objective 4)

 A. laboratory error

 B. amount of exercise before blood draw

 C. a disease process

 D. variations in analytical equipment

 5. Leukocytes are necessary for: (Objective 2)

 A. hemostasis

 B. defense against foreign pathogens

 C. oxygen transport

 D. excretions of cellular metabolites

 6. Laboratories can use which type of testing to help direct 
the physician’s selection of appropriate testing after 
screening tests are performed? (Objective 5)

 A. reflexive based on results of screening tests

 B. manual repeat of abnormal results

 C. second test by a different instrument

 D. standing orders for all inpatients
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 7. Screening tests used to evaluate the hemostasis system 
include: (Objective 6)

 A. PT and APTT

 B. CBC

 C. hemoglobin

 D. WBC count

 8. A patient blood specimen is stored in a car for 2 hours with 
the outside temperature of 95°. This is an example of error 
in which component of testing? (Objective 8)

 A. pre-examination

 B. examination

 C. post-examination
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the location, morphology, and function of subcellular organ-

elles of a cell.
 2. Describe the lipid asymmetry found in the plasma membrane of most 

hematopoietic cells.
 3. Differentiate the parts of the mammalian cell cycle.
 4. Define R (restriction point) and its role in cell-cycle regulation.
 5. Define apoptosis and explain its role in normal human physiology.
 6. Classify and give examples of the major categories of initiators and 

inhibitors of apoptosis.
 7. List the major events regulated by apoptosis in hematopoiesis.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Explain the significance of SNPs, introns, exons, UTRs, and post- 

translational protein modifications.
 2. List the components and explain the function of the ubiquitin- 

proteosome system.
 3. Define cyclins and Cdks and their role in cell-cycle regulation; describe 

the associated Cdk partners and function of cyclins D, E, A, and B.
 4. Define CAK (Cdk-activating kinase) and the two major classes of CKIs 

(cyclin-dependent kinase inhibitors) and describe their function.
 5. Compare the function of cell-cycle checkpoints in cell-cycle regulation.
 6. Describe/illustrate the roles of p53 and pRb in cell-cycle regulation.
 7. Propose how abnormalities of cell-cycle regulatory mechanisms can 

lead to malignancy.
 8. Define caspases and explain their role in apoptosis.
 9. Differentiate the extrinsic and intrinsic pathways of cellular apoptosis.
 10. Define and contrast the roles of pro-apoptotic and anti-apoptotic 

members of the Bcl-2 family of proteins.
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8 SECTION I   •   INTrOduCTION TO HEmaTOlOgy

 11. Describe apoptotic regulatory mechanisms.
 12. give examples of diseases associated with increased 

apoptosis and inhibited (decreased) apoptosis.

Objectives—Level II (continued)

OvervieW
Not all hematology courses include the material in this chapter. It is a 
review of basic principles of cellular metabolism and homeostasis, which 
provide the foundation for understanding many pathologic abnormali-
ties underlying the hematologic disorders in subsequent chapters and 
thus may be of value to some users. The chapter begins with a review of 
the basic components and cellular processes of a normal cell and pres-
ents the concept of tissue homeostasis. Cellular processes that main-
tain tissue homeostasis—cell proliferation, cell differentiation, and cell 
death—are discussed at the functional and molecular level. The chapter 
concludes with a discussion of what happens when genes controlling 
cell proliferation, cell differentiation, and/or cell death mutate.

intrODuctiOn
The maintenance of an adequate number of cells to carry out the func-
tions of the organism is referred to as tissue homeostasis. It depends 
on the careful regulation of several cellular processes, including cellu-
lar proliferation, cellular differentiation, and cell death (apoptosis). A 
thorough understanding of cell structural components as well as the 
processes of cell division and cell death allows us to understand not only 
the normal (physiologic) regulation of the cells of the blood but also dis-
ease processes in which these events become dysregulated (e.g., cancer).

ceLL mOrPhOLOgy revieW
A basic understanding of cell morphology is essential to the study of 
hematology because many hematologic disorders are accompanied 
by abnormalities or changes in morphology of cellular or subcellular 
components and by changes in cell concentrations.

A cell is an intricate, complex structure consisting of a membrane-
bound aqueous solution of proteins, carbohydrates, fats, inorganic 

materials, and nucleic acids. The nucleus, bound by a double layer 
of membrane, controls and directs the development, function, and 
division of the cell. The cytoplasm, where most of the cell’s metabolic 
reactions take place, surrounds the nucleus and is bound by the cell 
membrane. The cytoplasm contains highly ordered organelles, which 
are membrane-bound components with specific cellular functions 
(Figure 2-1a ■). The different types of organelles and the quantity of 
each depend on the function of the cell and its state of maturation.

Cell Membrane
The outer boundary of the cell, the plasma (cell) membrane, is often 
considered a barrier between the cell and its environment. In fact, it 
functions to allow the regulated passage of ions, nutrients, and infor-
mation between the cytoplasm and its extracellular milieu and thus 
determines the interrelationships of the cell with its surroundings.

The plasma membrane consists of a complex, ordered array of 
lipids and proteins that serve as the interface between the cell and its 
environment (Figure 2-1b ■). The plasma membrane is in the form 
of a phospholipid bilayer punctuated by proteins. The lipids have 
their polar (hydrophilic) head groups directed toward the outside 
and inside of the cell and their long-chain (hydrophobic) hydrocarbon 
tails directed inward. Although the plasma membrane has tradition-
ally been described as a “fluid mosaic” structure,1 it is in fact highly 
ordered with asymmetric distribution of both membrane lipids and 
proteins. The lipid and protein compositions of the outside and inside 
of the membrane differ from one another in ways that reflect the dif-
ferent functions performed at the membrane’s two surfaces.

Four major phospholipids are found in the plasma membrane: 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phospha-
tidylcholine (PC), and sphingomyelin (SM) (Web Figure 2-1). Most 
blood cells have an asymmetric distribution of these phospholipids 

Key Terms
Anti-oncogene/tumor 

 suppressor gene
Apoptosis
Caspase
Cell-cycle checkpoint
Cyclins/Cdk
Epigenetics
Exon
genome/genomics
Intron
Mutation
Necrosis
Polymorphism

Post-translational modification
Proteomics
Proteosome
Proto-oncogene
Quiescence (g0)
Restriction point (R)
Single nucleotide 

 polymorphism (SNP)
Tissue homeostasis
Transcription factor (TF)
Ubiquitin
Untranslated region (UTR)

Background Basics
LeveL I and LeveL II
Students should have a solid foundation in basic cell biology 
principles, including the component parts of a cell and the struc-
ture and function of cytoplasmic organelles. They should have an 
understanding of the segments composing a cell cycle (interphase 
and mitosis) and the processes that take place during each stage.

 13. Define epigenetics, and give examples of epigenetic 
changes associated with gene silencing.

 14. Differentiate, using morphologic observations, the pro-
cesses of necrotic cell death and apoptotic cell death.
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without passage of the extracellular molecule through the membrane 
(see discussion of cytokine regulation of hematopoiesis, Chapter 4).

Cytoplasm
The cytoplasm, or cytosol, is where the metabolic activities of the cell 
including protein synthesis, growth, motility, and phagocytosis take 
place. The structural components, called organelles, include the mito-
chondria, lysosomes, endoplasmic reticulum (ER), Golgi apparatus, 
ribosomes, granules, microtubules, and microfilaments (Table 2-1 ★). 
Organelles and other cellular inclusions lie within the cytoplasmic 
matrix. The composition of the cytoplasm depends on cell lineage 
and degree of cell maturity. The appearance of cytoplasm in fixed, 
stained blood cells is important in evaluating the morphology, clas-
sifying the cell, and determining the stage of differentiation. Immature 
or synthetically active blood cells stained with Romanowsky stains 
(Chapter 37) have very basophilic (blue) cytoplasm due to the large 
quantity of ribonucleic acid (RNA) they contain.

with PE and PS occurring in the inner layer of the lipid bilayer and PC 
and SM occurring predominantly in the outer layer. The membrane lip-
ids can freely diffuse laterally throughout their own half of the bilayer, 
or they can flip-flop from one side of the bilayer to the other in response 
to certain stimuli as occurs in platelets when activated. Membrane lipids 
including phospholipids, cholesterol, lipoproteins, and lipopolysaccha-
rides contribute to the basic framework of cell membranes and account 
for the cell’s high permeability to lipid-soluble substances. Different 
mixtures of lipids are found in the membranes of different types of cells.

Although lipids are responsible for the basic structure of the 
plasma membrane, proteins carry out most of the membrane’s specific 
functions. The proteins of the membrane provide selective permeabil-
ity and transport of specific substances, structural stability, enzymatic 
catalysis, and cell-to-cell recognition functions.

The membrane proteins are divided into two general groups: 
integral (transmembrane) proteins and peripheral proteins. The 
peripheral proteins are located on either the cytoplasmic or the extra-
cellular half of the lipid bilayer. Some of the integral proteins span the 
entire lipid bilayer; other integral proteins only partially penetrate the 
membrane. Some membrane-spanning proteins traverse the mem-
brane once (e.g., erythrocyte glycophorin A) while others cross mul-
tiple times (e.g., erythrocyte band 3, the cation transporter). In some 
cells, such as erythrocytes, peripheral proteins on the cytoplasmic side 
of the membrane form a lattice network that functions as a cellular 
cytoskeleton, imparting order on the membrane (Chapter 5).

Carbohydrates linked to membrane lipids (glycolipids) or pro-
teins (glycoproteins) can extend from the outer surface of the mem-
brane. Functions of the carbohydrate moieties include specific binding, 
cell-to-cell recognition, and cell adhesion. The sugar groups are added 
to the lipid or protein molecules in the lumen of the Golgi apparatus 
after synthesis by the endoplasmic reticulum. Many of the glycopro-
tein transmembrane proteins serve as receptors for extracellular mol-
ecules such as growth factors. The binding of the specific ligand to 
a receptor can result in transduction of a signal to the cell’s interior 

■   Figure 2-1 (a) Drawing of a cell depicting the various organelles. (b) The fluid mosaic 
membrane model proposed by Singer and Nicholson.
Singer SJ, Nicholson GL. The fluid mosaic model of the structure of cell membranes. Science. 1972;175:720–31.
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What does the phrase lipid asymmetry mean when 
describing cell membranes?

CheCkpoInt 2-1

Nucleus
The nucleus contains the genetic material, deoxyribonucleic acid 
(DNA), responsible for the regulation of all cellular functions. The 
nuclear material, chromatin, consists of long polymers of nucleotide 
subunits (DNA) and associated structural proteins (histones) packaged 
into chromosomes. The total genetic information stored in an organ-
ism’s chromosomes constitutes its genome. The fundamental subunit 
of chromatin is the nucleosome, a beadlike segment of chromosome 
composed of about 180 base pairs of DNA wrapped around a histone 
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10 SECTION I   •   INTrOduCTION TO HEmaTOlOgy

and cytoplasm. NPCs constitute envelope-piercing channels that func-
tion as selective gates that allow bidirectional movement of molecules. 
The nucleus exports newly assembled ribosomal subunits while import-
ing proteins such as transcription factors and DNA repair enzymes.

protein. The linear array of successive nucleosomes gives chromatin a 
“beads-on-a-string” appearance in electron micrographs.

The appearance of chromatin varies, presumably depending on 
activity. The dispersed, lightly stained portions of chromatin (euchro-
matin) are generally considered to represent unwound or loosely 
twisted regions of chromatin that are transcriptionally active. The con-
densed, more deeply staining chromatin (heterochromatin) is believed 
to represent tightly twisted or folded regions of chromatin strands that 
are transcriptionally inactive. In addition to being less tightly associated 
with the histones, active chromatin characteristically has “unmethyl-
ated” promoter regions and highly acetylated histones (see the later 
section “Epigenetics”). The ratio of euchromatin to heterochromatin 
depends on cell activity with the younger or more active cells having 
more euchromatin and a finer chromatin appearance microscopically. 

The nuclei of most active cells contain one to four pale staining 
nucleoli. The nucleolus (singular) consists of RNA and proteins and is 
believed to be important in RNA synthesis. The nucleolus of very young 
blood cells is easily seen with brightfield microscopy on stained smears.

A double membrane, the nuclear envelope, surrounds the nuclear 
contents. The outer membrane (cytoplasmic side) is continuous with 
the ER and has a polypeptide composition distinct from that of the 
inner membrane. The gap between the two membranes (∙50 nm) is 
called the perinuclear space. The nuclear envelope is interrupted at 
irregular intervals by openings consisting of nuclear pore complexes 
(NPCs), which provide a means of communication between nucleus 

structure composition Function

Ribosomes RNA + proteins Assemble amino acids into protein

“Free” Scattered in the cytoplasm Synthesis of protein destined to remain in cytosol

Linked by mRNA-forming polyribosomes

“Fixed” Ribosomes bound to outer surface of rough ER Synthesis of protein destined for export from the cell

ER Interconnecting membrane-bound tubules and vesicles Synthesis and transport of lipid and protein

Rough ER Studded on outer surface with ribosomes Abundant in cells synthesizing secretory protein; protein 
 transported to golgi

Smooth ER Lacks attached ribosomes Lipid synthesis, detoxification, synthesis of steroid hormones

golgi apparatus Stacks of flattened membranes located in juxtanuclear 
region

Protein from rough ER is sorted, modified (e.g., glycosyl-
ated), and packaged; forms lysosomes

Lysosomes Membrane-bound sac containing catalase, peroxidase, 
other metabolic enzymes

Destruction of phagocytosed material (extracellular  proteins, 
cells) and cellular organelles (autophagy)

Peroxisome Membrane-bound sacs containing hydrolytic enzymes Catabolism of long-chain fatty acids; detoxification of toxic 
substances

Mitochondria Double-membrane organelle; inner folds (cristae) house 
enzymes of aerobic metabolism

Oxidative phosphorylation (ATP production) abundant in 
 metabolically active cells

Cytoskeleton Microfilaments, intermediate filaments, and microtubules gives cell shape, provides strength, and enables movement 
of cellular structures

Microfilaments Fine filaments (5–9 nm); polymers of actin Control shape and surface movement of most cells

Intermediate filaments Ropelike fibers (∙10 nm); composed of a number of 
fibrous proteins

Provide cells with mechanical strength

Microtubules Hollow cylinders (∙25 mm); composed of protein tubulin Important in maintaining cell shape and organization of 
 organelles; form spindle apparatus during mitosis

Centrosome “Cell center”; includes centrioles Microtubule-organizing center; forms poles of mitotic spin-
dle during anaphase

Centrioles Two cylindrical structures arranged at right angles to each 
other; consist of nine groups of three microtubules

Enable movement of chromosomes during cell division; self-
replicate prior to cell division

ER = endoplasmic reticulum

★ tabLe 2-1 Cellular Organelles

Explain the difference between densely staining chroma-
tin and lighter staining chromatin when viewing blood 
cells under a microscope.

CheCkpoInt 2-2

ceLLuLar metabOLism: Dna 
DuPLicatiOn, transcriPtiOn, 
transLatiOn
Genomics is the study of the entire genome of an organism.  Functional 
genomics is the study of the actual gene expression “profile” of a par-
ticular cell at a particular stage of differentiation or functional activity 
(i.e., which genes are actively producing mRNA). The morphologic and 
functional differences between various types of blood cells are governed 
by which genes are being transcribed/translated into cellular proteins. 
Microarray or expression array technology can be used to determine 
the mRNA profile being produced by a cell or tissue of interest, which 
would reflect which genes are actively being transcribed. The field of 
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(Chapter 13). Generally, if the change in DNA sequence does not result 
in an abnormality of function, the change is called a polymorphism. 
Often the word mutation is used only to describe a deleterious change 
in a gene (e.g., the βs globin mutation in sickle cell anemia [Chapter 13]).

A region of DNA that differs in only a single DNA nucleotide is 
called a single nucleotide polymorphism (SNP). SNPs are found 
at approximately 1 in every 1000 base pairs in the human genome 
(resulting in ∙2.5 million SNPs in the entire genome of a cell). To be 
considered a true polymorphism, a SNP must occur with a frequency 
of more than 1% in the general population. If the alteration is known 
to be the cause of a disease, the nucleotide change is considered to be 
a mutation rather than a SNP.

Control of Gene Expression
Control of gene expression is a complex process. It must be regulated in 
both time (e.g., during certain developmental stages) and location (e.g., 
tissue-specific gene expression). Most genes have a promoter region 
upstream (5′ side) of the coding region of the gene. Transcription 
 factors (TFs) are proteins that bind to the DNA of a target gene’s pro-
moter region and regulate expression of that gene. TFs can function to 
either activate or repress the target gene (some TFs do both, depend-
ing on the specific targeted gene). Often TFs are tissue specific, such as 
GATA-1, a known erythroid-specific TF that regulates expression of gly-
cophorin and globin chains in developing cells of the erythroid lineage.3

In addition to the basic on/off function of the promoter region, 
there are additional layers of control of gene expression. Some genes 
have enhancer elements or silencer elements, which are nucleotide 
sequences that can amplify or suppress gene expression, respectively.2 
These response elements influence gene expression by binding specific 
regulatory proteins (transcription activators, transcription repressors).

Many signals that regulate genes come from outside the cell (e.g., 
cytokine control of hematopoiesis; Chapter 4). The external molecule 
or ligand (cytokine) binds to its specific receptor on the surface of the 
cell. The binding of ligand to receptor activates the receptor and initi-
ates a cell-signaling pathway that conveys the activation signal from 
the receptor to the nucleus. The end result is an interaction with DNA 
(e.g., TF binding to one or more gene promoter regions) that either 
activates or represses the target gene(s).

Protein Synthesis and Processing
Synthesis of proteins (polypeptides) occurs on ribosomes. The newly 
formed polypeptides are transported to their eventual destination 
through a sorting mechanism within the cytoplasm.4 If the polypep-
tide lacks a “signal sequence,” translation is completed in the cytosol, 
and the protein either stays in the cytosol or is incorporated into the 
nucleus, mitochondria, or peroxisomes. A polypeptide that contains a 
signal sequence is extruded into the lumen of the ER (which ultimately 
gives rise to the more distal structures of the secretory apparatus: the 
Golgi, endosomes, lysosomes, plasma membrane) (Figure 2-2 ■).

Following import into the ER, proteins undergo appropriate fold-
ing and possibly post-translational modifications. These are modi-
fications in protein structure that occur after the protein is produced 
by translation on the ribosome. These changes include the addition of 
nonprotein groups (such as sugars or lipids), modification of existing 
amino acids (such as the g@carboxylation of glutamic acid residues 
on certain coagulation proteins; Chapter 32) or cleavage of the initial 

proteomics is the study of the composition, structure, function, and 
interaction of the proteins being produced by a cell. (Genetic nomen-
clature has various rules for gene and protein font styles. To differentiate 
between the gene and its protein, genes are written as italicized capital 
letters [e.g., RB], and the gene’s protein product is written with only the 
first letter capitalized and not italicized. This style is used in this text.)

Genes contain the genetic information of an individual and are 
found at specific sites on specific chromosomes (gene loci). Most genes 
are not composed of continuous stretches of nucleotides but are orga-
nized into segments called exons, which are separated by intervening 
sequences called introns. The exons contain the nucleotide sequences 
corresponding to the final protein product, while the nucleotide base 
pairs of the introns do not code for protein. When a gene is transcribed 
into RNA, the entire sequence of exons and introns is copied as pre-
messenger RNA (sometimes called heteronuclear RNA/hnRNA). 
Subsequently, the nucleotides corresponding to the intron sequences 
are spliced out, resulting in the shorter, mature mRNA. Several inher-
ited hematologic diseases, such as some of the thalassemias, result 
from mutations that derange mRNA splicing (Chapter 14).

Not all of the mature mRNA will be translated into protein. Both 
the 5′ and the 3′ ends of the mature mRNA encoding the protein to be 
produced contain untranslated regions (UTRs), which influence 
the stability of the mRNA and the efficiency of translation to pro-
tein. These regions play an important role in regulating many cellular 
proteins, including those involved in iron metabolism in developing 
erythrocytes (Chapter 12).

Sometimes large genes with multiple exons can be “read” in a 
variety of ways, a process described as alternative transcription of the 
gene. Several different mRNAs and proteins can be produced from 
a single gene by selective inclusion or exclusion of individual exons 
from the mature mRNA (i.e., alternative splicing of the pre-mRNA). 
The human genome is estimated to contain ∙30,000 genes; however, 
alternate transcription and alternate splicing allow for greater genetic 
complexity than the number of genes would suggest.

Different individuals do not have identical DNA sequences. 
When a cell replicates its DNA during S phase of the cell cycle (dis-
cussed later), the process is not error-free. It has been estimated that 
∙0.01% of the 6 billion base pairs are copied incorrectly during each 
S phase.2 The process of DNA replication is coupled with DNA repair 
systems to make sure that errors in copying are corrected. If these 
errors cannot be corrected, the cell may activate its internal apoptotic 
mechanism (discussed later), resulting in cell death. Errors in DNA 
replication that cannot be corrected and that subsequently result in 
activation of apoptosis are believed to be the underlying basis for the 
large degree of ineffective erythropoiesis in megaloblastic anemias 
(Chapter 15). In addition to correcting copying errors, DNA repair 
mechanisms correct other damage to DNA that might have occurred. 
Failure of these DNA repair mechanisms often contribute to acquired 
mutations resulting in the development of a malignancy (Chapter 23).

If the miscopied base pair is not corrected, a mutation (or new 
polymorphism) can occur. Variations in the nucleotide sequence of a 
gene that can be seen in different individuals are called alleles. Poly-
morphism is the term used to describe the presence of multiple alter-
nate copies (alleles) of a gene. Not every alteration in DNA produces 
an abnormality. For instance, many of the alternate alleles identified 
for human globin chains do not result in any abnormality of function 
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polypeptide product resulting in a multichain molecule. As the proteins 
exit the ER, they may be accompanied by molecules that facilitate their 
transfer from the ER to the Golgi apparatus. A mutation in one of these 
transfer molecules, ERGIC-53, is the cause of the hemostatic disorder 
Combined Factor V and VIII deficiency (Chapter 34). During trans-
port through the Golgi, additional processing of the protein can occur.

The primary structure of a protein is defined by its amino acid 
sequence (see Web Table 2-1 for review of the amino acids and their 
shorthand notations). A protein emerges from the ribosome in an 
extended, linear conformation. Subsequently, local regions are folded 
into specific conformations, the protein’s secondary structure, deter-
mined by the primary amino acid sequence. The two major secondary 
protein structures are a@helices and b@pleated sheets. Most proteins 
are made up of combinations of regions of a@helices and b@pleated 
sheets connected by regions of less regular structure; these regions 
are called loops. Molecular chaperones are cytoplasmic proteins that 
assist the polypeptide in this folding process. The tertiary structure of 
a protein refers to its unique three-dimensional shape determined by 
the folding of secondary structures. Sometimes appropriately folded 
protein monomers are assembled with other proteins to form multi-
subunit complexes (also facilitated by chaperones). The quaternary 
structure of a protein refers to the assembly of independently syn-
thesized polypeptide chains into a multimeric protein (e.g., the a2b2 
tetramer, which constitutes hemoglobin A; Chapter 6).

Proteins are often described as being made up of domains. Fre-
quently, a domain is encoded in a single exon and represents a region 
of the polypeptide chain that can fold into a stable tertiary structure. 
The domains of a protein are often used to designate the location of a 
particular functional or structural attribute.

■   Figure 2-2 Proteins are synthesized on ribosomes in 
the cytoplasm and are targeted for two different pathways. 
If there is no signal sequence on the polypeptide, 
translation is completed in the cytosol and the protein is 
incorporated into the nucleus, mitochondria, peroxisomes, 
or remains in the cytosol. Polypeptides that have a signal 
sequence are extruded into the endoplasmic reticulum and 
are routed to the distal secretory apparatus—the Golgi, 
lysosomes, endosomes, and plasma membrane.
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What is the difference between a polymorphism and a 
mutation?

CheCkpoInt 2-3

■   Figure 2-3 Ubiquitin-Proteosome system. Ubiquitin-
activating enzyme (E1) activates ubiquitin (Ub), which is 
then transferred to the Ub-conjugating enzyme (E2); Ub 
ligase (E3) functions in target substrate recognition; it 
brings together the target and E2-Ub and then catalyzes 
the transfer of Ub from E2-Ub to the target. Once a target 
has become multi-ubiquitinated, it is directed to the 26S 
proteosome for degradation.
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A mutation that alters a protein’s amino acid sequence can result 
in failure to function. Failure to function can result from either a muta-
tion of a critical functional residue (amino acid) or from the substi-
tuted amino acid preventing the protein from folding into its proper 
three-dimensional structure. Improperly folded proteins are marked 
for destruction and degraded (via the ubiquitin system).

The Ubiquitin System
Cells contain two major systems for degradation of proteins: the 
lysosomal system, in which proteolysis occurs within the lyso-
somes, and the ubiquitin system. The ubiquitin system is a nonly-
sosomal, proteolytic mechanism in the cytoplasm of most cells that 
is responsible for disposing of damaged or misfolded proteins.5 In 
addition, it regulates numerous cellular processes (e.g., cell-cycle 
progression, cellular differentiation) by the timed destruction of 
key regulatory proteins (e.g., cyclins, membrane receptors, tran-
scription factors).

Molecules destined for destruction are tagged with a small 
(76  amino acid) polypeptide called ubiquitin (Figure 2-3 ■). 
Appropriately labeled molecules are then transferred to an ATP-
dependent protease complex (the proteosome) for destruction. 
Generally, proteins bearing a single ubiquitin molecule are marked 
for endocytosis and degradation in lysosomes. Multi-ubiquitinated 
proteins are marked for destruction by the proteosome, which is 
assembled into a cylinder through which proteins are channeled for 
destruction.
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microtubular spindle (metaphase), and sister chromatids segregate 
to opposite poles of the cell (anaphase and telophase).

The interval between successive mitoses (known as interphase) 
shows little morphologic variation except that cells increase in vol-
ume. During interphase, the cell synthesizes molecules and duplicates 
its components in preparation for the next mitosis. However, DNA 
synthesis occurs only within a narrow window of time during inter-
phase. DNA synthesis takes place during S phase and is separated 
from M phase (mitosis) by two gap periods: G1, the time between 
the end of mitosis and the onset of the next round of DNA replica-
tion, and G2, the time between the completion of S and the onset of 
mitosis.

Not all of the cells in the body are actively dividing (i.e., actively 
engaged in the cell cycle). Cells can exit the cell cycle at G1 and enter 
a nonproliferative phase called G0, or quiescence (Figure 2-4). To 
proliferate, a quiescent cell must re-enter the cell cycle. In response to 
specific mitogenic stimuli or growth factors, quiescent cells can exit 
G0 and re-enter the cell cycle at the level of early G1. In unicellular 
organisms such as bacteria, cell division depends only on an adequate 
supply of nutrients. In mammalian cells, all cell division cycles are ini-
tiated by specific growth factors or mitogens that drive the cell from 
G0 to G1 (G0 S G1). Some cells, such as terminally differentiated neu-
trophils, have irreversibly exited the cell cycle during differentiation 
and are locked in G0. Other cells, such as hematopoietic stem cells 
or antigen-specific memory lymphocytes, primarily reside in G0 but 
can be induced to return to G1 and begin cycling with appropriate 
cytokine or antigen stimulation.

G1 is characterized by a period of cell growth and synthesis 
of components necessary for cellular replication. If conditions are 
unsuitable for proliferation (insufficient nutrients or mitogens) cells 
will arrest in G1. As cells transit through the G1 phase of the cell cycle, 
they pass through what is called the restriction point (R) in late 
G1. R defines a point in the cell cycle after which the cell no longer 
depends on extracellular signals but is committed to completing that 
cell cycle independent of further mitogen stimulation (i.e., cell-cycle 
completion becomes autonomous).6 Cells then transit across the G1/S 
boundary into S phase where DNA synthesis occurs, followed by the 
G2 phase, and finally mitosis where nuclear division (karyokinesis) 
and cytoplasmic separation (cytokinesis) occur.

molecular regulation of the cell cycle
The fundamental task of the cell cycle is to faithfully replicate DNA 
once during the S phase and to distribute identical copies of each 
chromosome to each daughter cell during M phase. Progression 
through the cell cycle normally ensures that this takes place, so cells 
do not initiate mitosis before DNA duplication is completed, do not 
attempt to segregate sister chromatids until all chromosome pairs are 
aligned on the mitotic spindle at metaphase, and do not reduplicate 
their chromosomes (reinitiate S phase) before the paired chromatids 
have been separated at the previous mitosis. Cells must ensure that 
chromosome duplication and segregation occur in the correct order 
(i.e., S S M S S S M). They must also ensure that the next event in 
the cycle begins only when the previous events have been successfully 
completed (i.e., chromosome duplication is complete before the chro-
mosomes are segregated into the two daughter cells). Entry into and 
exit from each cell-cycle phase are tightly regulated. Failure to regulate 
this process results in aneuploidy (abnormal chromosome number) 

tissue hOmeOstasis: PrOLiFeratiOn, 
DiFFerentiatiOn, anD aPOPtOsis
Tissue homeostasis refers to the maintenance of an adequate number of 
cells to carry out the organism’s functions. In the human body, somatic 
cells (including blood cells) generally undergo one of three possible fates:

 1. Proliferation by mitotic cell division
 2. Differentiation and acquisition of specialized functions
 3. Death and elimination from the body

Cell proliferation is required for the replacement of cells lost 
to terminal differentiation, cell death, or cell loss. Differentiation 
provides a variety of cells, each of which is capable of executing spe-
cific and specialized functions. Cell death is also an active process 
 (apoptosis) that the cell itself can initiate. Apoptosis is physiologically 
as important as cell proliferation and differentiation in controlling the 
overall homeostasis of various tissues. When the regulation of any of 
these three cellular processes malfunctions or the processes become 
unbalanced, the consequence may be tissue atrophy, functional insuf-
ficiency, or excessive growth/neoplasia (cancer) (Chapters  23–28).

Proliferation: The Cell Cycle
Cell division is required throughout the life of all eukaryotes. Although 
it has been known for many years that cells have the ability to grow 
and replicate, the actual mechanisms involved were discovered rela-
tively recently.6 When a cell is stimulated to divide, it goes through a 
series of well-defined (biochemical and morphological) stages called 
the cell cycle, which is divided into four phases: G1 (Gap-1), S (DNA 
synthesis), G2 (Gap-2), and M (mitosis) (Figure 2-4 ■).

stages of the cell cycle
The physical process of cell division (M phase, or mitosis) includes 
a series of morphologically recognizable stages (Web Figure  2-2). 
During mitosis, chromosomes condense (prophase) and align on a 

■   Figure 2-4 The four phases of the cell cycle: G1, S, G2,  
and M. G0 represents the state of quiescence when a 
cell is withdrawn from the cell cycle. R represents the 
restriction point—the point in the cell cycle after which 
the cell no longer depends on extracellular signals but can 
complete the cycle in the absence of mitogenic stimuli.
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of different cyclins determines the sequential rise and fall of kinase 
activities, which in turn regulate the events of cell-cycle progression.

Multiple mechanisms regulate cell-cycle kinase activity. In addi-
tion to requiring the appropriate cyclin partner, the kinase subunit 
(Cdk) must be phosphorylated and/or dephosphorylated at spe-
cific amino acid residues in order to have a fully active cyclin/Cdk 
 complex10 (Web Figure 2-3). The kinase responsible for this activating 
phosphorylation is CAK (Cdk-activating kinase) and is itself a Cdk 
(Cdk7 complexed with cyclin H). CAK is responsible for activating 
phosphorylation of all the kinases important for mammalian cell-
cycle control. On the other hand, phosphorylation of certain amino 
acids suppresses kinase activity, and these inhibitory phosphates must 
be removed (by the phosphatase Cdc25) to have a fully active cyclin/
Cdk complex (Web Figure 2-3).

The final level of regulation involves two groups of proteins 
that  function as inhibitors of Cdks and cyclin/Cdk complexes11 
 (Figure 2-6 ■). The first Cdk inhibitor identified was p21; other Cdk 
inhibitors with structural and functional similarities to p21 include 
p27 and p57. (This nomenclature indicates that they are proteins of 
the indicated molecular mass in kilodaltons [e.g., p21 is a protein of 
molecular weight of 21,000]). These three inhibitors are considered 
“universal” because they bind multiple cyclin/Cdk complexes of 
various phases of the cell cycle (cyclin D/Cdk4/6, cyclin E/Cdk2, and 
cyclin A/Cdk2). The second group of inhibitors is a family of structur-
ally related proteins that include p15, p16, p18, and p19. These inhibi-
tors are more restricted in their inhibitory activity, inhibit only Cdk4 
and Cdk6, and induce cell-cycle arrest in G1.

seen in many malignancies. Research over the past 25 years has begun 
to reveal how cells guarantee the orderliness of this process.7

cyclins and cyclin-Dependent Kinases 
Enzymatic activities of specific kinases (phosphorylating enzymes) 
regulate the transition between the various phases of the cell cycle. 
These kinase proteins (Cdks, or cyclin-dependent kinases) phosphor-
ylate target molecules important for cell cycle control. To be active, the 
kinase (Cdk) must be complexed with a regulatory protein named 
cyclin (hence the name, cyclin-dependent kinase). The concentration 
of the different cyclin proteins that regulate the cell cycle rises and falls 
at specific times during the cell cycle (hence, they are cycling proteins). 
Sequential activation of unique complexes with differing cyclin and 
Cdk components drive the cell from one cell-cycle stage to the next as 
summarized in Table 2-2 ★. Each complex in turn phosphorylates key 
substrates and facilitates or regulates the movement of the cell through 
the cycle (Figure 2-5a ■). Cdk inhibitors that function to inhibit the 
kinase activity by binding to the Cdks or the Cdk/cyclin complexes 
also exist.

A mammalian cell must receive external signals (growth factors 
and/or hormones) that trigger the cell to proliferate.8 These exter-
nal signals result in an increase of one (or more) of the D cyclins (of 
which there are three: D1, D2, D3). Cyclin D complexes with Cdk4 
or Cdk6 and phosphorylates target molecules required for G1 S S 
progression. The D cyclins are unique in that they are synthesized in 
response to growth factor stimulation and remain active in the cell as 
long as the mitotic stimulus is present. During mid to late G1, levels of 
cyclin E increase and bind with Cdk2. The cyclin E/Cdk2 complex is 
required for the G1 S S transition. Once the cell enters S phase, cyclin 
E degrades rapidly, and cyclin A takes over the activation of Cdk2. 
Cyclin A/Cdk2 is required for the onset of DNA synthesis and pro-
gression through S phase. Toward the end of S phase, cyclin A starts to 
activate another kinase, Cdk1, which signals the completion of S phase 
and the onset of G2. Cyclin B (which begins to increase during S and 
G2) takes over from cyclin A as the activating partner of Cdk1, and 
cyclin B/Cdk1 controls the onset, sequence of events, and the comple-
tion of mitosis. Cyclin B must be destroyed for the cell to exit mitosis 
and for cytokinesis to take place (Figure 2-5b ■).

regulation of cell-cycle Kinase activity
Control of cell-cycle kinase activity is somewhat unique in that pro-
tein levels of the enzyme (kinase) subunit remain constant throughout 
the cell cycle and do not require activation from a proenzyme pre-
cursor form. The cell cycle is regulated by altering the availability of 
the regulatory cofactor (the cyclins) through periodic (and cell-cycle 
phase-specific) synthesis and degradation of the appropriate cyclin 
via the ubiquitin system9 (Figure 2-5b). The periodic accumulation 

■   Figure 2-5 (a) The phases of the cell cycle with the 
major regulatory cyclin/Cdk complexes depicted for each. 
(b) The levels of the various cyclin proteins during the cell 
cycle. The cyclins rise and fall in a periodic fashion, thus 
controlling the cyclin-dependent kinases and their activities.
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the proteins Chk1 and Chk2. These proteins in turn activate p53 
and/or inhibit Cdc25, which inhibit the cyclin/Cdk complexes or 
trigger apoptosis.

Two proteins critical for regulation of the cell cycle are p53 and Rb. Rb 
is the protein product of a gene (RB) that predisposes individuals to retino-
blastomas and other tumors when only one functional copy of the gene is 
present. Rb is present throughout the cell cycle, although its phosphorylation 
state changes markedly at different phases (Figure 2-7 ■).16, 17 In its hypo-
phosphorylated (active) state, Rb inhibits cell-cycle progression (prolifera-
tion) by binding transcription factors (the E2F proteins) that are required for 
the transcription of genes needed for cell proliferation, thus rendering them 
nonfunctional. When growth factors induce activation of cyclin D/Cdk4/6, 
the Rb protein is phosphorylated by this kinase activity. As cells progress 
through G1, hyperphosphorylation of Rb by cyclin D/Cdk4/6 kinase results 
in the inactivation of Rb, the release of the active E2F transcription factors, 
and the activation and expression of genes required for cell-cycle progres-
sion. Cyclin E/Cdk2 and cyclin A/Cdk2 subsequently maintain Rb hyper-
phosphorylation through the cell cycle. RB functions as a tumor suppressor 
gene. Cells that lack functional Rb protein have deregulation of cell-cycle 
genes and cell proliferation, sometimes resulting in malignancy.

The protein p53 is not required for normal cell function (i.e., it is 
not required for cell-cycle progression). However, it serves an important 
function as a molecular policeman that monitors the genome’s integrity.18 

cell-cycle checkpoints
Cell proliferation and differentiation depend on the accurate dupli-
cation and transfer of genetic information, which requires the pre-
cise ordering of cell-cycle events. Cells achieve this coordination by 
using cell-cycle checkpoints to monitor events at critical points in 
the cycle and, if necessary, halt the cycle’s progression.12–14 The main 
functions of checkpoints are to detect malfunctions within the system 
and to assess whether certain events are properly completed before 
the cell is allowed to proceed to the next phase of the cycle. When 
problems are detected, checkpoint mechanisms interrupt cell cycling 
to allow correction of the problem or elimination of the defective cell.

Four major cell-cycle checkpoints have been described. The G1 
checkpoint checks for DNA damage and prevents progression into 
S phase if the genomic DNA is damaged. The S-phase checkpoint 
monitors the accuracy of DNA replication. The G2/M  checkpoint 
also monitors the accuracy of DNA replication during S phase and 
checks for damaged or unreplicated DNA; it can block mitosis if any 
is found. The metaphase checkpoint (also called the mitotic-spindle 
checkpoint) functions to ensure that all chromosomes are properly 
aligned on the spindle apparatus prior to initiating chromosomal 
separation and segregation at anaphase. If defects are detected at 
any of these checkpoints, the cell cycle is stopped and repair path-
ways are initiated, or if the damage is severe and/or irreparable, 
apoptosis can be triggered (see the section “Apoptosis”). Mecha-
nisms that detect damaged DNA include two important proteins, 
ATM (ataxia- telangiectasia mutated) and ATR (AT and RAD-
3-related) kinases.15 Both are activated by damaged DNA and in 
turn phosphorylate effectors of the checkpoint response including 

■   Figure 2-6 Cdk inhibitors. There are two families of 
cyclin-dependent kinase inhibitors. The first group, including 
p15, p16, p18, and p19, inhibits only D-type cyclin/Cdk4 or 
Cdk6 complexes. The second group of inhibitors, including 
p21, p27, and p57, possesses a wider spectrum of inhibitory 
activity, inhibiting the G1 as well as S phase cyclin/Cdk 
complexes (cyclin D/Cdk4/6, cyclin E/Cdk2, and cyclin A/
Cdk2). ⊥ indicates inhibition of the pathway.
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■   Figure 2-7 The role of the retinoblastoma 
susceptibility gene product (Rb) in regulation of the cell 
cycle. Stimulation of a cell with mitogens or growth factors 
induces synthesis of the D-type cyclins. Activation of G1 
phase kinase activity (cyclin D/Cdk4/6) phosphorylates a 
number of intracellular substrates including the Rb protein. 
In the hypophosphorylated (active) state, Rb binds and 
sequesters transcription factors known as E2F, rendering 
them inactive. When cyclin D/Cdk4 or Cdk6 phosphorylates 
Rb, it releases the E2F transcription factors, which then 
move to the nucleus, and initiate transcription of genes 
required for cell-cycle progression (including the genes 
for cyclin E and cyclin A). T  indicates stimulation of the 
pathway; ⊥ indicates inhibition of the pathway.
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dinucleotides in the human genome are methylated. In addition, CpG 
dinucleotides are often clustered in CpG islands, many of which are in 
and around the promoter regions of genes. The unmethylated state of a 
gene’s promoter region indicates a transcription-ready  status and is seen 
in genes actively being transcribed into mRNA. Typically, methylation of 
the promoter regions is associated with gene silencing and is part of the 
normal terminal differentiation process seen in many diverse tissue types.

Extensive information also can be encoded in the protein compo-
nent of the chromatin in what is called the histone code. Modifications 
of the histone proteins include lysine acetylation, serine phosphoryla-
tion, and lysine and arginine methylation.21 These modifications can 
also be passed from one cell generation to the next during cell divi-
sion and play an important role in the complex system responsible 
for regulating euchromatin to heterochromatin transitions. Hypo-
acetylated histones bind tightly to the phosphate backbone of DNA 
and help maintain chromatin in an inactive, silent state. Acetylated 
histones maintain a more relaxed chromatin structure and allow gene 
transcription to occur.22 Both DNA methylation and histone hypo-
acetylation promote chromatin condensation and gene silencing.

As cells go through a particular differentiation program, the 
DNA methylation patterns and histone acetylation/deacetylation 
patterns change as successive genes are activated and deactivated. It is 
possible to map the DNA methylation patterns within a cell by using a 
method called microarray analysis, and this can be useful in evaluat-
ing a variety of diseases, including cancer.

translational regulation
Genomic expression in the context of which proteins are produced 
within a cell is controlled not only at the level of gene transcription 
(production of mRNA) but also by post-transcriptional events that 
affect mRNA stability. Interfering with the function of mRNA (RNA 
interference, RNAi) can also modify the function of genes.2

Two forms of RNA are involved in regulating translation of 
mRNA, micro-RNA (miRNA) and small interfering RNA (siRNA). 
Both types of molecules function in RNAi pathways and block protein 
expression by inhibiting translation or inducing degradation of their 
respective target mRNA (and thus “gene silencing”). The exact mecha-
nisms of RNAi function in normal cellular biology, and the contribution 
of RNAi to various pathologic states are areas of active ongoing research.

Apoptosis
Cells stimulated to enter the cell cycle can experience outcomes other 
than proliferation (Figure 2-8 ■). Cells can undergo senescence in 
which they are permanently growth arrested and no longer respond 
to mitogenic stimuli. Cells entering the cell cycle can also become 

p53 is a transcription factor that can both activate and inhibit gene expres-
sion, depending on the target gene. It is induced when DNA damage is 
detected and puts the brakes on cell growth and division. This allows time 
for DNA repair or can trigger apoptosis if repair is not possible.

Elevated levels of p53 result in upregulation of the Cdk inhibitor 
p21 and inhibition of the Cdc25 phosphatase (blocking kinase function), 
induction of pro-apoptotic Bax, and inhibition of anti-apoptotic Bcl-2 (see 
the section “Apoptosis”). p53 is an important component of both the G1 
and the G2/M checkpoints. Like RB, p53 functions as a tumor suppressor 
gene and is the most commonly mutated gene in human malignancies.

A cell undergoing mitosis fails to attach one of its dupli-
cated chromosomes to the microtubules of the spindle 
apparatus during metaphase. The cell’s metaphase check-
point malfunctions and does not detect the error. What is 
the effect (if any) on the daughter cells produced?

CheCkpoInt 2-4

■   Figure 2-8 Alternative fates for a cell induced to 
enter the cell cycle.
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Differentiation
Differentiation is the process that generates the diverse cell popula-
tions found throughout the body.  All cells in the human body contain 
the exact same genetic information. The appearance of specific char-
acteristics in various cell populations is dictated by the specific genes 
that are actively being transcribed into mRNA and the translation of 
that genetic information into functional proteins. Regulation of gene 
expression is controlled at various levels.

The transcription of genes is regulated by binding transcription 
factors to the promoter regions of the genes that encode for proteins 
specific for the given type of cell, resulting in tissue-specific mRNAs. 
As differentiation progresses within a given tissue or cell lineage, dif-
ferent genes will be sequentially activated and inactivated, resulting in 
a changing landscape of mRNAs and proteins that drive the differen-
tiation process. Two additional cell systems, epigenetics and mRNA 
interference, are important in the regulation of this process.

epigenetics
Epigenetics (meaning literally “on top of genetics”) refers to stable 
changes in gene function that are passed from one cell to its progeny. 
Epigenetic changes play an important role in normal development and 
differentiation and are associated with “silencing” genes and chromatin 
condensation into heterochromatin.19

One of the most common epigenetic changes found in the human 
genome involves the methylation of certain cytosine nucleotides (CM) 
within genes and/or their promoter regions.20 Cytosine nucleotides 
found adjacent to a guanine nucleotide, the so-called CpG dinucleo-
tide, are particularly susceptible to methylation.

CGATCGATCGAT S CMGATCMGATCMGAT

These methylations or epigenetic changes become incorporated 
into the genetic/epigenetic regulatory mechanisms of the cell, are con-
served during subsequent cell divisions, and play a significant role in cel-
lular differentiation pathways. The methylation of CpG dinucleotides 
is a potentially reversible process, and approximately 70–75% of CpG 

M02_MCKE6011_03_SE_C02.indd   16 01/08/14   10:13 am



 17CHapTEr 2   •   CEllular HOmEOSTaSIS

unwanted and potentially  dangerous cells such as self-reactive lympho-
cytes, cells infected by viruses, and tumor cells. Diverse forms of cellular 
damage can trigger apoptotic death including DNA damage or errors 
of DNA replication, which prevent the cell with abnormal DNA from 
proliferating. Similarly, intracellular protein aggregates or misfolded 
proteins can stimulate apoptosis (e.g., the ineffective erythropoiesis 
and intramedullary apoptotic death of erythroblasts in b@thalassemia 
major triggered by aggregates of a globin chains [Chapter 14]). In addi-
tion to the beneficial effects of programmed cell death, the inappro-
priate activation of apoptosis can cause or contribute to a variety of 
diseases25,26 (Table 2-4 ★).

Apoptosis is initiated by three major types of stimuli (Table 2-5 ★):

1. Deprivation of survival factors (growth factor withdrawal or loss 
of attachment to extracellular matrix)

2. Signals by “death” cytokines through apoptotic “death” receptors 
(tumor necrosis factor [TNF], Fas ligand)

3. Cell-damaging stress

Conversely, apoptosis is inhibited by growth-promoting cyto-
kines and interaction with appropriate extracellular environmental 
stimuli. The disruption of cell physiology as a result of viral infec-
tions can cause an infected cell to undergo apoptosis. This suicide of 

terminally differentiated (committed) into specialized cell types. 
Uncontrolled cell cycling is a characteristic feature of malignant cells. 
Finally, cells can exit at any phase of the cell cycle by undergoing pro-
grammed cell death (apoptosis).

Cells can die by either necrosis or apoptosis. The criteria for 
determining whether a cell is undergoing apoptosis or necrosis origi-
nally relied on distinct morphologic changes in the appearance of the 
cell23 (Table 2-3 ★). Necrotic death is induced by lethal chemical, bio-
logical, or physical events (extracellular assault). Such a death is analo-
gous to “cell murder.” In contrast, apoptosis, or “programmed cell death,” 
is a self-induced death program regulated by the cell itself (“cell suicide”).

Apoptosis plays an essential role in the development and homeo-
stasis of all multicellular organisms.24 Apoptosis helps maintain a con-
stant organ size in tissues that undergo continuous renewal, balancing 
cell proliferation and cell death. It also occurs at defined times and 
locations during development.

In adults, apoptosis is also important in tissue homeostasis; 
homeostasis generally balances generation of new cells with the loss of 
terminally differentiated cells.  Apoptosis is responsible for the elimi-
nation of excess cells (such as expanded clones of T or B lymphocytes 
following immune stimulation, or excess neutrophils following a bac-
terial challenge). As a defense mechanism, apoptosis is used to remove 

Feature necrosis apoptosis

Stimuli Toxins, severe hypoxia, massive insult, conditions of ATP 
depletion

Physiologic and pathologic conditions without ATP 
depletion

Energy requirement None ATP dependent

Histology Cellular swelling; disruption of organelles; death of 
patches of tissue

Cellular shrinkage; chromatin condensation; fragmentation 
into apoptotic bodies; death of single isolated cells

DNA breakdown pattern Randomly sized fragments Ladder of fragments in internucleosomal multiples of 185 
base pairs

Plasma membrane Lysed Intact, blebbed with molecular alterations (loss of 
 phospholipid asymmetry)

Phagocytosis of dead cells Immigrant phagocytes Neighboring cells

Tissue reaction Inflammation No inflammation

★ tabLe 2-3 Cardinal Features of Apoptosis and Necrosis

increased apoptosis Decreased apoptosis

AIDS
Neurodegenerative disorders

• Alzheimer’s disease
• Parkinson’s disease
• Amyotrophic lateral sclerosis
• Retinitis pigmentosa

Myelodysplastic syndromes
Aplastic anemia
Ischemic injury

• Myocardial infarction
• Stroke
• Reperfusion injury

Toxin-induced liver disease

Cancer
• Follicular lymphomas
• Other leukemias/lymphomas
• Carcinomas with p53 mutations
• Hormone-dependent tumors (breast, prostate, 

ovarian)
Autoimmune disorders

• Systemic lupus erythematosus
• Other autoimmune diseases

Viral infections
• Herpes viruses
• Poxviruses
• Adenoviruses

★ tabLe 2-4 Diseases Associated with Increased and Decreased Apoptosis
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role of caspases and the initiation of apoptosis
The cellular events responsible for apoptotic cell death are directed by 
caspases,27,28 a family of cysteine proteases that cleave after aspartic 
acid amino acids in a peptide substrate and are responsible for the 
orderly dismantling of the cell undergoing apoptosis.

At least 14 caspase enzymes (caspase 1–14) have been identified 
in humans, although not all play a significant role in apoptosis. Those 
that are involved in apoptosis form the effector arm of the apoptotic 
machinery that, once activated, carries out the proteolysis necessary 
for apoptosis to occur. Caspases are found in healthy cells as zymogens 
(inactive form) and express their protease activity following either pro-
teolytic cleavage or autocatalytic activation at high concentrations. A 
hierarchical relationship similar to that described for the blood coagula-
tion proteins exists among the apoptotic caspases. Early acting, initiator 
caspases (e.g., caspase-2, -8, -9, -10) are recruited in response to apoptotic 
stimuli and are activated. They then initiate the apoptotic cascade by 
proteolytically activating downstream effector caspases (e.g., caspase-3, 
-6, -7), which in turn orchestrate the cell’s death28,29 (Figure 2-9 ■). 
Activation of caspases in apoptosis does not lead to indiscriminate pro-
teolytic degradation but to specific cleavage of key substrates including 
proteins involved in cell structure, cell-cycle regulation, transcription, 
translation, DNA repair, and RNA splicing. One key substrate activated 
by caspases is an endonuclease (CAD/caspase-activated DNAse) that is 
responsible for the characteristic DNA fragmentation (Web Table 2-2).

Two major cell death pathways (Web Figure 2-4) are initiated by 
a variety of events. Similar to the coagulation cascade (Chapter 32), 
there is an “extrinsic pathway” and an “intrinsic pathway.” The extrinsic 
pathway is triggered by extracellular signals (“death cytokines”) and 
transmitted through “death receptors” on the surface of the cell. The 
intrinsic pathway is a mitochondria-dependent pathway initiated by 
intracellular signals in response to stress, exposure to cytotoxic agents, 
DNA damage, or radiation.

At least eight death receptors have been described in mamma-
lian cells to date.30–32 The two best-known death cytokines and death 
receptors (DR) are (1) tumor necrosis factor (TNF) and the TNF recep-
tor and (2) Fas Ligand and CD95 (Fas receptor). DRs do not bind initia-
tor caspases directly but interact through adapter molecules containing 
“docking sites” or domains for each protein (Web Figure 2-5). Once the 

an infected cell can be viewed as a cellular defense mechanism to pre-
vent viral propagation. To circumvent these host defenses, a number of 
viruses have developed mechanisms to disrupt the normal regulation 
of apoptosis within the infected cell. Finally, a number of oncogenes 
and tumor suppressor genes that can either stimulate or inhibit apop-
tosis have been described (Chapter 23).

necrosis versus apoptosis
When a cell is damaged, the plasma membrane often loses its ability to 
regulate cation fluxes, resulting in the accumulation of Na+, Ca++, and 
water (Table 2-3). Consequently, the necrotic cell exhibits a swollen 
morphology. The organelles also accumulate cations and water, swell, 
and ultimately lyse. The rupture of the cytoplasmic membrane and 
organelles releases cytoplasmic components (including proteases and 
lysozymes) into the surrounding tissue, triggering an inflammatory 
response. In contrast, apoptosis is characterized by cellular shrinking 
rather than swelling, with condensation of both the cytoplasm and 
the nucleus. Apoptotic cells do not lyse, but portions of the cells pinch 
off as apoptotic bodies that are phagocytized by neighboring cells or 
macrophages. Thus, apoptosis is a very efficient process by which the 
body can remove a population of cells at a given time or in response to 
a given stimulus without the activation of an inflammatory response. 

Necrosis is a passive event induced by the external injurious 
agent and generally leads to the destruction of a large group of cells 
in the same area. In contrast, apoptosis is an energy-dependent pro-
cess orchestrated by the cell itself and generally affects only individual 
cells. In addition, a particular type of DNA fragmentation character-
izes apoptosis. DNA in an apoptotic cell is enzymatically cleaved by a 
specific endonuclease into oligonucleotides whose sizes are multiples 
of ∙185 base pairs (corresponding to nucleosomal fragments). When 
electrophoresed on agarose gel, these nucleotide fragments make a dis-
crete “ladder pattern” that is considered the hallmark of apoptosis. This 
is in contrast to the “smudge” pattern seen in cells undergoing necrosis, 
which indicates the presence of randomly degraded DNA.

molecular regulation of apoptosis 
Apoptosis is a closely regulated physiologic process that involves a 
group of proteins called caspases and the Bcl-2 family of proteins.

inhibitors initiators/inducers

Presence of survival factors
• growth factors
• Extracellular matrix
• Interleukins
• Estrogens, androgens

Viral products that block apoptosis
• Cowpox virus CrmA
• Epstein Barr virus BHRF-1

Pharmacologic inhibitors

Oncogene and tumor suppressor gene 
 products (Bcl-2, Bcl@XL, Mcl-1, Rb, c-Abl)

Deprivation of survival factors
• growth factor withdrawal
• Loss of matrix attachment

Death cytokines
• TNF
• Fas ligand

Cell-damaging stress
• Bacterial toxins
• Viral infections
• Oxidants
• glucocorticoids
• Cytotoxic drugs
• Radiation therapy

Oncogene and tumor suppressor gene products 
(c-myc, p53, Bax, Bad, BCL@XS, c-Fos, c-Jun)

★ tabLe 2-5 Inhibitors and Initiators/Inducers of Apoptosis
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factors) including the originally described Bcl-2 and at least 14 pro-
apoptotic family members.32 The Bcl-2 family of proteins is localized 
at or near the mitochondrial membranes and constitutes a critical 
intracellular checkpoint of apoptosis. Bcl protein interactions deter-
mine whether early activation of initiator caspases proceeds to full 
activation of effector caspases (see Figure 2-9).35,36

The relative levels of anti-apoptotic and pro-apoptotic Bcl-2 
family members constitute a rheostat for apoptosis. This rheostat is 
regulated by different associations between prosurvival and prodeath 
proteins, all of which share similar structural regions that allow them to 
form dimers or higher oligomers (either homo- or hetero- oligomers). 
Bax, the first pro-apoptotic member discovered, can associate with 
itself (Figure 2-10 ■); Bax:Bax homo-oligomers promote apoptosis. 
They induce permeabilization of the mitochondrial membrane and 
release of proteins, including cytochrome-c, and activation of the cas-
pase cascade. When Bcl-2 is increased, Bax:Bcl-2 hetero-oligomers 
form and repress apoptosis. Actually, it is the overall ratio of various 
death agonists (Bax and related proteins) to death antagonists (Bcl-2 
and related proteins) and their interactions with each other that deter-
mine the susceptibility of a cell to a death stimulus (Figure 2-11 ■). 

■   Figure 2-9 The apoptotic pathway triggered by 
death cytokine binding to death receptors. Activation of 
a death receptor by binding of death cytokine results in 
the recruitment of specific adapter proteins and activation 
of initiator caspases. Activated initiator caspases can 
then proceed to activate downstream effector caspases 
that mediate the cleavage of various cellular proteins 
during apoptosis. The contribution of the Bcl-2 family of 
pro-apoptotic and anti-apoptotic proteins in determining 
whether activation of initiator caspases will proceed 
through to activation of effector caspases is depicted. T  
indicates stimulation of the pathway; ⊥ indicates inhibition 
of the pathway.
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Apoptotic Pathway
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Caspase recruitment

Activation of initiator caspasesBcl-2
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Cleavage of crucial cellular proteins

Cell death

death cytokine, death receptor, adapter molecules, and initiator cas-
pases are assembled in a complex called DISC (Death-Inducing Signal-
ing Complex), the caspase is activated by the process of autocatalysis.

The sequence of events triggering apoptosis via the intrin-
sic pathway is less understood. It involves the assembly of a second 
caspase-activating complex called the apoptosome (Web Figure 2-5). 
DNA damage, triggering cell-cycle checkpoints, or loss of survival 
factors increase expression of pro-apoptotic Bcl proteins (discussed 
in the section “Role of Bcl-2 Proteins”) and trigger mitochondrial 
release of cytochrome-c that serves as a cofactor for caspase activa-
tion. Cytochrome-c assembles with a different adapter protein and 
initiator caspase, again triggering autocatalysis. The activated initiator 
caspases from both pathways converge on the proteolytic activation of 
the effector caspase, caspase-3, and trigger apoptosis.

role of bcl-2 Proteins
The Bcl-2 family of proteins includes both pro-apoptotic and anti-
apoptotic members and constitutes a critical intracellular checkpoint 
regulating apoptosis.33,34 The founding member, Bcl-2, was a pro-
tein originally cloned from B-cell lymphomas with the characteristic 
t(14;18) chromosomal translocation (Chapter 28). Since that initial 
discovery, several additional proteins related to Bcl-2 have been iden-
tified, some of which promote and others oppose apoptosis. At pres-
ent, there are at least 6 known apoptosis-inhibitory proteins (survival 

■   Figure 2-10 Model of cell death checkpoints. 
Following delivery of a cell death signal (genotoxic 
damage, loss of survival cytokines, or presence of death 
cytokines), the ratio of pro-apoptotic components 
(Bax and related molecules) versus anti-apoptotic 
components (Bcl-2 and related molecules) determines 
whether the death program will continue to completion. 
A preponderance of Bax:Bax homodimers promotes 
continuation of the process while Bax–Bcl-2 heterodimers 
shuts it down. 
PCD = programmed cell death (apoptosis)
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Dysregulation of apoptosis also contributes to hematologic dis-
orders. Apoptosis is increased in the myelodysplastic syndromes and 
tends to be decreased in the acute leukemias, perhaps partly explain-
ing the pancytopenias and leukocytosis, respectively, seen in those 
disorders (Chapters  25–27).

The cell receives and processes death signals from a variety of sources. 
They converge on this rheostat, which determines whether the cell 
will activate effector caspases and subsequently whether there will be 
cleavage of the death substrates necessary for apoptosis.34

Cells utilize a variety of safeguards to prevent inappropriate 
apoptosis. They possess a number of proteins that modulate cell death 
by binding to activated caspases and interfering with their activity, the 
so-called inhibitors of apoptosis proteins (IAPs).27,28 Some viruses 
contain viral proteins that perform the same function (e.g., cowpox 
viral protein CrmA, Adenovirus E1B, Baculovirus p35). These viral 
proteins block the apoptosis-activating defense of the host cell against 
viral replication (i.e., block apoptosis).

apoptosis and the hematopoietic system 
Apoptosis is important in the hematopoietic system (Table 2-6 ★). 
The default cellular status of hematopoietic precursor cells is cell 
death (Chapter 4). Cytokines and components of the extracellular 
matrix function to suppress apoptosis, allowing survival of hemato-
poietic cells when appropriate cytokines are present. Apoptosis plays 
an essential role in the selection of appropriate recognition repertoires 
of T and B lymphocytes, eliminating those with nonfunctional or 
autoreactive antigen receptors (Chapter 8). Apoptosis helps regulate 
the overall number of mature cells by inducing elimination (cell death) 
of excess cells when expanded numbers of mature cells are no longer 
needed (i.e., expanded T- and B-cell clones following elimination 
of foreign antigen and elimination of neutrophils, eosinophils, and 
monocytes following an infection/inflammatory response). Apop-
tosis is the mechanism employed in cytotoxic killing by cytotoxic T 
lymphocytes (CTL) and natural killer (NK) cells. Finally, activation of 
apoptotic caspases is involved in platelet production and release from 
mature megakaryocytes and in the final stages of erythrocyte matura-
tion (chromatin condensation and organelle removal).37,38

■   Figure 2-11 Bcl-2–related proteins and control of apoptosis. Pro-apoptotic (blue 
ovals) and anti-apoptotic (pink rectangles) Bcl-2–related proteins interact in response to 
an apoptotic signal. If the pro-apoptotic signals prevail, cytochrome-c (yellow circle) is 
released from the mitochondria, binds to an adapter protein (Apaf-1), and recruits an initiator 
caspase (procaspase-9); the resulting caspase-activating assembly, the apoptosome, is 
associated with the intrinsic pathway of apoptosis.
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I.  Default cellular status for hematopoietic stem cells and progenitor 
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Apoptosis regulated by cytokines and extracellular matrix

II. Lymphoid homeostasis
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Downregulation of immune response following antigen 
stimulation

Cytotoxic killing by CTL and NK cells
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IV. Developmental pathways for erythropoiesis and thrombopoiesis

CTL = cytotoxic T lymphocytes; NK = natural killer

★ tabLe 2-6 The Role of Apoptosis in the  
Hematopoietic and Lymphoid Systems

What would be the effect on the hematopoietic system 
homeostasis if the expanded clone of antigen-activated 
B lymphocytes failed to undergo apoptosis after the anti-
genic challenge was removed?

CheCkpoInt 2-5
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(anti-oncogenes or tumor suppressor genes).41 As researchers 
have worked to understand the function of these oncogenes and 
tumor suppressor genes, they have found that many of them are mol-
ecules that regulate normal cell growth and differentiation and/or 
apoptosis42–44 (Chapter 23).

abnOrmaL tissue hOmeOstasis  
anD cancer
In recent years, our knowledge of cancer cell biology has exploded. 
Of significance is the recognition that scattered throughout our own 
genome are genes that have the potential to cause cancer (proto-
oncogenes)39,40 and other genes that have the power to block it 

Summary
The cell is an intricate, complex structure bound by a mem-
brane. The membrane is a phospholipid bilayer with integral 
proteins throughout and containing receptors that bind extra-
cellular molecules and transmit messages to the cell’s nucleus. 
Within the cell is the cytoplasm with numerous organelles and 
the nucleus. The cellular organelles include ribosomes, endo-
plasmic reticulum, the golgi apparatus, lysosomes, mitochon-
dria, microfilaments, and microtubules. The nucleus contains the 
genetic material, DNA, that regulates all cell functions.

The cell cycle is a highly ordered process that results in 
the accurate duplication and transmission of genetic infor-
mation from one cell generation to the next. The cell cycle is 
divided into four stages: M phase (in which cell division or mito-
sis takes place), S phase (during which DNA synthesis occurs), 
and two gap phases, G1 and G2. G0 refers to quiescent cells 
that are temporarily or permanently out of cycle. The normal 
cell depends on external stimuli (growth factors) to move it out 
of G0 and through G1. The cell cycle is regulated by a series 
of protein kinases (Cdks) whose activity is controlled by com-
plexing with a regulatory partner (cyclin). Different cyclins with 
their associated (and activated) Cdks function at specific stages 
of the cell cycle. Kinase activity is further modulated by both 
activating and inactivating phosphorylation of kinase subunits 
and by specific cell-cycle kinase (Cdk) inhibitors. A series of 

checkpoint controls or surveillance systems functions to ensure 
the integrity of the process.

Cells utilize the process of programmed cell death, or 
apoptosis, as well as proliferation to maintain tissue homeo-
stasis. Apoptosis is a unique form of cell death that can be 
morphologically and biochemically distinguished from necro-
sis. Apoptosis plays important roles in the development of the 
organism, in controlling the number of various types of cells, 
and as a defense mechanism to eliminate unwanted and poten-
tially dangerous cells. Apoptosis is an active process initiated 
by the cell and results in the orderly dismantling of cellular con-
stituents. Apoptosis is directed by cysteine proteases called cas
pases. Pro-apoptotic and anti-apoptotic proteins (Bcl-2 family 
members) and specific protein inhibitors (IAPs, or inhibitors of 
apoptosis) regulate this process. Apoptosis is triggered by loss 
of survival factors (survival cytokines or extracellular matrix com-
ponents), presence of death cytokines, or cell-damaging stress.

The various processes that govern tissue homeostasis—pro-
liferation, differentiation, cytokine regulation, and apoptosis—
are highly ordered and tightly regulated. When the regulation 
of these processes malfunctions, the result can be deregulated 
cell production. Mutations or epigenetic changes that alter the 
structure or function of the genes that regulate these processes 
can result in uncontrolled cell growth and malignancy.

Review Questions
Level I

 1. Selective cellular permeability and structural stability are 
provided by: (Objective 1)

 A. membrane lipids

 B. membrane proteins

 C. ribosomes

 D. the nucleus

 2. Rough endoplasmic reticulum is important in: (Objective 1)

 A. synthesizing lipid

 B. synthesizing hormones

 C. synthesizing and assembling proteins

 D. phagocytosis

 3. The fundamental subunit of chromatin composed of ∙180 
base pairs of DNA wrapped around a histone protein is 
called: (Objective 1)

 A. nucleolus

 B. genome

 C. heterochromatin

 D. nucleosome

 4. Condensation of chromosomes occurs during which phase 
of mitosis? (Objective 3)

 A. anaphase

 B. telophase

 C. prophase

 D. metaphase
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Level II

 1. UTRs are regions of mRNA that: (Objective 1)

 A. represent variations of the genetic sequence of a gene 
in different individuals

 B. represent the regions of the gene that are transcribed

 C. contain the splice sites for mRNA processing

 D. influence the stability of mRNA and translation of 
protein

 2. The main function of the ubiquitin-proteosome system is 
to: (Objective 2)

 A. assist in the three-dimensional folding of polypeptides 
into their tertiary structure

 B. degrade unwanted or damaged polypeptides

 C. facilitate transfer of polypeptides from the endoplas-
mic reticulum to the golgi

 D. direct post-translational modifications of proteins

 3. The kinase complex responsible for passage through and 
exit from mitosis is composed of: (Objective 3)

 A. cyclin A/Cdk2

 B. cyclin D/Cdk4

 C. cyclin B/Cdk1

 D. cyclin E/Cdk2

 4. CAK, the kinase activity responsible for the activating 
phosphorylations of Cdks, consists of: (Objective 4)

 A. cyclin A/Cdk1

 B. cyclin H/Cdk7

 C. cyclin F/Cdk6

 D. cyclin C/Cdk2

 5. Overexpression of the p21 protein would have what effect 
on the cell cycle of proliferating cells? (Objective 4)

 A. decrease cell-cycle progression

 B. increase cell-cycle progression

 C. trigger apoptosis

 D. none

 6. The protein responsible for binding the transcription fac-
tors E2F and blocking cell-cycle progression beyond the 
restriction point (R) is: (Objective 6)

 A. p53

 B. p15

 C. p21

 D. Rb

 5. Cells that have exited the cell cycle and entered a nonpro-
liferative phase are said to be in: (Objective 3)

 A. quiescence

 B. interphase

 C. g1

 D. g2

 6. The regulatory subunit of the active enzyme complex 
responsible for regulating passage through the various 
phases of the cell cycle is: (Objective 3)

 A. cyclin

 B. Cdk

 C. Cdk inhibitor

 D. p21

 7. The point in the cell cycle at which cell proliferation 
(cycling)  no longer depends on extracellular signals is: 
(Objective 4)

 A. g1

 B. R

 C. g2

 D. M

 8. Programmed cell death (cell suicide) is also known as: 
(Objective 5)

 A. necrosis

 B. senescence

 C. apoptosis

 D. terminal differentiation

 9. All of the following are considered initiators of apoptosis 
except: (Objective 6)

 A. estrogens

 B. death cytokines

 C. loss of matrix attachment

 D. cell-damaging stress

 10. Which of the following events in hematopoiesis is  regulated 
by apoptosis? (Objective 7)

 A. removal of excess neutrophils following cessation of 
bacterial challenge

 B. removal of excess B lymphocytes following immune 
stimulation

 C. removal of excess platelets following hemostatic 
challenge

 D. A and B
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

 9. A predominance of Bax-Bax homodimers has what effect 
on apoptosis? (Objective 11)

 A. inhibits initiator caspases

 B. promotes activation of effector caspases

 C. activates death receptors on the cell surface

 D. neutralizes IAPs

 10. Which of the following are associated with gene silencing? 
(Objective 13)

 A. dNa (Cpg) methylation and histone acetylation

 B. dNa (Cpg) methylation and histone deacetylation

 C. unmethylated Cpg and histone acetylation

 D. unmethylated Cpg and histone deacetylation

 7. Apoptotic cell death is characterized by all of the following 
except: (Objective 14)

 A. triggering an inflammatory response

 B. condensation of the nucleus

 C. cleavage of chromatin into discrete fragments 
 (multiples of 185 base pairs)

 D. condensation of the cytoplasm and cell shrinkage

 8. The components of apoptosis directly responsible for dis-
mantling the cell during the programmed cell death pro-
cess are: (Objective 8)

 A. Bcl-2 family members

 B. IAPs

 C. initiator caspases

 D. effector caspases
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Section two
The Hematopoietic System

Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the sites of hematopoiesis during embryonic and fetal develop-

ment, childhood, and adulthood.
 2. Identify organ/tissue sites in which each hematopoietic cell type 

differentiates.
 3. Explain the difference between primary and secondary lymphoid tissue.
 4. Describe the function of bone marrow, spleen, lymph nodes, and 

thymus.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Associate physical findings (hypersplenism, lymphadenopathy) with the 

presence of hematologic disease.
 2. Assess the pathophysiologic changes that lead to bone marrow hyper-

plasia or extramedullary hematopoiesis.
 3. Identify sites of extramedullary hematopoiesis.
 4. Create a sketch of the structure of bone marrow, spleen, lymph nodes, 

and thymus that shows the location of hematopoietic cells.
 5. Differentiate between primitive and definitive erythropoiesis.
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Organs
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Key Terms
Adipocyte
Blood island
Culling
Endosteum
Erythroblastic island
Extramedullary hematopoiesis
Germinal center
Hematopoietic stem cell (HSC)
Hyperplasia

Lymphoid follicle
Medullary hematopoiesis
Mesenchymal stem cell (MSC)
Osteoblast
Osteoclast
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Reticular cell
Stroma
Trabecula
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Overview
This chapter includes a description of the tissues involved in the pro-
duction and maturation of blood cells. It begins with a look at blood 
cell production sequentially from the embryo to the adult. Each tissue’s 
histologic structure and its function in hematopoiesis are discussed. 
Abnormalities in hematopoiesis that are associated with histologic 
and functional changes in these tissues are briefly described.

inTrODucTiOn
Cellular proliferation, differentiation, and maturation of blood cells 
take place in the hematopoietic tissue, which in the adult consists 
primarily of bone marrow, although some lymphocyte development 
also takes place in the spleen and thymus. Mature cells are released 
to the peripheral blood and can live out their lifespan in the blood or 
take up residence in the spleen, lymph nodes, or other tissues. The link 
between the bone marrow and blood cell production was not estab-
lished until it was recognized that blood formation was a continuous 
process. Before 1850, it was believed that blood cells formed in the 
fetus were viable until the host’s death and that there was no need for 
a continuous source of new elements.

DevelOPMenT Of HeMATOPOieSiS
Hematopoiesis begins as early as the eighteenth day after fertilization 
in an extraembryonic location, the yolk sac of the human embryo.1 
The cells made in the yolk sac include erythrocytes and a few mac-
rophages.2 The ability to make erythrocytes is important because the 
embryo must be able to transport oxygen to developing tissue early in 
gestation. Shortly thereafter, at about 4 weeks of gestation, intraembry-
onic hematopoiesis begins in the aorta-gonad-mesonephros (AGM) 
region located in the ventral lumen of the developing aorta. This region 
has the ability to make a wider range of hematopoietic cells, including 

Background Basics

We will refer to this case throughout this chapter.

Francine, a 10-year-old female, was brought to her pedia-
trician for complaints of lethargy and leg pain. Physical 
examination revealed splenomegaly and lymphadenopa-
thy. A complete blood count was ordered with the fol-
lowing results: Hb 8 g/dL; WBC 6.5 * 109/L; platelets 
21 * 109/L.

Refer to the tables on the front inside cover of the 
book and determine which blood cell parameters, if any, 
are abnormal.

cASe STuDy

■	  figure 3-1 Location of hematopoiesis during fetal 
development. At birth, most blood cell production is lim-
ited to the marrow.
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lymphocytes, than those made in the yolk sac.3 Erythrocyte produc-
tion from the yolk sac is called primitive erythropoiesis. Hemoglobin 
in these cells is not typical of that seen in later developing erythro-
blasts, they do not differentiate from self-renewing hematopoietic 
stem cells (HSCs), and they complete their maturation in the cir-
culation rather than in an organ.4 The yolk sac erythroblasts arise 
from clusters of cells called blood islands and are closely related to 
development of endothelium, the cells lining blood vessels.5 Defini-
tive erythropoiesis begins with the formation of self-renewing HSC 
in the AGM. The HSC is the common precursor cell for all develop-
ing hematopoietic cells and is characterized by its ability to proliferate 
without differentiation (“self-renewal”). Primitive erythroblasts have a 
megaloblastic appearance (large cells with coarse clumped chromatin; 
Chapter 15). The hemoglobin in these cells consists of the embryonic 
varieties, Gower 1, Gower 2, and Portland6 (Chapter 6).

At about the third month of fetal life, the liver becomes the chief 
site of blood cell production by which time the yolk sac and AGM have 
discontinued their role in hematopoiesis. The liver continues to pro-
duce a high proportion of erythroid cells, but myeloid and lymphoid 
cells begin to appear in greater numbers,7 indicating the beginning of 
a transition to adult patterns of hematopoiesis in which myeloid dif-
ferentiation predominates over erythroid differentiation. Hemoglobin 
F production replaces the embryonic hemoglobins during this period.

As fetal development progresses, hematopoiesis also begins to a 
lesser degree in the spleen, kidney, thymus, and lymph nodes. Ery-
throid and myeloid cell production as well as early B lymphocyte (a 
subclass of lymphocytes) development gradually shifts from these 
sites to bone marrow during fetal and neonatal life as the hollow cavi-
ties within the bones are formed. The bone marrow becomes the pri-
mary site of hematopoiesis at about the sixth month of gestation and 

LeveL i and LeveL ii
• List the types of blood cells and give their basic functions
• Define hemoglobin and explain its function
• Locate the tables in the book that give the reference intervals 

for blood cells and hemoglobin 

The information in this chapter builds on the concepts learned in 
the first chapter. A basic anatomy and physiology course could 
also be helpful. To maximize your learning experience, you should 
review these concepts before starting this unit of study:

M03_MCKE6011_03_SE_C03.indd   26 01/08/14   9:54 am



 27ChapTEr 3   •   STruCTurE aND FuNCTION OF hEmaTOpOIETIC OrgaNS

Bone Marrow
Blood-forming tissue located between the trabeculae of spongy bone 
is known as bone marrow. (Trabecula refers to a projection of bone 
extending from cortical bone into the marrow space; it provides sup-
port for marrow cells.) This major hematopoietic organ is a cellular, 
highly vascularized, loose connective tissue. It is composed of two 
major compartments: the vascular and the endosteal. The vascular 
compartment is composed of the bone marrow arteries and veins, 
stromal cells, and hematopoietic cells (Figure 3-2	■). The endosteal 
compartment is primarily the site of bone remodeling but also con-
tains HSC.

vasculature
The vascular supply of bone marrow is served by two arterial 
sources, a nutrient artery and a periosteal artery, that enter the bone 
through small holes, the bone foramina. Blood is drained from the 
marrow via the central vein (Figure 3-3	■). The nutrient artery 
branches around the central sinus that spans the marrow cavity. 
Arterioles radiate outward from the nutrient artery to the endos-
teum (the inner lining of the cortical bone), giving rise to capillaries 
that merge with capillaries from periosteal arteries to form sinuses 
within the marrow. The sinuses, lined by single endothelial cells and 
supported on the abluminal side (away from the luminal surface) by 
adventitial reticular cells, ultimately gather into wider collecting 
sinuses, which open into the central longitudinal vein.9 The cen-
tral longitudinal vein continues through the length of the marrow 
and exits through the foramen where the nutrient artery entered. 
Nerve fibers surrounding marrow arteries regulate blood flow into 

continues as the primary source of blood production after birth and 
throughout adult life (Figure 3-1	■). Granulocyte and megakaryocyte 
(precursor of platelets) production shifts to the bone marrow before 
erythropoiesis, which does not transition until the end of gestation. 
The thymus becomes the major site of T lymphocyte (a subclass of 
lymphocytes) production during fetal development and continues to 
be active throughout the neonatal period and childhood. As is true 
for erythrocytes in the yolk sac, the first T cells to develop differ from 
their adult counterparts. They use a different set of genes to make the 
T cell receptor, which the T cell uses to recognize and react to foreign 
substances8 (Chapter 8). Lymph nodes and the spleen continue as an 
important site of late B-cell differentiation throughout life.

HeMATOPOieTic TiSSue
The adult hematopoietic system includes tissues and organs involved 
in the proliferation, maturation, and destruction of blood cells. These 
organs and tissues include the bone marrow, thymus, spleen, and 
lymph nodes. Bone marrow is the site of myeloid, erythroid, and 
megakaryocyte as well as early stages of lymphoid cell development. 
Thymus, spleen, and lymph nodes are primarily sites of later lymphoid 
cell development. Tissues in which lymphoid cell development occurs 
are divided into primary and secondary lymphoid tissue. Primary 
lymphoid tissues (bone marrow and thymus) are those in which T 
and B cells develop from nonfunctional precursors into cells capable 
of responding to foreign antigens (immunocompetent cells). Second-
ary lymphoid tissues (spleen and lymph nodes) are those in which 
immunocompetent T and B cells further divide and differentiate into 
effector cells and memory cells in response to antigens (Chapter 8).

■	 figure 3-2 Schematic drawing of a section of bone marrow.
Figure courtesy of Dr. Corey Parlet.
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■	 figure 3-3 Diagram of the microcirculation of bone marrow. The major  arterial supply to the 
marrow is from periosteal capillaries and capillary branches of the nutrient artery that have tra-
versed the bony enclosure of the marrow through the bone foramina. The capillaries join with the 
venous sinuses as they re-enter the marrow. The sinuses gather into wider collecting sinuses that 
then open into the central longitudinal vein (central sinus).
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the bone marrow, which in turn controls hematopoietic progenitor 
release into the circulation.10

Stroma
The bone marrow stroma (supporting tissue in the vascular com-
partment) provides a favorable microenvironment for sustained 
proliferation of hematopoietic cells, forming a meshwork that creates 
a three-dimensional scaffolding for them.11 Stromal cellular compo-
nents also provide cytokines that regulate hematopoiesis (Chapter 4). 
The stroma is composed of three major cell types: macrophages, retic-
ular cells (fibroblasts), and adipocytes (fat cells).

Macrophages serve two major functions in the bone marrow: 
phagocytosis and secretion of hematopoietic cytokines (proteins 
secreted by a cell; these proteins modulate the function of another 
cell). Macrophages phagocytose the extruded nuclei of matur-
ing erythrocytes, B cells that have not differentiated properly, and 
 differentiating cells that die during development. Some macro-
phages serve as the center of the erythroblastic islands as discussed 
in the section “Hematopoietic Cells.” Macrophages also provide 
many colony- stimulating factors (cytokines that stimulate the 
growth and development of immature hematopoietic cells) needed 
for the development of myeloid lineage cells. Macrophages stain acid 
phosphatase positive.

Reticular cells are located on the abluminal surface of the vas-
cular sinuses and send long cytoplasmic processes into the stroma. 
They are an abundant source of CXCL12 (SDF-1), which is critical for 
maintaining an HSC pool in the marrow.12 These cells also produce 
reticular fibers, which contribute to the three-dimensional supporting 

network that holds the vascular sinuses and hematopoietic elements. 
The fibers can be visualized with light microscopy and after silver 
staining. Reticular cells are alkaline phosphatase positive.

Adipocytes are cells whose cytoplasm is largely replaced with a 
single fat vacuole. They differentiate from mesenchymal stem cells 
(MSCs), and their production is inversely proportional to osteoblast 
formation.13 MSCs are multipotent stromal cells that can differentiate 
into bone, cartilage, and fat cells. Adipocytes mechanically control the 
volume of bone marrow in which active hematopoiesis takes place. 
They also provide steroids and other cytokines that influence hema-
topoiesis and maintain osseous bone integrity.14,15

The proportion of bone marrow composed of adipocytes 
changes with age. For the first 4 years of life, nearly all marrow cavities 
are composed of hematopoietic cells, or red marrow. After 4 years of 
age,  adipocytes or yellow marrow gradually replaces the red marrow 
in the shafts of long bones. By the age of 25 years, hematopoiesis is 
limited to the marrow of the skull, ribs, sternum, scapulae, clavicles, 
vertebrae, pelvis, upper half of the sacrum, and proximal ends of the 
long bones. The distribution of red:yellow marrow in these bones 
is about 1:1. The fraction of red marrow in these areas continues to 
decrease with aging.

Osteoblasts and osteoclasts are found in the endosteum (inter-
nal surface of calcified bone). These cells can be dislodged during bone 
marrow biopsy and can be found in the specimen with hematopoietic 
cells. Osteoblasts differentiate from MSCs; osteoclasts differentiate 
from HSCs.16

Osteoblasts are involved in the formation of calcified bone and 
produce cytokines that can positively or negatively regulate HSC 
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more than 2N) that produce platelets from their cytoplasm. They are 
located adjacent to the vascular sinus.19 Cytoplasmic processes of the 
megakaryocyte form long proplatelet processes that pinch off to form 
platelets. Lymphocytes are normally produced in lymphoid aggregates 
located near arterioles. Lymphoid progenitor cells can leave the bone 
marrow and travel to the thymus where they mature into T lympho-
cytes. Some remain in the bone marrow where they mature into B lym-
phocytes. Some B cells return to the bone marrow after being activated 
in the spleen or lymph node. Activated B cells transform into plasma 
cells, which can reside in the bone marrow and produce antibody.

activity.17 They are large cells (up to 30 mcM (mm) in diameter) 
that resemble plasma cells except that the perinuclear halo (Golgi 
apparatus) is detached from the nuclear membrane and, in Wright-
stained specimens, appears as a light area away from the nucleus 
(Figure 3-4a	■). In addition, the cytoplasm can be less basophilic, and 
the nucleus has a finer chromatin pattern than plasma cells. Osteo-
blasts are normally found in groups and are more commonly seen in 
children and in metabolic bone diseases. The cells are alkaline phos-
phatase positive.

Osteoclasts are cells related to macrophages that are involved 
in resorption and remodeling of calcified bone. Up to 100 mcM in 
diameter, they are even larger than osteoblasts. The cells are multinu-
cleated, form from fusion of activated monocytes, and have granular 
cytoplasm that can be either acidophilic or basophilic. They resemble 
megakaryocytes except that the nuclei are usually discrete (whereas 
the megakaryocyte has a single, large multilobulated nucleus) and 
often contain nucleoli (Figure 3-4b	■).

Hematopoietic cells
These cells are arranged in distinct niches within the vascular com-
partment of the marrow cavity. Erythroblasts constitute 25–30% of 
the marrow cells and are produced near the venous sinuses. They 
develop in erythroblastic islands composed of a single macrophage 
surrounded by erythroblasts in varying states of maturation. The 
macrophage cytoplasm extends out to surround the erythroblasts. 
During this close association, the macrophages regulate erythropoi-
esis by secreting various cytokines.18 The least mature cells are clos-
est to the center of the island, and the more mature cells are at the 
periphery.

The location of leukocyte development differs depending on the 
cell type. Granulocytes are produced in nests close to the trabeculae 
and arterioles and are relatively distant from the venous sinuses. These 
nests are not quite as apparent morphologically as are erythroblastic 
islands. Megakaryocytes are very large, polyploid cells (DNA content 

■	  figure 3-4 (a) Osteoblast; arrows point to the Golgi apparatus (perinuclear halo).  
(b) Osteoclast in bone marrow aspirate. (Wright-Giemsa stain; 1000× magnification.)

a b

Describe the bone marrow stromal location of erythrocyte, 
granulocyte, platelet, and lymphocyte differentiation.

checkpoint 3-1

Bone forms a rigid compartment for the marrow. Thus, any 
change in volume of the hematopoietic tissue, as occurs in many 
anemias and leukemias, must be compensated for by a change in the 
space-occupying adipocytes. Normal red marrow can respond to 
stimuli and increase its activity to several times the normal rate. As 
a result, the red marrow becomes hyperplastic and replaces portions 
of the fatty marrow. Bone marrow hyperplasia (an excessive prolif-
eration of normal cells) accompanies all conditions with increased 
or ineffective hematopoiesis. The degree of hyperplasia is related to 
the severity and duration of the pathologic state. Acute blood loss can 
cause erythropoietic tissue to temporarily replace fatty tissue; severe 
chronic anemia can cause erythropoiesis to be so intense that it not 
only replaces fatty marrow but also erodes the bone’s internal surface. 
In malignant diseases that invade or originate in the bone marrow 
such as leukemia, proliferating abnormal cells can replace both normal 
hematopoietic tissue and fat.
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extramedullary Hematopoiesis
Hematopoiesis in the bone marrow is called medullary hemato-
poiesis. Extramedullary hematopoiesis denotes blood cell pro-
duction in hematopoietic tissue other than bone marrow. In certain 
hematologic disorders, when hyperplasia of the marrow cannot meet 
the physiologic blood needs of the tissues, extramedullary hematopoi-
esis can occur in the hematopoietic organs that were active in the fetus, 
principally the liver and spleen. Organomegaly frequently accompa-
nies significant hematopoietic activity at these sites.

Thymus
The thymus is a lymphopoietic organ located in the upper part of the 
anterior mediastinum. It is a bilobular organ demarcated into an outer 
cortex and central medulla. The cortex is densely packed with small 
lymphocytes (thymocytes), cortical epithelial cells, and a few macro-
phages. The medulla is less cellular and contains more mature thy-
mocytes mixed with medullary epithelial cells, dendritic cells, and 
macrophages (Figure 3-5	■).

The primary purpose of the thymus is to serve as a compartment 
in which T lymphocytes mature.23 Precursor T cells leave the bone 
marrow and enter the thymus through arterioles in the cortex. As they 
travel through the cortex and the medulla, they interact with epithelial 
cells and dendritic cells, which provide signals to ensure that T cells 
can recognize foreign antigen but not self-antigen. They also undergo 
rapid proliferation. Only about 3% of the cells generated in the thymus 
successfully exit the medulla as mature T cells; the rest die by apoptosis 
and are removed by thymic macrophages. The thymus is responsible 
for supplying the T-dependent areas of lymph nodes, spleen, and other 
peripheral lymphoid tissue with immunocompetent T lymphocytes.

The thymus is a well-developed organ at birth and continues 
to increase in size until puberty. After puberty, however, it begins to 
atrophy until old age when it becomes barely recognizable. This atro-
phy may be driven by increased steroid levels beginning in puberty 
and decreased growth factor levels in adults.24,25 The atrophy is char-
acterized by reduced expression of a transcription factor (FOXN1) 
required for thymic epithelial cell differentiation.26 The atrophied 
thymus is still capable of producing some new T cells if the peripheral 
pool becomes depleted as occurs after the lymphoid irradiation that 
accompanies bone marrow transplantation.27

Spleen
The spleen is located in the upper-left quadrant of the abdomen 
beneath the diaphragm and to the left of the stomach. After several 
emergency splenectomies were performed without causing perma-
nent harm to the patients, it was recognized that the spleen was not 
essential to life. However, it does play a role in filtering foreign sub-
stances and old erythrocytes from the circulation, storage of platelets, 
and immune defense.

In contrast, the hematopoietic tissue can become inactive or 
hypoplastic (a condition in which the hematopoietic cells in bone 
marrow decrease). Fat cells then increase, providing a cushion for the 
marrow. Environmental factors such as chemicals and toxins can sup-
press hematopoiesis whereas other types of hypoplasia can be geneti-
cally determined (Chapter  16). Myeloproliferative disease, which 
begins as a hypercellular disease, frequently terminates in a state of 
aplasia (absence of hematopoietic tissue in bone marrow) in which 
fibrous tissue replaces hematopoietic tissue (Chapter 25).

Microscopic examination of a stained blood smear from 
Francine revealed a predominance of very young blood 
cells (blasts) in the peripheral blood. These cells are 
normally found only in the bone marrow. Subsequently, 
she had bone marrow aspirated for examination. This 
revealed 100% cellularity (red marrow) with a predomi-
nance of the same type of blasts as those found in the 
peripheral blood.

1. Describe Francine’s bone marrow as normal, hyper-
plastic, or hypoplastic.

2. What conditions can cause this bone marrow finding?

cASe STuDy (continued from page 26)

Describe the process by which a blood cell moves from 
the marrow to the vascular space.

checkpoint 3-2

Blood cell egress
Special properties of the maturing hematopoietic cell and of the 
venous sinus wall are important in migration of blood cells from the 
bone marrow to the circulation.20 These cells must migrate between 
reticular cells but through endothelial cells to reach the circulation. 
As cell traffic across the sinus increases, the reticular cells contract, 
creating a less continuous layer over the abluminal sinus wall. When 
the reticular cell layer contracts, it creates compartments between the 
reticular cell layer and the endothelial layer where mature cells accu-
mulate and can interact with sites on the sinus endothelial surface.

The new blood cell interacts with the abluminal endothelial 
membrane by a receptor-mediated process, forcing the abluminal 
membrane into contact with the luminal endothelial membrane. The 
two membranes fuse, and under pressure from the passing cell, they 
separate, creating a pore through which the hematopoietic cell enters 
the lumen of the sinus. These pores are only 2–3 mcM in diameter; 
thus, blood cells must have the ability to deform so that they can pass 
through the sinusoidal lining. Progressive increases in deformability 
and motility have been noted as granulocytes mature from the myelo-
blast to the segmented granulocyte stage, facilitating the movement of 
cells into the sinus lumen.

Many soluble factors are important in regulating the release of 
blood cells from bone marrow, including granulocyte-colony stimulat-
ing factor (G-CSF), granulocyte monocyte-colony stimulating factor 
(GM-CSF), and a large number of chemokines21,22 (Chapter 4). Some 
of these molecules are used clinically to increase circulating granulo-
cytes or release HSCs into the circulation to obtain granulocytes for 
transfusion or stem cells for transplantation.
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Blood flow
The spleen is richly supplied with blood. It receives 5% of the total car-
diac output, a blood volume of 300 mL/minute. Blood enters the spleen 
through the splenic artery, which branches into many central arteries. 
Vessel branches can terminate in the white pulp, red pulp, or marginal 
zone. Blood entering the spleen can follow either the rapid transit 
pathway (closed circulation) or the slow transit pathway (open circu-
lation). The rapid transit pathway is a relatively unobstructed route by 
which blood enters the sinuses in red pulp from the arteries and passes 
directly to the venous collecting system. In contrast, blood entering the 
slow transit pathway moves sluggishly through a circuitous route of 
macrophage-lined cords before it gains access to the venous sinuses. 
Plasma in the cords freely enters the sinuses, but erythrocytes meet 
resistance at the sinus wall where they must squeeze through the tiny 
openings. This skimming of the plasma from blood cells sharply 
increases the hematocrit in the cords. Sluggish blood flow and con-
tinued erythrocyte metabolic activity in the cords result in a splenic 
environment that is hypoxic, acidic, and hypoglycemic. Hypoxia and 
hypoglycemia occur as erythrocytes utilize available oxygen and glu-
cose, and metabolic byproducts create the acidic environment.

function
Blood that empties into the cords of the red pulp or the marginal zone 
takes the slow transit pathway, which is very important to splenic func-
tion including culling, pitting, and storing blood cells. The discrimi-
natory filtering and destruction of senescent (aged) or damaged red 
cells by the spleen is termed culling. Cells entering the spleen through 
the slow transit pathway become concentrated in the hypoglycemic, 
hypoxic cords of the red pulp—a hazardous environment for aged 

Architecture
Enclosed by a capsule of connective tissue, the spleen contains the 
largest collection of lymphocytes and macrophages in the body 
(Figure 3-6	■). These cells, together with a reticular meshwork, are 
organized into three zones: white pulp, red pulp, and the marginal zone.

The white pulp, a visible grayish-white zone, is composed of lym-
phocytes and is located around a central artery. The area closest to 
the artery, which contains many T cells as well as macrophages and 
dendritic cells, is termed the periarteriolar lymphatic sheath (PALS). 
Peripheral to this area are B cells arranged into follicles (a sphere of B 
cells within lymphatic tissue). Activated B cells are found in special-
ized follicular areas called germinal centers, which appear as lightly 
stained areas in the center of a lymphoid follicle. The germinal cen-
ters consist of a mixture of B lymphocytes, follicular dendritic cells, 
and phagocytic macrophages. The immune response is initiated in 
the white pulp. In some cases of heightened immunologic activity, the 
white pulp can increase to occupy half the volume of the spleen (it is 
normally …20%).

White pulp is surrounded by the marginal zone, a reticular mesh-
work containing blood vessels, macrophages, and specialized B cells. 
This zone lies at the junction of the white pulp and red pulp and is 
important in initiating rapid immune responses to blood-borne 
pathogens and performing functions similar to that of the red pulp.

The red pulp contains sinuses and cords. The sinuses are dilated 
vascular spaces for venous blood. The pulp’s red color is caused by the 
presence of large numbers of erythrocytes in the sinuses. The cords 
are composed of masses of reticular tissue and macrophages that lie 
between the sinuses. The cords of the red pulp provide zones for plate-
let storage and destruction of damaged blood cells.

■	  figure 3-5 A schematic drawing of the thymus. See text for the role of the various 
cell types. Hassall’s corpuscles are collections of epithelial cells that may be involved in 
the development of certain T-cell subsets (regulatory T cells) in the thymus.

Subcapsular
cortex

Thymocyle precursors

Cortex

Medulla

Mature thymocytes

Immature
thymocytes

Hassall’s
corpuscles

Dendritic cell

Capsule

Cortical epithelial cellMacrophage

Macrophage

Medullary
epithelial cell

M03_MCKE6011_03_SE_C03.indd   31 01/08/14   9:55 am



32 SECTION II   •   THE HEMATOPOIETIC SySTEM

The white pulp and marginal zones of the spleen are important 
lines of defense in blood-borne infections because of their rich sup-
ply of lymphocytes and phagocytic cells (macrophages) and the slow 
transit circulation through these areas. Blood-borne antigens are 
forced into close contact with macrophages (functioning as antigen-
presenting cells) and lymphocytes allowing for recognition of the anti-
gen as foreign and leading to phagocytosis, T- and B-cell activation, 
and antibody formation.

The spleen’s immunologic function is probably less important in 
the well-developed adult immune system than in the still- developing 
immune system of the child. Young children who undergo sple-
nectomy may develop overwhelming, often fatal, infections with 
encapsulated organisms such as Streptococcus pneumoniae and 
Haemophilus influenzae. This can also be a rare complication of 
splenectomy in adults. The loss of the marginal zone can be especially 
important in this regard.28

The red pulp cords of the spleen act as a reservoir for platelets, 
sequestering approximately one-third of the circulating platelet mass. 
Massive enlargement of the spleen (splenomegaly) can result in a pool-
ing of 80–90% of the platelets, producing peripheral blood thrombo-
cytopenia. Removal of the spleen results in a transient thrombocytosis 
with a return to normal platelet concentrations in about 10 days.

or damaged erythrocytes. Slow passage through a macrophage-rich 
route allows the phagocytic cells to remove these old or damaged, less 
deformable erythrocytes before or during their squeeze through the 
3 mcM pores to the venous sinuses. Normal erythrocytes withstand 
this adverse environment and eventually re-enter the circulation.

Pitting refers to the spleen’s ability to “pluck out” particles from 
intact erythrocytes without destroying them. Blood cells coated with 
antibody are susceptible to pitting by macrophages. The macrophage 
removes the antigen–antibody complex and the attached membrane. 
The pinched-off cell membrane can reseal itself, but the cell cannot 
synthesize lipids and proteins for new membrane due to its lack of 
cellular organelles. Therefore, extensive pitting causes a reduced 
 surface-area-to-volume ratio, resulting in the formation of sphero-
cytes (erythrocytes that have no area of central pallor on stained blood 
smears). The presence of spherocytes on a blood film is evidence that 
the erythrocyte has undergone membrane assault in the spleen.

■	 figure 3-6 A schematic drawing of splenic tissue. See text for an explanation of the 
splenic tissue architecture. The periarterial lymphatic sheath contains many T cells, macro-
phages, and dendritic cells. B cells are arranged into follicles. Activated B cells are in the ger-
minal centers.
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Describe how the spleen removes old or damaged eryth-
rocytes from the circulation.

checkpoint 3-3
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laboratory professionals can note easily on blood smears. After splenec-
tomy, the erythrocytes often contain inclusions (e.g., Howell Jolly bodies, 
Pappenheimer bodies), and abnormal shapes can be seen (Chapter 10).

The lifespan of healthy erythrocytes is not increased after sple-
nectomy. Other organs, primarily the liver, assume the culling func-
tion. Blood flow through the liver also is slowed by passage through 
sinusoids, which are lined with specialized macrophages called 
Kupffer cells. These macrophages can perform functions similar to 
those of phagocytes in the splenic cords and marginal zone. Even 
when a spleen is present, the liver, because of its larger blood flow, is 
responsible for removing most of the particulate matter of the blood. 
The liver, however, is not as effective as the spleen in filtering abnormal 
erythrocytes, probably because of the relatively rapid flow of blood 
past hepatic macrophages.

Acquired hyposplenism is a complication of sickle cell anemia. 
The spleen’s acidic, hypoxic, hypoglycemic environment leads to sick-
ling of the erythrocytes in the spleen. This leads to blockage of the 
blood vessels and infarcts of the surrounding tissue. The tissue damage 
is progressive and leads to functional splenectomy (also referred to as 
autosplenectomy) (Chapter 13).

Hypersplenism
In a number of conditions, the spleen can become enlarged and, 
through exaggeration of its normal activities of filtering and phago-
cytosing, cause anemia, leukopenia, thrombocytopenia, or combina-
tions of cytopenias. A diagnosis of hypersplenism is made when three 
conditions are met: (1) the presence of anemia, leukopenia, or throm-
bocytopenia in the peripheral blood, (2) the existence of a cellular or 
hyperplastic bone marrow corresponding to the peripheral blood 
cytopenias, and (3) the occurrence of splenomegaly. The correction 
of cytopenias following splenectomy confirms the diagnosis.

Hypersplenism has been categorized into two types: primary and 
secondary. Primary hypersplenism is said to occur when no underlying 
disease can be identified. The spleen functions abnormally and causes 
the cytopenia(s). This type of hypersplenism is very rare. Secondary 
hypersplenism occurs in those cases in which an underlying disorder 
causes the splenic abnormalities. Secondary hypersplenism has many 
and varied causes. Hypersplenism can occur secondary to compen-
satory (or workload) hypertrophy of this organ. Inflammatory and 
infectious diseases are thought to cause splenomegaly by an increase 
in the spleen’s immune defense functions. For example, an increase in 
clearing particulate matter can lead to an increase in number of mac-
rophages, and hyperplasia of lymphoid cells can result from prolonged 
infection. Several blood disorders can cause splenomegaly. In these dis-
orders, intrinsically abnormal blood cells or cells coated with antibody 
are removed from circulation in large numbers (e.g., hereditary sphe-
rocytosis, immune thrombocytopenic purpura; Chapters  17 and 19).

Infiltration of the spleen with additional cells or metabolic 
byproducts can also cause hypersplenism. Such conditions include 
disorders in which the macrophages accumulate large quantities of 
undigestible substances; some of these disorders, such as Gaucher’s 
disease, will be discussed later (Chapter 21). Neoplasms in which the 
malignant cells occupy much of the splenic volume can cause spleno-
megaly. If the tumor cells incapacitate the spleen, the peripheral blood 
will show evidence of hyposplenism (similar to the findings after sple-
nectomy). Congestive splenomegaly can occur following liver cirrhosis 
with portal hypertension or congestive heart failure when blood that 
does not flow easily through the liver is rerouted through the spleen.

Contrast primary and secondary hypersplenism and 
give an example of a disorder that can cause secondary 
hypersplenism.

checkpoint 3-4

Francine was diagnosed as having leukemia.

3. What do you think is the cause of the splenomegaly?

4. Why might the peripheral blood reveal changes associ-
ated with hyposplenism when the spleen is enlarged?

cASe STuDy (continued from page 30)

lyMPH nODeS
The lymphatic system is composed of lymph nodes and lymphatic 
vessels that drain into the left and right lymphatic ducts. Lymph is 
formed as a filtrate of blood plasma that escapes into connective tis-
sue. The lymphatic vessels originate as lymphatic capillaries in connec-
tive tissue spaces throughout the body, collect the lymph, and carry it 
toward the lymphatic ducts near the neck where the fluid re-enters the 
blood. The bean-shaped lymph nodes occur in groups or chains along 
the larger lymphatic vessels. Fluid from the lymphatic vessels enters 
the lymph node through afferent lymphatic vessels and exit through 
efferent lymphatic vessels. Lymph nodes contain an outer cortex and 
an inner medulla (Figure 3-7	■). Fibrous trabeculae extend inward 
from the capsule to form irregular compartments within the cortex. 
The cortex contains B-cell follicles surrounded by T lymphocytes and 
macrophages. Similar to the spleen, some follicles contain areas of acti-
vated B cells known as germinal centers. A stimulated node can have 
many germinal centers, but a resting node contains follicles with small 
resting lymphocytes and macrophages. The medulla, which surrounds 
the efferent lymphatics, consists of cords of B cells, plasma cells, and 
macrophages that lie between sinusoids.

Lymph nodes act as filters to remove foreign particles from 
lymph by resident dendritic cells and macrophages. In addition, 
dendritic cells activated in the tissues can travel via the lymphatics 
to the lymph nodes. Dendritic cells in turn stimulate T and B cells. 

Splenectomy
Splenectomy can relieve the effects of hypersplenism; however, this pro-
cedure is not always advisable, especially when the spleen is perform-
ing a constructive role such as producing antibody or filtering protozoa 
or bacteria. Splenectomy appears to be most beneficial in patients with 
hereditary or acquired conditions in which erythrocytes or platelets 
are undergoing increased destruction, such as hemolytic disorders or 
immune thrombocytopenia. The blood cells are still abnormal after 
splenectomy, but the major site of their destruction is removed. Con-
sequently, the cells have a more normal life span. Splenectomy results 
in characteristic erythrocyte abnormalities that experienced clinical 
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Stimulated B cells move from the germinal centers to the medulla 
where they reside as plasma cells and secrete antibody. Thus, lymph 
nodes provide immune defense against pathogens in virtually all 
tissues.

Mucosa-Associated Lymphoid Tissue (MALT)
Collections of loosely organized aggregates of lymphocytes found 
throughout the body in association with mucosal surfaces are 
mucosa-associated lymphoid tissue (MALT).29 Its basic organiza-
tion is similar to that of lymph nodes in that T- and B-cell–rich 
areas can be identified but are not as clearly demarcated as in lymph 
nodes. The medulla is not present as a separate structure, and no 
fibrous capsule can be identified. In the intestine, some of these 
aggregates are known as Peyer’s patches. Tonsils and the appen-
dix also are part of MALT. Its function is to trap antigens that are 
crossing mucosal surfaces and initiate immune responses rapidly.

■	 figure 3-7 A schematic drawing of a lymph node. Note the location of T and B lymphocyte 
populations.
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Francine had lymphadenopathy. The leukemia was 
diagnosed as a leukemia of lymphocytic cells.

5. What might explain the lymphadenopathy?

cASe STuDy (continued from page 33)

Lymphadenopathy
Lymph nodes can become enlarged by expansion of the tissue 
within the node due to inflammation, prolonged immune response 
to infectious agents, or malignant transformation of lymphocytes 
or macrophages (lymphadenopathy). Alternatively, lymph node 
enlargement can occur because of metastatic tumors that originate 
in extranodal ites.

Summary
Hematopoiesis occurs in several different locations during 
human development. The major locations include the yolk sac, 
aorta-gonad-mesonephros (AGM) region, liver, bone marrow, 
and thymus. Further differentiation of lymphocytes also occurs 
in the spleen and lymph nodes. In the adult, the bone mar-
row is the location of hematopoietic stem cells and thus is ulti-
mately responsible for initiating all hematopoiesis. The bone 
marrow stroma (supporting tissue) provides a microenvironment 

for proliferation and differentiation of hematopoietic cells (red 
marrow). The stroma consists of macrophages, reticular cells, 
and adipocytes. The adipocytes form the yellow marrow and 
mechanically control the volume of hematopoietic tissue. 
Myeloid cells, platelets, and erythrocytes essentially complete 
their differentiation in the bone marrow. T cells finish most of 
their differentiation in the thymus and secondary lymphoid 
tissues. B cells are able to respond to antigens by the time 
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cause cytopenias (hypersplenism). Lymph nodes contribute 
to immune defense by initiating immune responses to foreign 
 particles found in lymph. Lymph nodes can become enlarged 
due to an immune response to infectious agents or malignant 
tumor (lymphadenopathy).

Review Questions
Level i

 1. B cells develop or differentiate in all of the following tis-
sues except: (Objective 2)

 A. thymus

 B. bone marrow

 C. spleen

 D. lymph nodes

 2. Lack of a spleen results in: (Objective 4)

 A. younger circulating erythrocytes

 B. granular inclusions in erythrocytes

 C. pitting of erythrocytes

 D. spherocytes

 3. Peyer’s patches are structurally most closely related to the: 
(Objective 3)

 A. lymph node

 B. spleen

 C. thymus

 D. liver

 4. All of the following are functions of bone marrow stroma 
except that it: (Objective 4)

 A. controls the volume of marrow available for 
hematopoiesis

 B. provides structural support for marrow elements

 C. secretes growth factors for hematopoiesis

 D. provides an exit route from marrow for mature 
blood cells

 5. Which site of early hematopoiesis is extraembryonic? 
(Objective 1)

 A. yolk sac

 B. liver

 C. AGM

 D. spleen

Level ii

 1. A common site of adult extramedullary hematopoiesis is 
the: (Objective 3)

 A. liver

 B. thymus

 C. lymph node

 D. yolk sac

 2. A patient has infectious mononucleosis. His cervical lymph 
nodes are enlarged. This is most likely due to: (Objective 2)

 A. an immune response to an infectious agent

 B. a malignant tumor

 C. extramedullary hematopoiesis

 D. presence of macrophages containing undigestible 
substances

 3. Gower I, Gower 2, and Portland hemoglobins in erythro-
blasts characterize: (Objective 5)

 A. erythropoiesis in the spleen

 B. erythropoiesis in the bone marrow

 C. definitive erythropoiesis

 D. primitive erythropoiesis

 4. Extramedullary hematopoiesis in the adult is often accom-
panied by: (Objectives 1, 2, 3)

 A. splenomegaly

 B. liver atrophy

 C. leukocytosis

 D. hyposplenism

 5. Culling and pitting of erythrocytes in the circulation takes 
place in the: (Objective 4)

 A. germinal centers of lymph nodes

 B. cords of red and white pulp and marginal zone of the 
spleen

 C. cortex of the thymus

 D. sinuses of the bone marrow

they leave the bone marrow but differentiate further into 
 antibody-secreting plasma cells in the spleen and lymph nodes. 
The spleen removes senescent or abnormal erythrocytes and 
particulate matter from erythrocytes. The spleen can become 
enlarged and through exaggeration of its normal functions 
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 6. Primitive erythropoiesis: (Objective 5)

 A. occurs primarily in the liver

 B. originates from a self-renewing hematopoietic 
stem cell

 C. utilizes the same hemoglobin genes as adults

 D. involves the formation of blood islands
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The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

 7. Erythroblastic islands are composed of erythrocyte precur-
sors and: (Objective 4)

 A. megakaryocytes

 B. lymphocytes

 C. macrophages

 D. adipocytes
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the basic concepts of cell differentiation and maturation.
 2. Compare and contrast the categories of hematopoietic precursor cells: 

hematopoietic stem cells, hematopoietic progenitor cells, and maturing 
cells, including proliferation and differentiation potential, morphology, 
and population size.

 3. Describe the hierarchy of hematopoietic precursor cells and the rela-
tionships of the various blood cell lineages to each other (including the 
concept of colony-forming unit [CFU]).

 4. List the general characteristics of growth factors and identify the major 
examples of early acting (multilineage), later acting (lineage restricted), 
and indirect acting growth factors.

 5. Compare and contrast paracrine, autocrine, and juxtacrine regulation.
 6. List examples of negative regulators of hematopoiesis.
 7. Define hematopoietic microenvironment.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare and contrast the phenotypic characteristics differentiating the 

hematopoietic stem cells and progenitor cells.
 2. Identify the key cytokines required for lineage-specific regulation.
 3. Describe the structure and role of growth factor receptors.
 4. Summarize the concept of signal transduction pathways.
 5. Explain the roles of transcription factors in the regulation of hemato-

poiesis and differentiation.
 6. Outline current clinical uses of cytokines.
 7. Identify and describe the cellular and extracellular components of the 

hematopoietic microenvironment.
 8. List and explain the proposed mechanisms used to regulate hemato-

poietic stem/progenitor cell proliferation/differentiation.

Hematopoiesis
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the same precursor take a separate route of development.1 Commit-
ment “assigns the program,” and the maturation process executes it 
(maturation includes all phenomena that begin with commitment 
and end when the cell has all its characteristics).1

Hematopoiesis, the development of all the different blood cell 
lineages, has two striking characteristics: the variety of distinct blood 
cell types produced and the relatively brief life span of the individual 
cells. The cells circulating in the peripheral blood are mature blood 
cells and, with the exception of lymphocytes, are generally incapable 
of mitosis. They also have a limited life span from days for granulo-
cytes and platelets to ∙4 months for erythrocytes. As a result, they 
are described as terminally differentiated. This constant death of 
mature, functional blood cells by apoptosis means that new cells 
must be produced to replace those that are removed either as a conse-
quence of performing their biologic functions (e.g., platelets in hemo-
stasis, granulocytes in host defense) or through cellular senescence or 
“old age” (erythrocytes). The replacement of circulating, terminally 
differentiated cells depends on the function of less differentiated 
hematopoietic precursor cells that still retain significant proliferative 
capabilities. These hematopoietic precursor cells, located primarily in 
the bone marrow in adults, consist of a hierarchy of cells with enor-
mous proliferation potential. They maintain a daily production of 
approximately 2 * 1011 red blood cells (RBCs), and 1 * 1011 (each) 
white blood cells (WBCs) and platelets for the individual ’s lifetime.2 
In addition, acute stress (blood loss or infection) can result in a rapid, 
efficient, and specific increase in production over baseline of the par-
ticular cell lineage needed. For example, acute blood loss results in a 
specific increased production of erythrocytes while a bacterial infec-
tion results in an increased production of phagocytic cells (granulo-
cytes and monocytes).

Hematopoietic Precursor Cells
The pioneering work of Till and McCulloch began to define the hierar-
chy of hematopoietic precursor cells using in vivo clonal assays.3 It was 
not until the development of in vitro clonal assays, however, that the 
current model of blood cell production began to evolve.3–7 Hemato-
poietic precursor cells can be divided into three cellular compartments 
defined by their relative maturity: hematopoietic stem cells, hema-
topoietic progenitor cells, and maturing cells (Table 4-1 ★). The 

OvervieW
This chapter begins with an introduction to the concepts of cellular 
commitment and differentiation in the hematopoietic system. It dis-
cusses the characteristics that define the hematopoietic precursor cells 
and the cytokines that regulate the development of these precursor 
cells. The structure and function of the cytokine receptors are pre-
sented with a summary of the signaling pathways and transcription 
factors activated by receptor-cytokine binding. Finally, the hemato-
poietic microenvironment is described and its role in hematopoiesis 
summarized.

intrODuctiOn
The maintenance of an adequate number of cells to carry out the func-
tions of the organism is referred to as tissue homeostasis. It depends 
on a careful balance between cellular proliferation, cellular differentia-
tion, and cell death (apoptosis). The hematopoietic system presents a 
challenge when considering the homeostasis of the circulating blood 
because the majority of circulating cells are postmitotic cells that are 
relatively short lived. Thus, circulating blood cells are intrinsically 
incapable of providing their replacements when they reach the end 
of their life spans. Hematopoiesis is the process responsible for the 
replacement of circulating blood cells; it depends on the proliferation 
of precursor cells in the bone marrow that still retain mitotic capabil-
ity. This process is governed by a multitude of cytokines (both stimu-
lating and inhibitory growth factors) and takes place in a specialized 
microenvironment uniquely suited to regulate the process.

HematOPOiesis
Cell proliferation and programmed cell death (apoptosis) work 
together to provide an adequate number of cells (Chapter  2). 
Differentiation is responsible for generating the diverse cell 
populations that provide the specialized functions needed by the 
organism. Differentiation is defined as the appearance of different 
properties in cells that were initially equivalent. Because all cells of 
an organism carry the same genetic information, differentiation (or 
the appearance of specific characteristics) occurs by the progressive 
restriction of other potential developmental programs of the cell. 
Commitment is defined as the instance when two cells derived from 

Key Terms
Autocrine
Commitment
Cytokine
Differentiation
Extracellular matrix (ECM)
Hematopoiesis
Hematopoietic 

microenvironment (HM)
Hematopoietic progenitor cell

Hematopoietic stem cell
JAK/STAT signaling pathway
Juxtacrine
Maturation
Maturing cell
Paracrine
Stromal cell
Transcription factor (TF)

Background Basics
The information in this chapter will build on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

LeveL I and LeveL II
• Identify the component parts of a cell, including the structure 

and function of cellular organelles (Chapter 2).
• Describe the cell cycle and the molecules that regulate it 

(Chapter 2).
• Describe apoptosis and the roles of caspases and the Bcl-2 

family of proteins in the process (Chapter 2).
• Summarize the structure of the bone marrow, including the 

concepts of vascular and endosteal compartments (Chapter 3).

M04_MCKE6011_03_SE_C04.indd   38 01/08/14   10:06 pm



 39ChapTEr 4   •   hEmaTOpOIESIS

a relatively high degree of purity of HSCs. The currently proposed 
phenotype of human HSC is:

CD34+Thy@1+CD49f+CD38-Lin-HLADR-Rh123Lo

In addition, HSCs are positive for the receptor for stem cell factor 
(SCF-R/c-kit, CD117) and the thrombopoietin (TPO) receptor,  TPO-
R, (Mpl, CD110). CD34, SCF-R, and TPO-R are not found exclusively 
on HSCs but also on cells that have begun to differentiate. There is no 
unique surface marker that definitively identifies an HSC.

CD34 is a 110 kDa glycoprotein expressed by human HSCs and 
early progenitor cells, as well as vascular endothelial cells.13 Expression 
of CD34 is lost as cells mature beyond the progenitor cell compart-
ment. Thy-1 (CD90) is a membrane glycoprotein originally discovered 
as a thymocyte antigen involved in T-lymphocyte adhesion to stromal 
cells. More recently, it has been recognized as an important marker 
in conjunction with CD34 for HSC identification.14,15 CD49f is the 
integrin a6 subunit polypeptide, important in cell adhesion.15 CD38 
is a 45 kDa glycoprotein considered to be an early myeloid differen-
tiation antigen. Lin- (lineage negative) refers to the absence of known 
differentiation markers or antigens present on lineage-restricted pro-
genitors (Table 4-2 ★). The HLA-DR antigens are a component of the 
human major histocompatibility complex antigens. Rhodamine123 is 
a fluorescent supravital dye that is taken up by cells.15 HSCs have high 
levels of pumps capable of effluxing dyes (and drugs). They transport 
the dye out of the cells and display low-intensity staining for Rho123 
(Rh123Lo). Thus, the multipotential stem cells capable of long-term 
hematopoietic reconstitution are found in the population of cells that 
contain no lineage-specific antigens, CD38, or HLA-DR antigens 
but express CD34, Thy-1, CD49f, SCF-R, and TPO-R and are largely 
quiescent.

the stem cell compartment
Not all HSCs are identical; an “age hierarchy” has been described based 
on the time it takes for transplanted marrow cells to repopulate a lethally 
irradiated animal and the duration of resultant hematopoiesis. Thus, the 
terms long-term repopulating cells (LTRs) (which are Rho123Lo) and 
short-term repopulating cells (STRs) (which are Rho123Hi) are used. 
The STR cells are further along the hematopoietic developmental path-
way, are more likely to be proliferating, and have decreased self-renewal 
potential2 (Figure 4-1 ■). STR cells cannot sustain hematopoiesis for 

nomenclature used to define these various compartments over the past 
20 years has lacked uniformity. Although there is general agreement 
on the designations stem cells and progenitor cells, various authors 
have called the third category precursor cells,8 maturing cells,9 or mor-
phologically recognizable precursor cells.10 In this chapter, we use the 
term precursor to include all cells antecedent to the mature cells in 
each lineage and the term maturing cells to include those precursor 
cells within each lineage that are morphologically identifiable under 
the microscope.

stem cells
All hematopoiesis derives from a pool of undifferentiated cells, hema-
topoietic stem cells (HSCs), which give rise to all bone marrow cells 
by the processes of proliferation and differentiation.11 The stem cell 
compartment is the smallest of the hematopoietic precursor compart-
ments, constituting only ∙0.5% of the total marrow nucleated cells. 
However, these rare cells are capable of regenerating the entire hema-
topoietic system. Thus, they are defined as multipotential precursors 
because they maintain the capacity to give rise to all lineages of blood 
cells. The other defining characteristic of stem cells is their high self-
renewal capacity (i.e., they can give rise to daughter stem cells that are 
exact replicas of the parent cell). Despite their responsibility for gener-
ating the entire hematopoietic system, at any one time the majority of 
stem cells are not dividing (65%); most are withdrawn from the cell 
cycle or quiescent (G0 phase of the cell cycle; Chapter 2).8

stem cell Phenotype
Stem cells are not morphologically recognizable. Primitive stem cells, 
isolated by fluorescent-activated cell sorting (FACS), are mononu-
clear cells very similar in appearance to small lymphocytes. Because 
stem cells are not morphologically identifiable, they have been 
defined functionally by their ability to reconstitute both lymphoid 
and myeloid hematopoiesis when transplanted into a recipient ani-
mal. In mice, the existence of the true HSC has been unequivocally 
demonstrated by occasional successful transplants with single puri-
fied stem cells, thus providing direct proof that single cells capable of 
sustaining lifelong hematopoiesis do exist.12 There are no accurate 
quantitative assays for human HSCs. Despite practical and ethical 
difficulties surrounding an effective in vivo assay for human stem 
cells, a number of characteristics have been used to define their phe-
notype. These can be used in cell-separation protocols and result in 

stem cells Progenitor cells maturing cells

∙0.5% of total hematopoietic precursor cells 3% of total hematopoietic precursor cells 795% of total hematopoietic precursor cells

Multilineage differentiation potential Restricted developmental potential 
(multipotential S  unipotential)

Committed (unipotential) transit population

Quiescent cell population—population  
size stable

Population amplified by proliferation Population amplified by proliferation

Population maintained by self-renewal Transit population without true self-renewal Proliferative sequence complete before  
full maturation

Not morphologically recognizable Not morphologically recognizable Morphologically recognizable

Measured by functional clonal assays in vivo  
and in vitro

Measured by clonal assays in vitro Measured by morphologic analysis; cell  
counting differentials

★ tabLe 4-1 Comparison of Hematopoietic Precursor Cells
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(Chapter 2). Humans are estimated to have only ∙2 * 104 HSCs.18 
This small group of cells is able to sustain tremendous hematopoietic 
cell production through the division of only a tiny fraction of its mem-
bers, keeping the remainder of the stem cells in reserve. The size of the 
stem cell compartment is relatively stable under homeostatic condi-
tions. In a stem cell compartment that remains stable in size but sup-
plies differentiating cells, a cell must be added to the HSC compartment 
by proliferation (self-renewal) for each cell that leaves by the process of 
differentiation. Thus, the stem cell pool must carefully balance the simul-
taneous processes of expansion (self-renewal) and differentiation. HSCs 
maintain this balance by a process of asymmetric cell division in which 
one daughter cell retains all properties of the parent cell (self-renewal), 
while the other daughter cell undergoes differentiation.19

stem cell niches
HSCs reside in unique “stem cell niches” in the bone marrow (BM), 
where HSCs are retained via adhesion molecules and membrane-
bound cytokines. Interactions between HSCs and BM stromal cells 

■  Figure 4-1 Derivation and fates of hematopoietic stem cells (HSCs). 
Hemangioblasts are precursor cells giving rise to both HSCs and vascular 
endothelium during embryonic development. LTR (long-term repopulating) 
HSC and STR (short-term repopulating) HSC refer to the length of time these 
HSC subpopulations take to repopulate depleted hematopoietic tissue and 
the duration of hematopoiesis arising from each. LTR cells are developmentally 
more primitive than STR cells. HSCs have three possible fates: self-renewal, 
commitment to differentiation (becoming common lymphoid progenitors 
[CLP] or common myeloid progenitors (CMP]), or apoptosis. This cell-fate 
decision is highly regulated and involves specific transcription factors.

Hemangioblast

Vascular endothelium

ApoptosisCCCMPCMPC
CCLPCLPC

SSTRTRTRR-
HSSCCCSH

LLTLTRTRTRTRR-
HHSCSCSCSC

Erythrocytes Glycophorin A

Megakaryocytes Glycoprotein (GP) IIb/IIIa

Neutrophils CD13, CD15, CD33

Monocytes and macrophages CD11b, CD14

B lymphocytes CD10, CD19, CD20

T lymphocytes CD3, CD4, CD5, CD8, CD38, HLA-DR

★  tabLe 4-2 Lineage-Specific Markers Used in 
Purification of HSCs

the recipient animal’s lifetime but are more important in blood forma-
tion for the first few months after HSC transplantation.16

The process of self-renewal is a nondifferentiating cell division and 
ensures that the stem cell population is maintained throughout the indi-
vidual’s lifetime. It is associated with elevated levels of telomerase (which 
prevents replicative senescence, an irreversible cease in proliferation after 
a finite number of cell divisions) and Bcl-2 (which prevents apoptosis)17 
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is maintained through interaction with osteoblasts, molecules in the 
hematopoietic microenvironment, and cytokines that have an inhibi-
tory effect on hematopoiesis (see “Negative Regulators of Hematopoi-
esis”). Regulation of the cell cycle determines the HSC choice between 
quiescence and proliferation. As an example, TGF@b, a negative regu-
lator of hematopoiesis, upregulates the cell-cycle inhibitor p21 (Chap-
ter 2) to help maintain the quiescent status of HSCs.24

Progenitor cells
To meet the cell demands imposed on the hematopoietic system, 
some stem cells from the HSC compartment initiate differentiation. 
As HSCs divide, they generate populations of differentiating cells that 
have an increasingly limited capacity to self-renew and are gradually 
more restricted in differentiation options.24 The molecular mecha-
nisms that HSCs utilize to control whether they will self-renew or 
differentiate upon mitosis remain unresolved. The transition from 
an HSC to a committed progenitor correlates with the downregula-
tion of HSC-associated genes via gene silencing and the upregula-
tion or activation of lineage-specific genes.25 Pluripotential stem and 
progenitor cells simultaneously express low levels of many different 
genes characteristic of multiple different, discreet lineages (e.g., tran-
scription factors, cytokine receptors).26 This so-called promiscuous 
gene expression is characteristic of most multipotent cells. As devel-
oping cells downregulate HSC-associated genes, the promiscuous 
gene expression is reduced; genes of the lineage to which the cell has 

help regulate and balance the processes of self-renewal and differ-
entiation.20 The niche provides both a physical anchor for the HSCs 
and factors that regulate HSCs number and function (see later section 
“Hematopoietic Microenvironment”).

There are two important HSC niches.19 An osteoblastic niche, 
found adjacent to the endosteal surface, supports and maintains HSC 
quiescence and/or self-renewal.21 The second is a vascular niche, 
located near the BM sinusoidal endothelial cells, which provides 
signals for proliferation and differentiation22 (Chapter  3). Apop-
tosis, or programmed cell death, can be triggered if the appropriate 
cytokines or microenvironment is not available to sustain the HSCs 
(Figure 4-1). Figure 4-1 also depicts the hemangioblast, which is a 
multipotential precursor capable of producing both HSCs and vas-
cular endothelium.23

The regulation of stem cell fate—whether to remain quiescent, 
self-renew, initiate differentiation, or die—is complex and not fully 
understood. It is regulated by both cell-intrinsic functions and regula-
tory signals provided by the HSC niche. Internal cell factors regulat-
ing HSCs include SCL (product of stem cell leukemia gene), LMO2 
(Lim-only protein 2), and the transcription factors GATA2, AML1, and 
MYB.15,17 Abnormal upregulation of many of these factors is seen in 
acute leukemias and lymphomas (Chapters 26, 27, 42). The osteoblasts 
in the osteoblastic niche play an important role in regulation of HSC 
number and function via activation of external ligand-receptor signal 
pathways between these two cells15,19 (Figure 4-2 ■). HSC quiescence 

■  Figure 4-2 The osteoblastic HSC niche. The interactions between 
the endosteal osteoblasts and hematopoietic stem cells are depicted. 
First three pairs represent ligand (Jagged, Wnt, Sonic Hedgehog)—
receptor (Notch, Frizzled, Patched) signaling pathways. The last three 
pairs represent growth factor (angiopoitin-1, SDF-1, SCF)—receptor  
(Tie-2, CXCR4, C-kit) interactions. These interactions are thought to 
determine HSC self-renewal, quiescence, and differentiation.
HSC = hematopoietic stem cell; SCF = stem cell factor;  
C@kit = stem cell factor receptor.

Bone

Osteoblast Hematopoietic
stem cell

C-kit

Jagged; Delta  Notch

Wnt  Frizzled

Sonic Hedgehog  Patched

Angiopoitin-1 Tie-2

SDF-1/CXCL12  CXCR4

SCF 
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cells retain the potential to generate cells of all hematopoietic lineages 
(multipotential progenitor cells [MPPs]; see Figure 4-3 ■). After addi-
tional divisions, however, the progeny of daughter cells progressively 
lose their ability to generate cells of multiple lineages and gradually 
become restricted in differentiation potential to a single cell lineage 
(unilineage or committed progenitor cells). The HPC compartment 
thus includes all precursor cells developmentally located between 
HSCs and the morphologically recognizable precursor cells.

committed are upregulated while the expression of genes associated 
with alternate lineages is silenced (epigenetic regulation; Chapter 2). 
Lineage-specific transcription factors are thought to play essential 
roles in this process (see section “Transcription Factors”).

the Progenitor cell compartment
Upon commitment to differentiation, the stem cell enters the next 
compartment, the hematopoietic progenitor cell (HPC) compart-
ment. Initially, the daughter cells arising from undifferentiated stem 

■   Figure 4-3 The differentiation of blood cells from a pluripotential stem cell. The pluripotential 
hematopoietic stem cell (HSC), multipotential progenitor cell (MPP), common myeloid progenitor 
(CMP), and the colony- forming unit granulocyte, erythrocyte, macrophage, and megakaryocyte 
(CFU-GEMM) have the potential to differentiate into one of several cell lineages and are there-
fore multilineage precursor cells. The granulocyte, monocyte progenitor (GMP); megakaryocyte, 
erythroid progenitor (MEP); and T-lymphocyte, natural killer cell progenitor (TNKP) are bipotential 
progenitors. The committed (unilineage) progenitors—CFU-G (granulocyte); CFU-M (monocyte); 
CFU-Eo (eosinophil); CFU-Baso (basophil); BFU (burst-forming unit)-E and CFU-E (erythrocyte); and 
BFU-Mk and CFU-Mk (megakaryocyte)—differentiate into only one cell lineage. The BFUs are more 
immature than the CFUs. The mature blood cells are found in the peripheral blood. The common 
lymphoid progenitor cell (CLP) can differentiate into T or B lymphocytes, natural killer cells, or lym-
phoid dendritic cells.
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Hematopoietic stem cells that have initiated a differen-
tiation program are sometimes described as undergoing 
death by differentiation. Explain.

CheCkpoInt 4-1

The HPC compartment is larger than the HSC compartment, 
constituting ∙3% of the total nucleated hematopoietic cells. HPCs do 
not possess self-renewal ability; in general, their process of cell divi-
sion is linked to differentiation. They are, in essence, transit cells said 
to be on a “suicide” maturation pathway (because full maturation and 
differentiation result in a terminally differentiated cell with a finite 
life span). Like the HSC, HPCs are not morphologically identifiable 
but are functionally defined based on the mature progeny that they 
produce. Both multipotential and unipotential HPCs can be assayed 
by their ability to form colonies of cells in semisolid media in vitro and 
are described as colony-forming units (CFUs) with the appropriate 
lineage(s) appended. For example, a CFU-GEMM would be a pro-
genitor cell capable of giving rise to a mixture of all myeloid lineages: 
granulocytic, erythrocytic, monocytic, and megakaryocytic; a CFU-
Mk would be a unilineage progenitor giving rise exclusively to cells of 
the megakaryocytic series. HPCs are mitotically more active than stem 
cells and are capable of expanding the size of the HPC compartment 
by proliferation in response to increased needs of the body. Thus, the 
HPC compartment consists of a potentially amplifying population of 
cells as opposed to the stable size of the HSC compartment.

Lineage commitment remains a poorly understood step in hema-
topoiesis. It is clear, however, that differentiation is accompanied by the 
increased expression of certain lineage-specific genes and the silenc-
ing of genes associated with differentiation along alternate lineages 
by epigenetic alterations of the chromatin structure (Chapter 2). A 
number of growth-regulatory glycoproteins or cytokines influence 
the survival and differentiation of hematopoietic precursor cells (see 
section “Cytokines and the Control of Hematopoiesis”).

maturing cells
After a series of amplifying cell divisions, the committed precursor 
undergoes a further change when the cell takes on the morphologic 
characteristics of its lineage. Maturing cells constitute the major-
ity of hematopoietic precursor cells; proliferation and amplification 
boost these cells to >95% of the total precursor cell pool. In general, 
the capacity to proliferate is lost before full maturation of these cells is 
complete. They exhibit recognizable nuclear and cytoplasmic morpho-
logic characteristics that can be used to classify their lineage and stage 
of development. A unique nomenclature is used to categorize these 
maturing cells morphologically. Generally, the earliest morphologi-
cally recognizable cell of each lineage is identified by the suffix blast 
with the lineage indicated (e.g., lymphoblast [lymphocytes], myelo-
blast [granulocytes], or megakaryoblast [megakaryocytes/platelets]). 

Additional differentiation stages are indicated by prefixes or qualifying 
adjectives (e.g., proerythroblast, basophilic erythroblast). A complete 
discussion of the stages of maturing cells of each lineage can be found 
in the appropriate chapters (Chapter 5, erythrocytes; Chapter 7, granu-
locytes; Chapter 8, lymphocytes; Chapter 9, megakaryocytes/platelets).

HSC CD34+, Thy@1Lo, CD40f + , CD38-, Lin-, HLA@DR-, Rh123Lo, SCF@R+, TPO@R+

CLP CD34+, Lin-, IL7R+, Thy@1-, SCFRlo

CMP CD34+, Lin-, IL7R-, SCFR+

GMP CD34+, SCFR+, FcgRHi, CD33+, CD13+

MEP CD34-, SCFR+, FcgRLo, CD33-, CD13-

HSC = hematopoietic stem cell; Lin- = lineage markers negative; Rh123Lo = negative for supravital dye Rhodamine123; SCF@R = stem cell factor receptor/c-Kit; 
TPO@R = thrombopoietin receptor/Mpl; CLP = common lymphoid progenitor; IL7@R = IL@7 receptor; CMP = common myeloid progenitor; GMP = granulocyte, 
monocyte progenitor; MEP = megakaryocytic, erythroid progenitor; FcgR = receptor for Fc component of IgG g chain.

★ tabLe 4-3 Phenotype of Hematopoietic Precursor Cells

Hematopoietic Precursor cell model
The head of the hierarchy of hematopoietic cells is the pluripotent 
HSC. These are the cells that have full self-renewal abilities and that 
give rise to all subsequent hematopoietic precursor cells (Figure 4-3). 
The progeny of HSCs gradually lose one or more developmental 
potentials and eventually become committed to a single lineage.

The earliest differentiating daughter cells of the HSC are slightly 
more restricted in differentiation potential. One group of daughter 
cells—the common lymphoid progenitor (CLP) cell—is a precursor 
capable of giving rise to all cells of the lymphoid system.27 The other 
group—the common myeloid progenitor (CMP) cell—is composed 
of daughter cells restricted to producing cells of the myeloid system 
(the cell lineages of the bone marrow).28 Although multipotential, 
these cells have no self-renewal ability and are ultimately destined to 
differentiate. The phenotypes for the various levels of HPCs can be 
seen in Table 4-3 ★.

Following additional differentiation steps (Figure 4-3), the CLP 
gives rise to T and B lymphocytes, NK (natural killer) cells, and lym-
phoid dendritic cells; the CMP gives rise to at least six different lines 
of cellular differentiation, ultimately producing mature neutrophils, 
monocytes, eosinophils, basophils, erythrocytes, and megakaryocytes/
platelets. One of the first precursor cells defined as arising from the 
CMP was the CFU-GEMM, a cell capable of producing colonies in 
culture consisting of granulocytic, eosinophilic, erythrocytic, and 
megakaryocytic elements. However, there are layers of functionally 
defined cells between the true CMP and the CFU-GEMM. Various 
authors have assigned names to these intermediate cells, including 
CFU-Blast,29 high proliferative potential, colony-forming cell (HPP-
CFC),30 colony-forming unit, day 12 (CFU-D12),31 and long-term 
culture initiating cell (LT-CIC).32
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allows coordinated increases in the production and functional activity 
of appropriate hematopoietic cell types without expansion of irrel-
evant ones. The first identified growth factors (GFs) were described 
as colony-stimulating factors (CSFs) because they supported the 
growth of hematopoietic colonies in in vitro cultures. Subsequently, as 
additional cytokines were discovered, the nomenclature was changed 
to interleukins. When a new cytokine is discovered, the initial descrip-
tion is based on its biologic properties; when the amino acid sequence 
has been defined, it is assigned an interleukin number. The system has 
some exceptions and inconsistencies, however. For historic reasons, 
some cytokines retain their original names (e.g., GM-CSF, G-CSF, 
M-CSF, EPO, TPO). The initial research into the biologic activities 
of other cytokines focused on activities outside hematopoietic regu-
lation, and their original names have been retained (e.g., kit-ligand/
SCF, Flt3 ligand/FL). At least 37 interleukins have been isolated and 
characterized to date.

Growth Factor Functions
The growth of hematopoietic precursor cells requires the continuous 
presence of GFs. If the relevant GFs are withdrawn, the cells die within 
hours by the process of apoptosis (programmed cell death; Chapter 2). 
Thus, the first effect of GFs is to promote cell survival by suppressing 
apoptosis. Second, GFs promote proliferation. Hematopoietic cells are 
intrinsically incapable of unstimulated cell division. All cell division or 
proliferation depends on stimulation by appropriate regulatory cyto-
kines. Additionally, GFs control and regulate the process of differen-
tiation, which ultimately produces the mature functional cells from 
their multipotential progenitor cell precursors (Figure 4-4). Finally, 
GFs that induce proliferation of precursor cells sometimes have the 
capacity to enhance the functional activity of the terminally differenti-
ated progeny of these precursor cells.

Characteristics of Growth Factors
Although many different cytokines have been identified as hematopoi-
etic growth factors, some share a number of characteristics (Table 4-4 ★). 
Most GFs are produced by multiple different cells, including monocytes, 
macrophages, activated T lymphocytes, fibroblasts, endothelial cells, 

The sequence of events during the differentiation of a myeloid 
or lymphoid multipotential progenitor cell to a unilineage, commit-
ted progenitor cell is still being resolved. Neutrophils and monocytes 
are derived from a common committed bipotential progenitor cell, 
the granulocyte, monocyte progenitor (GMP), which ultimately gives 
rise to lineage-restricted and morphologically recognizable precur-
sor cells (myeloblasts and monoblasts).28 Similarly, erythrocytes and 
megakaryocytes appear to be derived from a common bipotential 
progenitor cell, the megakaryocyte, erythroid progenitor (MEP),21,33 
and T lymphocytes and natural killer cells share a common precur-
sor, the T lymphocyte, natural killer cell progenitor (TNKP).34 The 
developmental pathway for eosinophils and basophils/mast cells 
remains uncertain. Some authors describe the CFU-Eo and CFU-Ba 
developing from the GMP2; others depict them as deriving from the 
CFU-GEMM.35

Each of the unilineage or committed progenitor cells is named 
for the cell lineage to which it is committed (e.g., CFU-Mk for mega-
karyocytes, CFU-E for erythrocytes, CFU-M for monocytes, CFU-G 
for neutrophils, CFU-Eo for eosinophils, CFU-Ba for basophils). 
Within some lineages, designated subpopulations of committed 
progenitor cells are found. Committed erythroid progenitors are 
designated as erythroid burst-forming units (BFU-E) and erythroid 
colony forming units (CFU-E) with the BFU-E being the more 
primitive precursor cell antecedent to the CFU-E. A similar BFU-
Mk/CFU-Mk hierarchy has been described for the megakaryocyte 
lineage.36 Each committed progenitor cell differentiates into mor-
phologically identifiable precursors of its respective lineage (e.g., 
CFU@E S proerythroblast, CFU@G S myeloblast).

Under normal steady-state physiological conditions, the majority 
of hematopoietic precursor cells (HSCs and HPCs) are retained in the 
bone marrow. A small population of HSCs and HPCs, however, can be 
found circulating in the peripheral blood. The number of circulating 
HSCs/HPCs can be further increased by the infusion of various cyto-
kines, enabling the collection of “mobilized” peripheral blood HSCs/
HPCs for transplantation purposes rather than from a direct bone 
marrow harvest (Chapter 29).

Explain the difference in the nomenclature used to label 
progenitor cells from that used to label maturing cells 
within the hematopoietic hierarchy of cells.

CheCkpoInt 4-2

cytOkines anD tHe cOntrOL 
OF HematOPOiesis
The regulation of stem cell (HSC) and progenitor cell (HPC) differ-
entiation and expansion is critical because it determines the concen-
tration of the various lineages in the marrow and eventually in the 
peripheral blood. Specific glycoproteins called hematopoietic growth 
factors, or cytokines (Figure 4-4 ■), govern hematopoietic precursor 
cell survival, self-renewal, proliferation, and differentiation. Growth 
factor control of hematopoiesis is an extraordinarily complex and 
highly efficient intercellular molecular communication system that 

• GFs are produced by stromal cells in the hematopoietic microenvi-
ronment.

• Individual GFs have multiple biologic activities (pleiotrophy).
• Many different GFs have similar or identical activities (redundancy).
• By themselves, individual GFs are poor stimulators of colony 

growth; control of hematopoiesis generally involves the interplay 
of at least several GFs.

• GFs interact with membrane receptors restricted to cells of appro-
priate lineage.

• GF requirements change during the differentiation process.
• GFs can affect hematopoiesis directly or indirectly.
• Regulatory cytokines are organized in a complex, interdependent 

network and exhibit many signal amplification circuits.
• GFs commonly act synergistically with other cytokines.

★  tabLe 4-4 Characteristics of Hematopoietic Growth 
Factors (GFs)
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on their target cells to express their activity. They interact with mem-
brane receptors restricted to target cells of the appropriate responding 
cell lineage. Because many precursor cells respond to more than one 
cytokine, they obviously express receptors for multiple GFs. Some GFs 
influence hematopoiesis directly by binding to receptors on precursor 
cells and inducing the appropriate response (survival, proliferation, 
differentiation). Other GFs influence the process indirectly by bind-
ing to receptors on accessory cells, which in turn respond by releasing 
other direct-acting cytokines. Some GFs trigger cell division, and oth-
ers support survival without inducing proliferation.

Hematopoietic regulatory cytokines interact in a highly 
ordered, interdependent network creating a complex cell-to-cell 

osteoblasts, and adipocytes (bone marrow stromal cells). Except for 
erythropoietin (EPO), most GFs are produced by stromal cells in the 
hematopoietic microenvironment. EPO production is atypical of most 
lymphohematopoietic GFs in that EPO is produced mainly in the kidney, 
is released into the peripheral blood, and is carried to the bone marrow 
where it regulates RBC production. As such, it is the only true hormone 
(endocrine cytokine); the majority of the other cytokines exert their 
effects on cells in the local environment where they are produced. Often 
a single stromal cell source can produce multiple cytokines.

Most GFs are not lineage specific; each GF has multiple func-
tions, and most act on more than one cell type (i.e., they are pleiotro-
phic) (Table 4-5 ★). Cytokines must be bound to surface receptors 

■   Figure 4-4 The pluripotential hematopoietic stem cell (HSC) gives rise to erythrocytes, 
platelets, monocytes, macrophages, granulocytes, and lymphoid cells. Under stimulation from 
selective growth factors, stem cell factor (SCF), Flt ligand (FL), and interleukins (IL), the HSC in 
quiescence (G0) enters the cell cycle (G1) and differentiates to the common myeloid progenitor 
cell (CMP) and, subsequently, to the colony-forming unit-granulocyte, erythroid, macrophage, 
and megakaryocyte (CFU-GEMM). The CFU-GEMM then differentiates into granulocytes, 
erythrocytes, monocytes, and megakaryocytes under the influence of specific growth factors, 
erythropoietin (EPO), thrombopoietin (TPO), granulocyte-monocyte colony-stimulating factor 
(GM-CSF), granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor 
(M-CSF), and interleukin-5 (IL-5). Different combinations of hematopoietic cytokines regulate the 
differentiation of HSCs into the common lymphoid progenitor cell (CLP) and subsequently into 
B and T lymphocytes, natural killer (NK) cells, and lymphoid dendritic cells.
SDF@1 = stromal cell derived factor-1
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gF mol. Wt. chromosome source major target cells/actions

EPO 34–39,000 7 Kidney (liver) Erythroid

GM-CSF 18–30,000 5 T cells, BM stromal cells, 
macrophages

Granulocytes, monos, eos, erythroid, megs, HPCs, DCs

IL-3 14–28,000 5 Activated T cells, mast cells Myeloid HPCs, mast cells

G-CSF 18,888 17 Monos, macros, BM stromal 
cells

Granulocytes, early HPCs

M-CSF 70–90,000 1 Monos, macros, BM stromal 
cells

Monos, macros, osteoclasts

IL-1 17,000 2 Monos, macros, dendritic cells Monos, ECs, fibroblasts, lymphs, PMNs, early HPCs

IL-2 23,000 4 Activated TH1 cells Proliferation and activation of T, B, and NK cells

IL-4 18,000 5 Activated TH2 cells Stimulate TH2 suppress TH1 B cells, mast cells, basos, 
fibroblasts

IL-5 50–60,000 5 Activated TH2 cells, mast cells Eos, B cells, cytotoxic T cells

IL-6 21–26,000 7 Macros, TH2 cells, B cells Early HPCs, B and T cells; megs; myeloma cells

IL-7 17,000 8 Stromal cells (BM and thymus) Pre-T, pre-B cells, NK cells

IL-8 8,000 4 Monos, macros, ECs Chemotaxis of granulocytes (chemokine)

IL-9 40,000 5 Activated TH2 cells T and B cells, early erythroid cells, mast cells

IL-10 18,000 1 TH2 cells, monos, macros, acti-
vated B cells

B cells, mast cells, TH2 inhib TH1 cells

IL-11 24,000 19 BM stromal cells B cells, megs, early HPC

IL-12 75,000 3,5 Monos, macros, B cells, T cells TH1 cells, NK cells

IL-13 18,000 5 TH2 cells, basos Isotype switching of B cells; inhib cytotoxic and 
inflamm functions of monos and macros

IL-14 53–65,000 16 T cells Activated B cells

IL-15 14–18,000 4 Monos, macros, ECs, fibroblasts T cells (CTLs), NK cells (LAK), costimulator for B cells

IL-16 16–18,000 15 T cells, eos, epithelial cells Chemotactic for CD4+ T cells

IL-17 22,000 2 Activated TH17 cells Induces cytokine production by stromal cells

IL-18 18,000 7 Macros, keratinocytes Induces IFN production by TH1, NK cells

SCF/KL 28–36,000 12 Fibroblasts, ECs, stromal cells Stem cells, early HPCs, basos and mast cells, melano-
cytes, germ cells

FL 18,000 19 Stromal cells, monos, macros, 
T cells

Stem cells, HPCs, B & T precursor cells, DC precursors

TPO 65–85,000 3 Stromal cells, hepatocytes, 
kidney

Megs, hematopoietic stem cells

T cells, B cells = T or B lymphocytes; NK = natural killer cells; BM = bone marrow; HPCs = hematopoietic progenitor cells; DCs = dendritic cells; 
ECs = endothelial cells; monos = monocytes; macros = macrophages; basos = basophils; eos = eosinophils; megs = megakaryocytes; PMNs = neutrophils; 
inhib = inhibits; inflamm = inflammation; activated T cells = T cells activated by antigens, mitogens, or cytokines; CTLs = cytotoxic T lymphocytes; 
LAK = lymphokine activated killer cells; prolif = proliferation; stim = stimulation.

★ tabLe 4-5 Hematopoietic Growth Factors (GFs)

communication system. Individual GFs by themselves are poor 
stimulators of colony growth; the control of hematopoiesis generally 
involves the interplay of at least several GFs. Some GFs act synergisti-
cally with other cytokines (synergism occurs when the net effect of 
two or more events is greater than the sum of the individual effects). 
Many cytokines have overlapping activities (redundancy).

The cytokine network often exhibits signal amplification circuits 
including autocrine, paracrine, and juxtacrine mechanisms of stimula-
tion/amplification (Figure 4-5 ■). Autocrine signals are produced 
by and act on the same cell. Paracrine signals are produced by one 
cell and act on an adjacent cell, typically over short distances. Jux-
tacrine signals represent a specialized type of paracrine signaling 
in which the cytokine is not secreted by the cell that produced it but 
remains membrane bound, necessitating direct producer cell–target 

cell contact to achieve the desired effect. In contrast, endocrine signals 
(classic hormones) typically act over fairly long distances. The majority 
of cytokines regulating hematopoiesis exert their effects via paracrine 
or juxtacrine interactions.

GF requirements change during the differentiation process so 
that the cytokines/GFs needed by the HSCs and early multipotential 
HPCs differ from the GF requirements of the later, lineage-restricted 
progenitors and the maturing precursor cells. These are described as 
early-acting (multilineage) GFs and later-acting (lineage-restricted) 
GFs, respectively. GFs and their receptors share a number of structural 
features, perhaps explaining some of the observed functional redun-
dancies. Most GFs have been cloned and characterized, and recombi-
nant proteins are available; certain of these GFs have been shown to 
have important clinical applications.
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interleukin 3 and gm-csF
Interleukin 3 (IL-3) was one of the earliest recognized multipotential 
growth factors that directly affects multilineage progenitor cells and 
early committed progenitors such as BFU-E. IL-3 also has indirect 
actions and can induce the expression of other cytokines. GM-CSF is 
a multipotential GF that stimulates clonal growth of all lineages except 
basophils. GM-CSF also activates the functional activity of most mature 
phagocytes including neutrophils, macrophages, and eosinophils.

interleukin 6 and interleukin 11
Interleukin 6 (IL-6) and interleukin 11 (IL-11) are pleiotropic cyto-
kines with overlapping growth stimulatory effects on myeloid and 
lymphoid cells as well as on primitive multilineage cells.39,40 Each 
cytokine rarely acts alone but functions synergistically with IL-3, SCF, 
and other cytokines in supporting hematopoiesis. Both cytokines have 
significant effects on megakaryocytopoiesis and platelet production.41 
Both mediate the acute phase response of hepatocytes and are major 
pyrogens in vivo. IL-6 also stimulates the production of hepcidin, a 
regulator of iron absorption (Chapter 12).

Later-acting (Lineage-restricted) growth Factors
The growth factors included in this group tend to have a narrower spec-
trum of influence and function primarily to induce maturation along 
a specific lineage. Most are not lineage specific, however, but instead 
demonstrate a predominant effect on the committed progenitor cell 
of a single lineage, inducing differentiation of these more mature 
cells. These growth factors include granulocyte colony- stimulating 
factor (G-CSF) (granulocytes), monocyte colony-stimulating factor 
(M-CSF) (monocytes), erythropoietin (EPO) (erythrocytes), throm-
bopoietin (TPO) (megakaryocytes and platelets), interleukin-5/IL-5 
(eosinophils), and the interleukins important in lymphopoiesis (IL-2, 
-4, -7, -10, -12, -13, -14, -15).

EPO is the only cytokine to function as a true hormone because it 
is produced primarily in the kidneys and travels via the circulation to 
the bone marrow to influence erythrocyte production. It is expressed 
primarily by hepatocytes in embryonic life and by cells of the kidney 
(and to a lesser extent, the liver) in adult life. Its release is regulated by the 
body’s oxygen needs and is induced by hypoxia (Chapter 5). EPO stimu-
lates survival, growth, and differentiation of erythroid progenitor cells 
(with its major effect on CFU-E). It also stimulates proliferation and 
ribonucleic acid (RNA) and protein synthesis in erythroid-maturing 
cells. Reticulocytes and mature erythrocytes do not have receptors for 
EPO and thus are not influenced by this cytokine.

G-CSF, M-CSF, and IL-5 stimulate the proliferation of granulo-
cyte, monocyte/macrophage, and eosinophil progenitor cells, respec-
tively. All three also influence the function of mature cells of their 
respective lineages, increasing migration, phagocytosis, and metabolic 
activities and augmenting prolongation of their life spans. M-CSF also 
regulates the production of osteoclasts, and IL-5 stimulates lympho-
cyte development.

TPO, also known as mpl-ligand, is the major physiologic regula-
tor of megakaryocyte proliferation and platelet production. In vitro, 
TPO primes mature platelets to respond to aggregation-inducing 
stimuli and increases the platelet release reaction.42 TPO also syner-
gizes with a variety of other GFs (SCF, IL-3, FL) to inhibit apoptosis 
and promote maintenance of HSCs/HPCs.

early-acting (multilineage) growth Factors
Several GFs have direct effects on multipotential precursor cells and 
thus are capable of inducing cell production within several lineages. 
Early-acting cytokines primarily affect proliferation of these noncom-
mitted progenitor cells. These include SCF, FL, IL-3, GM-CSF, IL-6, 
and IL-11. Although these factors can initiate proliferation in several 
cell lineages, additional factors are necessary in many instances for the 
production of mature cells in these lineages (Figure 4-4).

stem cell Factor (scF) and Flt3 Ligand (FL)
Stem cell factor (SCF) (also known as kit ligand [KL] or mast cell 
growth factor [MCGF]) suppresses apoptosis of HSCs and promotes 
the proliferation and differentiation of stem cells, multilineage pro-
genitor cells, and some committed progenitor cells (CFU-GEMM, 
GMP, CFU-Mk, BFU-E). SCF also promotes the survival, prolifera-
tion, and differentiation of mast cell precursors and has functional 
activity outside the hematopoietic system (melanocyte development 
and gametogenesis). Flt3 ligand (FL) increases recruitment of primi-
tive HSCs/HPCs into cell cycle and inhibits apoptosis.37 In contrast 
to SCF, FL has little effect on unilineage BFU-E/CFU-E, CFU-mast 
cell, or CFU-Eo but is a potent stimulator of granulocytic/monocytic, 
B lymphocytic, and dendritic cell proliferation and differentiation. 
FL and SCF have similar protein structures and share some common 
characteristics. Both cytokines can be found as either membrane-
bound or soluble forms, although the membrane-bound form 
appears more important physiologically; thus, they operate primarily 
through juxtacrine interactions.38 Neither cytokine has independent 
proliferation-inducing activity, but both act synergistically with IL-3, 
GM-CSF, G-CSF, and other cytokines to promote early progenitor 
cell proliferation.

■   Figure 4-5 Mechanisms of cytokine regulation. 
Autocrine signals are produced by and act on the same 
cell. Paracrine signals are produced by one cell and act 
on an adjacent cell, typically over short distances. A jux-
tacrine  signal is a specialized type of paracrine signaling 
in which the cytokine is not secreted by the producing 
cell but remains membrane bound, necessitating direct 
cell–cell contact to achieve the desired effect. In contrast, 
endocrine signals (classic hormones) typically act over 
fairly long distances.
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megakaryocytopoiesis/thrombopoiesis
Platelets are derived from megakaryocytes, which are progeny of the 
MEP. CFU-Mks are induced to proliferate and differentiate into mega-
karyocytes by several cytokines. However, the cytokines that induce 
the greatest increase in platelet production are IL-11 and TPO.

Lymphopoiesis
The growth and development of lymphoid cells from the CLP occurs 
in multiple anatomic locations including the bone marrow, thymus, 
lymph nodes, and spleen (Chapter 8). Multiple GFs play a role in T and 
B lymphocyte growth and development, most of which act synergisti-
cally (Figure 4-4).

indirect-acting growth Factors
Some cytokines that regulate hematopoiesis do so indirectly by 
inducing accessory cells to release direct-acting factors. An example 
is IL-1, which has no colony-stimulating activity itself. However, 
when administered in vivo, it induces neutrophilic leukocytosis by 
promoting the release of other direct-acting cytokines from acces-
sory cells.

Other stem cell regulators
Recently a number of additional factors important in the regulation of 
HSC function have been described.15,17 These proteins are important 
regulators of HSC quiescence, self-renewal, and induction of differ-
entiation within the endosteal HSC niche (Figure 4-2, Table 4-6 ★). 
There is significant interest in understanding how these factors regu-
late self-renewal. A more complete understanding of this process is 
anticipated to allow the development of novel therapeutic approaches 
for the treatment of hematologic malignancies.

Lineage-specific cytokine regulation

erythropoiesis
In the erythroid lineage, progenitor cells give rise to two distinct types 
of erythroid colonies in culture (Chapter 5). A primitive progenitor 
cell, the BFU-E, is relatively insensitive to EPO and forms large colo-
nies after 14 days in the form of bursts. Production of BFU-E colo-
nies was originally described as being supported by burst-promoting 
activity (BPA), now known to be IL-3 or GM-CSF. CFU-E colonies 
grow to maximal size in 7 to 8 days and depend primarily on EPO. The 
CFU-E are the descendants of BFU-E and subsequently give rise to 
the first recognizable erythrocyte precursor, the pronormoblast. Other 
cytokines reported to influence production of red cells include IL-9, 
IL-11, and SCF. However, EPO is the pivotal factor that functions to 
prevent apoptosis and induce proliferation/differentiation of commit-
ted erythroid progenitor cells and their progeny.

granulopoiesis and monopoiesis
Granulocytes and monocytes are derived from a common bipotential 
progenitor cell, the GMP, derived from CFU-GEMM. Acting syner-
gistically with GM-CSF and/or IL-3, specific GFs for granulocytes 
and monocytes support the differentiation pathway of each lineage. 
M-CSF supports monocyte differentiation, and G-CSF induces neu-
trophilic granulocyte differentiation. Eosinophils and basophils also 
are derived from the CFU-GEMM under the influence of growth fac-
tors IL-5 and IL-3/IL-4, respectively.

Hsc receptor Proteins Osteoblast Ligands Function

Notch proteins Jagged, delta proteins Promote HSC self-renewal; blockade of differentiation

Frizzled proteins (Wnt receptors) Wnt proteins Promote HSC self-renewal and expansion

Patched proteins (Shh receptors) Sonic hedgehog (Shh) Promote mitosis and initiation of differentiation

Tie-2 Angiopoietin-1 Promote HSC quiescence

CXCR4 SDF1/CXCL12 Promote survival, proliferation of HSC

★ tabLe 4-6 Molecular Regulators of Hematopoietic Stem Cell (HSC) Fate

Cytokine control of hematopoiesis is said to be charac-
terized by redundancy and pleiotrophy. What does this 
mean?

CheCkpoInt 4-3

negative regulators of Hematopoiesis
In addition to the cytokines that function as positive regulators of 
hematopoiesis, a second group of polypeptides that inhibit cellular 
proliferation exists (Table 4-7 ★). Either decreasing production of 
stimulating factors or increasing factors that inhibit cell growth can 
limit the proliferation of hematopoietic precursor cells. A homeo-
static network of counteracting growth inhibitors is secreted in 
response to GFs, which normally limit cell proliferation after growth 
stimuli. Some of these negative regulators of hematopoiesis (e.g., 
transforming growth factor b [TGF@b]) may contribute to the qui-
escent state of stem cells and early progenitor cells.26 Several negative 
regulators have been shown to upregulate cell-cycle inhibitors such 
as p16 and p21. Others may oppose the actions of positive regulators 
that act on these same cells. Whether or not precursor cells synthesize 
DNA and proliferate depends on a balance between these opposing 
influences.

The interferons and TGF@b suppress hematopoietic progenitor 
cells by inhibiting proliferation or inducing programmed cell death. 
Tumor necrosis factor a (TNF@a) directly suppresses colony growth of 
CFU-GEMM, GMP,  and BFU-E, and E-prostaglandins (PGEs) suppress 
granulopoiesis and monopoiesis by inhibiting GMP, CFU-G, and CFU-
M. Acidic ferritins and lactoferrin are products of mature neutrophils 
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the receptor chains dimerize, enhancing the catalytic activity of the 
kinase domain and activating intracellular signaling pathways directly. 
Included in this group are the receptors for M-CSF, SCF, and FL.

Hematopoietic growth Factor receptor superfamily
The receptors for the majority of hematopoietic GFs do not pos-
sess intrinsic kinase activity. Cytokine binding and receptor activa-
tion induce the docking of cytoplasmic molecules which do have 
kinase activity, leading to phosphorylation of cellular substrates. 
All of these receptors are multichain transmembrane proteins that 
promote signal transduction (i.e., phosphorylation of target cellular 
proteins) when configured as a heterodimer or homodimer. The 
receptors for many GF receptors in this large group share peptide 
subunits with other receptors16,45 (Web Figure 4-1). The three major 
subgroups are:

 1. IL-3, IL-5, and GM-CSF receptors have unique cytokine- specific 
a chains but share a common signal-transducing b chain (the bc 
family).

 2. IL-6 and IL-11 similarly have cytokine-specific a chains and share 
a common signal-transducing b chain called GP130. GP130 is 
also a subunit of the receptors for several other cytokines, includ-
ing LIF (leukemia inhibitory factor) and OSM (oncostatin M).

 3. The receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 have 
unique, cytokine-specific a chains and share a common signaling 
g chain. IL-2 and IL-15 are actually trimeric structures and share a 

that inhibit hematopoiesis via feedback regulation.  Di-hydroxyvitamin 
D3 (Di-OH Vitamin D3), classically associated with the stimulation of 
bone formation, also functions to inhibit myelopoiesis. Additionally, cel-
lular components of the immune system, including T cells and NK cells, 
can function as negative regulators of hematopoiesis.

Stem cell inhibitor (SCI), also known as macrophage inflamma-
tory protein@1a (MIP@1a), is believed to be a primary negative regula-
tor of stem cell proliferation.43 It is a local-acting juxtacrine cytokine 
present in the stromal microenvironment, which functions to main-
tain quiescent stem cells in the G0 phase of the cell cycle.

cytOkine recePtOrs, signaLing  
PatHWays, anD transcriPtiOn  
FactOrs
Cytokines must bind to surface receptors on their target cells to express 
their activity. They interact with membrane receptors restricted to cells 
of the appropriate lineage. Cells also need a mechanism to transfer 
signals from extracellular stimuli (cytokines) into appropriate intra-
cellular responses. Binding of a cytokine (ligand) to its specific recep-
tor transduces an intracellular signal through which the particular 
survival, proliferation, or differentiation responses are initiated. The 
intracellular portion of the receptor binds to associated intracellular 
molecules that activate signaling pathways. These signaling molecules 
translocate to the nucleus, recruit appropriate transcription factors, 
and activate or silence gene transcription (Figure 4-6 ■). Ultimately, 
changes in protein synthesis lead to alterations in cell proliferation 
or other modifications of cellular response induced by the cytokine 
involved.

Cytokine Receptors
Many receptors for hematopoietic cytokines have been characterized 
and can be grouped according to certain structural characteristics.44 
Some cytokine receptors, including the receptors for EPO, G-CSF, 
and TPO, are homodimers (i.e., they consist of two identical sub-
units). Other receptors are heterodimers or heterotrimers, consisting 
of different polypeptide subunits (the receptors for most of the other 
hematopoietic cytokines).

receptors with intrinsic tyrosine kinase Domains
These receptors, called receptor tyrosine kinases (RTKs), are trans-
membrane proteins with cytoplasmic regions that contain a tyro-
sine kinase catalytic site or domain. When GF binds to the receptor, 

Interferons
TGF@b
TNF@a
PGEs
Acidic isoferritins
Lactoferrin
Di-OH vitamin D3

T cells and NK cells
SCI (MIP@1a)

★ tabLe 4-7 Negative Regulators of Hematopoiesis

■   Figure 4-6 A model for the transfer of signals from 
extracellular stimuli (cytokines) into appropriate intracellu-
lar responses. The binding of a cytokine or ligand (L) to its 
cognate receptor generally induces receptor dimerization, 
the activation of a cascade of downstream-signaling mol-
ecules (A-, B-, C-signal transduction pathways) that con-
verge on the nucleus to induce or repress cytokine-specific 
genes. The result is an alteration of transcription, RNA pro-
cessing, translation, or the cellular metabolic machinery.

Transmembrane
receptor A

B

C

LL

Cellular
response

(Gene activation, Silencing)
Nucleus

Membrane

LL

Dimerization
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involve the formation of multiprotein complexes, proteolytic cascades, 
and/or phosphorylation/dephosphorylation reactions.

Protein phosphorylation is often an important part of the signal-
ing response from cell-surface receptors involved in hematopoiesis. 
Receptors that contain intrinsic kinase (or phosphatase) activity are 
identified by the target amino acid to be phosphorylated or dephos-
phorylated as receptor tyrosine kinases (RTKs), receptor serine 
kinases (RSKs), or receptor protein tyrosine phosphatases (PTPs).47 
Ligands activate these receptors by promoting receptor oligomeriza-
tion and activation of their cytoplasmic kinase domains.

Receptors that do not have intrinsic kinase activity recruit cyto-
plasmic proteins to their intracellular “tails” and induce the associa-
tion and assembly of multisubunit protein complexes that generate 
the enzymatic (phosphorylation) activity. The recruited proteins are 
termed protein tyrosine kinases (PTKs). Most hematopoietic recep-
tors signal through the Janus family of PTKs, called JAKs. Once acti-
vated, the JAK kinases recruit molecules that relay the signal, often 
including members of the STAT family of transcription factors (Signal 
Transducers and Activators of Transcription); this pathway is referred 
to as the JAK-STAT signaling pathway. Four different JAK kinases 
and ∙10 different STAT proteins have been identified. Different JAK 
and STAT proteins are involved in activation of the various hema-
topoietic lineages. Once STAT proteins are phosphorylated by acti-
vated JAK kinases, they dimerize, translocate to the nucleus, bind to 
cytokine-specific DNA sequences, and activate (or inhibit) specific 
gene expression47,48 (Figure 4-7 ■). Abnormalities of the erythrocyte 
JAK-STAT signaling pathway are the major cause of polycythemia 
vera (Chapter 24).

Transcription Factors
A cell ’s phenotype and function are determined by the genes expressed 
in that cell. Thus, hematopoietic differentiation is regulated by dif-
ferential gene expression patterns. The growth factors that maintain 
hematopoiesis are not thought to be “instructive” for the pathway of 
differentiation but to be “permissive” for cell viability and prolifera-
tion.49 The components that actually establish the patterns of gene 
expression associated with lineage differentiation are the nuclear 
transcription factors (TFs). Cell-fate decisions are controlled by 
the integrated effects of signaling pathways initiated by external cyto-
kines and internal transcription factors.24

TFs are DNA binding proteins that interact with the regulatory 
promoter regions of their target genes. The effect of a particular TF 
can be either gene expression or gene suppression, depending on the 
additional molecules (coactivators or corepressors) recruited to the 
gene promoter region upon TF binding. Different TFs are restricted 
in their expression to particular lineages and to particular differentia-
tion stages within one or more lineages (Web Table 4-1, Web Figures  
4-2 and 4-3a and b). TFs associated with the activation of a particular 
lineage-specific differentiation program often simultaneously inhibit 
alternate lineage-specific transcription factors.50 Interestingly, more 
than half of the hematopoietic transcription factors identified have 
been shown to be dysregulated in hematologic malignancies (trans-
locations, point mutations of TF genes)51 (Chapters  23–28). Thus, the 
impaired differentiation seen in leukemia is likely due to abnormali-
ties of critical, discrete pathways of transcriptional control.

common b subunit as well. Inherited abnormalities of the shared 
g chain gene are responsible for the X-linked form of severe com-
bined immunodeficiency (SCID) (Chapter 22).

It has been suggested that the functional redundancy seen in the 
cytokine regulation of hematopoiesis (i.e., the fact that multiple GFs 
often have overlapping activities) can be at least partly explained by 
the sharing of common receptor signaling subunits. For example, IL-3 
and GM-CSF have very similar spectra of biologic activities and share 
a common β subunit.

receptor Functional Domains
Most receptors have discrete functional domains in the cytoplasmic 
region of one or more of the receptor chains. Thus, mutations dis-
rupting a discrete domain of the receptor can disrupt part, but not all, 
of the functions of that receptor. Kostmann’s syndrome (congenital 
agranulocytosis) is a rare disorder characterized by a profound abso-
lute neutropenia with a maturation arrest of precursor cells at the pro-
myelocyte/myelocyte stage. Erythropoiesis and thrombopoiesis are 
normal. In some patients, molecular studies have revealed a mutation 
of the G-CSF receptor that disrupts a terminal maturation- inducing 
domain but leaves intact a subterminal proliferation-inducing 
domain.45 These patients sustain proliferation of neutrophilic pro-
genitor and early maturing cells, but fail to complete final maturation 
of cells in this lineage. Similarly, some individuals with previously 
unexplained primary erythrocytosis (i.e., not secondary to smoking, 
high altitude, or increased EPO levels) have been shown to have a 
mutation affecting the EPO-receptor (EPO-R).46 The EPO-R also has 
been shown to have two separate domains in the cytoplasmic region 
of the receptor: The domain closest to the membrane constitutes a 
positive control domain promoting proliferation, and the terminal, 
negative control domain slows down the intracellular signaling from 
the receptor. In some patients with familial erythrocytosis, a mutation 
results in the generation of a truncated receptor that lacks the terminal 
negative control domain, thus resulting in enhanced responsiveness of 
target cells (BFU-E and CFU-E) to the growth stimulatory effects of 
EPO and a (benign) erythrocytosis.

Individuals with congenital defects of the g chain of the 
IL-2 receptor suffer from profound defects of lymphopoi-
esis far greater than individuals with congenital defects of 
the a chain of the IL-2 receptor. Why?

CheCkpoInt 4-4

Signaling Pathways
As discussed, cells use a variety of “signal transduction pathways” 
to transfer signals from the cytokine receptor into an appropriate 
response. These are initiated by a ligand (cytokine) binding to its 
specific receptor followed by the activation of “downstream signaling 
molecules,” which ultimately converge on the nucleus to modulate 
transcription, RNA processing, the protein synthetic machinery (trans-
lation), the cellular metabolic machinery, or cytoskeletal- dependent 
functions47 (Figure 4-6). The signaling cascades that are activated can 
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Although certain TFs are associated with lineage-specific dif-
ferentiation pathways, many are also expressed, usually at much 
lower levels, in hematopoietic progenitor cells that are not yet com-
mitted to a specific differentiation pathway. This simultaneous 
expression of TFs for different lineages is thought to explain the 
progenitor cell’s potential for multilineage development.24 Once a 
differentiation decision has been made (commitment), upregulation 
of TFs for one lineage and downregulation or antagonism of the 
others occur. TFs that specify the various hematopoietic lineages are 
listed in Table 4-8 ★.51

Clinical Use of Hematopoietic Growth Factors
The cloning and characterization of genes encoding the hematopoietic 
GFs have allowed scientists to produce these cytokines in large quan-
tity using recombinant DNA technology. As a result, GFs can be used 
in therapeutic regimens for hematopoietic disorders (Table 4-9 ★). 
Some cytokines approved by the Food and Drug Administration for 
clinical use include G-CSF and GM-CSF (used to accelerate recovery 
from granulocytopenia), EPO (for treatment of anemia of various 
etiologies), IL-11 (for treatment of thrombocytopenia), the interfer-
ons (IFNa, IFNb, and IFNg used to treat a number of malignant and 
nonmalignant disorders), and IL-2 (for treatment of metastatic renal 
cell cancer and melanoma). In vitro studies show that cytokines used 
in combination often show synergy in terms of their biologic effects. 
Consequently, the use of combinations of growth factors is being eval-
uated clinically, often with dramatic results. A more thorough discus-
sion of the biologic therapies currently in clinical use or undergoing 
clinical evaluations is available.52

■   Figure 4-7 Cytokine receptor-JAK-STAT model of sig-
nal transduction. Cytokine (e.g., EPO) interaction with its 
specific receptor (EPO-R) leads to receptor dimerization 
and activation of JAK kinases associated with the activated 
receptor. Activated JAK kinases mediate autophosphoryla-
tion as well as phosphorylation of the receptor, which then 
serves as a docking site for signal transducers and activators 
of transcription (STATs). These STATs are phosphorylated, 
dissociate from the receptor, dimerize, and translocate to 
the nucleus where they activate gene transcription.
P = phosphorylated protein
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Hematopoietic Lineage transcription Factors

Erythroid/Megakaryocytic GATA1, FOG1, Gfi-1b, Fli1

Myeloid PU.1, C/EBPα, C/EBPϵ, Gfi1, Egr1 
and RARa

Lymphoid PU.1, Ikaros, E2A, EBF, PAX5, Notch1 
and GATA3

★  tabLe 4-8 Transcription Factors in Hematopoietic 
Lineage Differentiation

growth Factor clinical applications

EPO Stimulation of erythropoiesis in a variety of anemias

G-CSF and GM-CSF Recovery from treatment-induced myelosuppression

IL-3, GM-CSF, EPO Therapy of myelodysplastic syndromes

IL-2, IFN-α, IFN-β; TGF-β antagonists Treatment for various malignancies

IL-3, G-CSF, GM-CSF, FL Priming of bone marrow for donation

IL-1, IL-3, IL-6, IL-11, G-CSF, LIF, Stimulation of malignant cells to differentiate (variable results in case 
reports and clinical trials)

IL-1, IL-6 Enhancement of the acute phase response

IL-2, IL-15 (and other lymphocyte-stimulating growth factors). Enhancement of the immune system

G-CSF, GM-CSF, EPO, IL-11 Stimulation of marrow recovery in BM transplantation

IL-3, G-CSF, GM-CSF Treatment in bone marrow failure

★ tabLe 4-9 Clinical Applications of Hematopoietic Growth Factors

Different TFs are functional at different points in hematopoi-
etic differentiation.51 Four TFs (or proteins that interact with them) 
have been identified as important in early embryonic HSCs, and all 
have been associated with various hematopoietic malignancies. They 
include SCL/TAL1, AML1/Runx1, MLL, and LMO2. Other TFs 
involved in either stem cell self-renewal or differentiation include 
HOX A9, TEL, Bmi1, and Gfi1.
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extracellular matrix
The stromal cells produce and secrete the extracellular matrix 
(ECM), which provides the adhesive interactions important for the 
colocalization of stem cells (HSCs), progenitor cells (HPCs), and the 
growth-regulatory proteins. The ECM is composed of collagens, gly-
coproteins, glycosaminoglycans, and cytoadhesion molecules. Varia-
tions in the type and relative amounts of these components produce 
the characteristic properties of ECMs in different tissues. Collagen 
provides the structural support for the other components. Glycosami-
noglycans (heparan- sulfate, chondroitin-sulfate, dermatan-sulfate) 
play a role in cell–cell interactions, helping to mediate progenitor-cell 
binding to the stroma. They also serve to bind and localize cytokines 
in the vicinity of the hematopoietic cells. Cytoadhesion molecules 
important in hematopoietic cell localization include the b1 integrins 
(VLA@4/a4b1, VLA@5/a5b1) found on hematopoietic cells binding to 
ligands VCAM-1 and fibronectin on marrow stromal cells or in the HM.

Hematopoietic Microenvironment Niches
Within the hematopoietic bone marrow, precursor cells of different lin-
eages and at different stages of differentiation can be found in distinct 
areas throughout the marrow space. Precursor cells at various stages 
of differentiation can interact with different ECM components and 
can be induced by different cytokines to proliferate or differentiate. It 
has been proposed that specialized stromal cells produce extracellular 
matrix components and hematopoietic cytokines that are conducive 
for the commitment and/or differentiation of precursor cells of a spe-
cific hematopoietic lineage. These interactions likely contribute to the 
tight regulation of precursor cell differentiation and proliferation.54,55

adhesion to the microenvironment
One of the important determinants of the geographic localization of 
hematopoiesis appears to be the presence of membrane receptors on 
hematopoietic precursors for stromal cells and ECM proteins. A num-
ber of ligand-receptor interactions are important in retaining HSCs 
in the marrow space. These include SDF-1 (stromal-derived factor 1, 
also known as CXCL12) and its receptor CXCR4, SCF and its receptor 
SCFR (c-kit), integrins (VLA-4) interacting with their ligands VCAM-
1, and hyaluronic acid interacting with its receptor CD44.20

Fibronectin is a large, adhesive glycoprotein that binds cells, 
growth factors, and ECM components. HSCs/HPCs and develop-
ing erythroblasts have fibronectin receptors (FnRs) on their surface 

HematOPOietic micrOenvirOnment
Hematopoiesis is normally confined to certain organs and tissues 
(Chapter 3). The proliferation and maturation of hematopoietic pre-
cursor cells take place within a microenvironment that provides the 
appropriate milieu for these events.53,54 Patients undergoing bone 
marrow transplants receive donor cells by intravenous infusion; the 
cells “home” to and initiate significant hematopoiesis only in the recipi-
ent’s bone marrow. No biologically significant hematopoietic activ-
ity occurs in nonhematopoietic organs. For successful engraftment, 
HSCs require an appropriate microenvironment, which presumably 
has specific properties that make it a unique site for stem cell renewal, 
growth, and differentiation.

The term hematopoietic microenvironment (HM) refers to 
this localized environment in the hematopoietic organs that is crucial 
for the development of hematopoietic cells and maintains the hemato-
poietic system throughout the individual’s lifetime. The HM includes 
cellular elements and extracellular components including matrix 
proteins and regulatory cytokines (Table 4-10 ★, Figure 4-8 ■). The 
HM provides homing and adhesive interactions important for the 
colocalization of stem cells, progenitor cells, and growth-regulatory 
proteins within the marrow cavity. These are achieved via cell-cell, cell-
cytokine, and cell-extracellular matrix interactions.

Components of the Hematopoietic 
Microenvironment
cellular components
The cellular elements of the HM are referred to as hematopoietic stro-
mal cells and accessory cells. Stromal cells include adipocytes (fat cells), 
endothelial cells, fibroblasts, and osteoblasts. Accessory cells include 
T-lymphocytes, monocytes, and macrophages. The stromal cells’ capac-
ity to support hematopoiesis derives from a number of characteristics. 
These cells are thought to express homing receptors, although the exact 
mechanisms involved in mediating the homing of hematopoietic cells 
are unclear. They also produce the various components constituting 
the extracellular matrix of the HM. Both stromal cells and accessory 
cells synthesize and secrete soluble growth and differentiation factors 
and negative regulators as well as a number of membrane-bound cyto-
kines that function as juxtacrine regulators of hematopoiesis (e.g., SCF, 
FL, SCI). Many of the secreted cytokines bind the extracellular matrix, 
which concentrates these factors within the HM, keeping them adja-
cent to the developing hematopoietic precursor cells.

cellular (stroma) extracellular

components Function components Function

Adipocytes, endothelial cells, 
fibroblasts, osteoblasts, T cells, 
macrophages

Expression of homing receptors

Production of soluble growth and 
differentiation factors

Production of integral membrane 
proteins that function as juxtacrine 
regulators (SCF, FL, SCI)

Production of ECM components

Soluble factors (cytokines and 
growth factors)

Extracellular matrix (ECM)

Collagen

Glycosaminoglycans (heparan-, 
chondroitin-, dermatan-sulfate)

Cytoadhesion molecules

Regulation of hematopoietic stem/
progenitor cell differentiation and 
expansion

Structural support

Cell-to-cell interactions; localization 
of growth factors

Adhesion of hematopoietic precur-
sors to ECM proteins

★ tabLe 4-10 Hematopoietic Microenvironment
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Recently, it has been recognized that the HSC niche is hypoxic.54 
It has been suggested that the hypoxia of the HSC niche may protect 
HSCs from oxidative stress. In addition, hypoxia may promote cell-
cycle quiescence (an HSC characteristic), which can protect the HSC 
pool from excess proliferation.

Lymphoid niches
The bone marrow is the site of B-cell lymphopoiesis (Chapter  8). 
The less mature developing B cells are located closer to the endos-
teal surface with the more differentiated cells nearer the sinusoidal 
endothelial cells.54 Naïve recirculating B and T cells are also located 
in the perisinusoidal space in close proximity to dendritic cells. The 
majority of long-lived memory T cells reside in the bone marrow in 
close contact with IL-7 secreting stromal cells.54

erythroid niches
Erythropoiesis occurs in unique anatomical configurations called 
erythroblastic islands (Chapter 5). Some of them are located adja-
cent to the marrow sinusoids, and others are scattered throughout the 
bone marrow cavity.

megakaryocytic niches
Megakaryocytes tend to localize near the marrow sinusoidal endothelial 
cells where they are positioned to release platelets into the intravascular 
sinusoidal space. There is evidence that megakaryocyte localization within 
a specific vascular microenvironment, mediated by specific cytokines, is 
necessary for megakaryocyte maturation and platelet production.54

membrane. As developing erythroblasts mature to the reticulocyte 
stage, they lose their FnRs; loss of attachment via fibronectin facili-
tates the egress of reticulocytes and erythrocytes from the erythroblas-
tic islands in the bone marrow. Likewise, hemonectin is an adhesive 
glycoprotein found in the microenvironment that interacts with 
hemonectin receptors (HnRs) on HSCs, HPCs, and granulocytes and 
is important for the attachment of these cells to the marrow. Loss of 
HnRs by developing granulocytes and loss of adhesion to ECM medi-
ates release of mature granulocytes to the circulation. Adhesive inter-
actions between HSCs, HPCs, and the ECM function to help hold the 
hematopoietic precursor cells in microenvironmental niches, bringing 
cells into close proximity with growth-regulatory cytokines that are 
also bound and held by the ECM.52

stem cell niche
The quiescent state of stem cells is controlled by their localization in 
osteoblastic niches that block their responsiveness to differentiation-
inducing signals (Figures  4-2 and 4-7, Table 4-6). Stromal cells pro-
duce cell-surface–associated (juxtacrine) factors that restrain HSC 
differentiation. Removal of HSCs from this niche would result in a 
cascade of differentiation events. A major role of stromal tissue in the 
regulation of hematopoiesis thus may be to safeguard and ensure stem 
cell maintenance. Hematopoietic stem cells removed from their mar-
row environment do not retain their “stemness” for more than a few 
weeks when cultured in vitro in the absence of stromal cells. Inevitably, 
they differentiate into progenitor cells and mature cells of the various 
lineages and thus undergo “death by differentiation.”

■   Figure 4-8 A model for regulation of hematopoietic precursor cells in the bone 
marrow microenvironment. The hematopoietic stem cell (HSC) attaches to bone 
marrow stromal cells via specific receptors and ligands. The HSC is then influenced by 
both positive and negative regulatory growth factors.
CAM = cell adhesion molecule; SCF = stem cell factor; FL = Flt3-ligand; IFN = interferon; TNF = tumor necrosis 
factor; TGF@ b transforming growth factor b; MIP@ 1a = macrophage inflammatory protein@ 1a [stem cell inhib-
itor]; G-CSF = granulocyte colony-stimulating factor; GM-CSF = granulocyte-monocyte CSF; IL = interleukin
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Review Questions
Level I

 1. Self-renewal and pluripotential differentiation potential are 
characteristics of: (Objective 2)

 A. mature cells

 B. stem cells

 C. progenitor cells

 D. maturing cells

 2. Precursor cells that are morphologically recognizable are 
found in the: (Objective 2)

 A. stem cell compartment

 B. progenitor cell compartment

 C. maturing cell compartment

 D. differentiating cell compartment

 3. The MEP gives rise to: (Objective 3)

 A. eosinophils and megakaryocytes

 B. erythrocytes and monocytes

 C. eosinophils and megakaryocytes

 D. erythrocytes and megakaryocytes

 4. All hematopoietic cells are derived from the CFU-GEMM 
except: (Objective 3)

 A. lymphocytes

 B. platelets

 C. eosinophils

 D. erythrocytes

 5. The following cell that is most sensitive to erythropoietin 
is: (Objective 4)

 A. reticulocyte

 B. CFU-GEMM

 C. BFU-E

 D. CFU-E

 6. All of the following are considered “early acting, multilin-
eage” cytokines except: (Objective 4)

 A. IL-5

 B. GM-CSF

 C. SCF

 D. IL-3

 7. Pleiotrophy refers to: (Objective 4)

 A. multiple different cells that can produce the same 
cytokine

 B. a cytokine with multiple biologic activities

 C. multiple cytokines that can induce the same cellular effect

 D. a cytokine that can be produced by multiple different 
tissues

 8. Cytokine regulation in which the cytokine is not secreted 
by the producing cell but remains membrane bound, 
necessitating direct cell–cell contact to achieve the desired 
effect is: (Objective 5)

 A. paracrine

 B. endocrine

 C. juxtacrine

 D. autocrine

Summary
Hematopoiesis is the production of the various types or lineages 
of blood cells. Mature, terminally differentiated blood cells are 
derived from mitotically active precursor cells found primarily 
in the bone marrow in adults. Hematopoietic precursor cells 
include pluripotential hematopoietic stem cells, hematopoietic 
progenitor cells (multilineage and unilineage), and maturing 
(morphologically recognizable) cells.

Hematopoietic growth factors or cytokines (colony- stimulating 
factors and interleukins) stimulate hematopoietic precursor cells 
to proliferate and differentiate. Cytokine control of hematopoiesis 
is characterized by redundancy (more than one cytokine is capa-
ble of exerting the same effect on the system) and pleiotrophy 

(a given cytokine usually exerts more than one biologic effect). 
These cytokines interact with their target cell by means of unique 
transmembrane receptors responsible for generating the intracel-
lular signals that govern proliferation and differentiation.

Hematopoiesis takes place in a unique microenvironment 
in the marrow consisting of stromal cells and extracellular 
matrix, which plays a vital role in controlling hematopoiesis. It 
is thought that specialized stromal cells produce extracellular 
matrix components and hematopoietic cytokines that promote 
the commitment and/or differentiation of precursor cells of a 
specific hematopoietic lineage, resulting in lineage-specific 
niches within the bone marrow.
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 6. Cytokine receptors that lack an intrinsic kinase domain 
generally signal: (Objective 4)

 A. through an intrinsic phosphatase domain

 B. by recruiting membrane-embedded kinases

 C. through an intrinsic protease domain

 D. by recruiting cytoplasmic kinases

 7. The function of the JAK-STAT pathway in hematopoiesis is 
to: (Objective 4)

 A. localize cytokines in the hematopoietic 
microenvironment

 B. generate homing receptors for stem and progenitor 
cells

 C. produce cytoadhesion molecules to retain precursor 
cells in the marrow

 D. function as a signal transduction pathway for cytokine-
activated receptors

 8. The stromal elements of the hematopoietic microenviron-
ment include all of the following except: (Objective 7)

 A. B lymphocytes

 B. adipocytes

 C. fibroblasts

 D. osteoblasts

 9. Which of the following cytoadhesion molecules plays 
an important role in retaining erythroid-developing cells 
in the bone marrow microenvironment? (Objective 7)

 A. hemonectin

 B. fibronectin

 C. thrombospondin

 D. glycosaminoglycans

 10. The role of the osteoblastic stem cell “niche” in the bone 
marrow is thought to be to: (Objective 7)

 A. protect hematopoietic precursor cells from the lytic 
action of osteoclasts

 B. provide nourishment (oxygen, nutrients) to developing 
precursor cells

 C. regulate the quiescent state of stem cells blocking 
differentiation-inducing signals

 D. produce cytoadhesion molecules important for hom-
ing to the marrow

 9. All of the following are thought to be negative regulators 
of hematopoiesis except: (Objective 6)

 A. TGF@b

 B. SCF

 C. TNF

 D. MIP@1a

 10. The hematopoietic microenvironment is composed of: 
(Objective 7)

 A. hepatocytes and extrahepatic matrix

 B. osteoblasts and osteoclasts

 C. marrow stromal cells and extracellular matrix

 D. hepatocytes and splenic macrophages

Level II

 1. Hematopoietic stem cells are characterized by all of the 
following markers except: (Objective 1)

 A. CD34+

 B. Lin-

 C. HLA@DR+

 D. Rhodamine123Lo

 2. The major molecular marker that differentiates CLP from 
CMP is: (Objective 1)

 A. IL7-R

 B. FcRg

 C. CD33

 D. CD13

 3. All of the following are important regulators of granulopoi-
esis except: (Objective 2)

 A. GM-CSF

 B. FL

 C. IL-2

 D. IL-3

 4. The major cytokine important for eosinophil differentiation 
is: (Objective 2)

 A. IL-3

 B. IL-5

 C. IL-7

 D. IL-11

 5. Which of the following growth factor receptors share a 
common β chain? (Objective 3)

 A. IL-3 and GM-CSF

 B. TPO and EPO

 C. IL-2 and IL-3

 D. G-CSF and GM-CSF
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. List and describe the stages of erythrocyte maturation in the marrow 

from youngest to most mature cells.
 2. Explain the maturation process of reticulocytes and the cellular changes 

that take place.
 3. Identify the reference interval for reticulocytes.
 4. Explain the function of erythropoietin, and include the origin of 

 production, bone marrow effects, and normal values.
 5. Describe the function of the erythrocyte membrane.
 6. Name the energy substrate of the erythrocyte.
 7. Define and differentiate intravascular and extravascular red cell 

destruction.
 8. State the average dimensions and life span of the normal erythrocyte.
 9. Describe the function of 2,3-BPG and its relationship to the 

erythrocyte.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the mechanisms involved in the regulation of erythrocyte 

production.
 2. Describe the structure of the erythrocyte membrane, including general 

dimensions and features; assess the function of the major membrane 
components.

 3. Explain the mechanisms used by the erythrocyte to regulate 
 permeability to cations, anions, glucose, and water.

 4. Compare and contrast three pathways of erythrocyte metabolism 
and identify key intermediates as well as the relationship of each to 
 erythrocyte survival and longevity.

 5. Generalize the metabolic and catabolic changes within the erythrocyte 
over time that “label” the erythrocyte for removal by the spleen.

 6. Predict the effects of increased and decreased erythropoietin levels in 
the blood.
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erytHroPoieSiS and red 
blood cell Maturation
Erythron refers to the totality of all stages of erythrocyte develop-
ment, including precursor cells in the marrow and mature cells in 
the peripheral blood and vascular areas of specific organs such as 
the spleen. Erythropoiesis, or the production of erythrocytes, is 
normally an orderly process through which the peripheral concen-
tration of erythrocytes is maintained at a steady state. The life cycle 
of erythrocytes includes stimulation of lineage commitment and 
maturation of precursor cells in the marrow by erythropoietin (the 
major cytokine regulating erythropoiesis), a circulating life span for 
mature cells of approximately 100–120 days, and the destruction of 
senescent cells by mononuclear phagocytic cells in the liver, spleen, 
and bone marrow.

Erythroid Progenitor Cells
Red cell production begins with the hematopoietic stem cell (HSC) 
(Chapter 4). Stem cell differentiation is induced by microenvironmen-
tal influences to produce a committed erythroid progenitor cell. The 
committed (unipotential) erythroid progenitor cell compartment con-
sists of two populations of cells, neither identifiable microscopically 
but defined by their behavior in cell culture systems: the burst-forming 
unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E). 
The BFU-E progenitor cells proliferate under the influence of what 
was originally called “burst-promoting activity” (BPA), now known to 
be the cytokine IL-3 or GM-CSF, released by local microenvironmen-
tal stromal cells. BFU-Es have a low concentration of erythropoietin 
(EPO) receptors and thus are relatively insensitive to EPO except in 
high concentrations. The BFU-Es are defined as progenitor cells that 
give rise to a “burst” or multifocal colony of cells in an in vitro colony 
assay in 10 to 14 days. The colony consists of several hundred to sev-
eral thousand cells recognizable as hemoglobin-containing RBC pre-
cursors. Maturation of the BFU-E gives rise to the CFU-E progenitor 
cell. An individual CFU-E, which undergoes only a few cell divisions, 
gives rise to a single, discrete colony of 8 to 60 identifiable cells after 
2 to 5 days of culture.2 CFU-Es have a high concentration of EPO 

overview
This chapter is a study of the erythrocyte. It begins with a descrip-
tion of erythrocyte production and maturation. This is followed by an 
account of the erythrocyte membrane composition and function, cell 
metabolism, and kinetics of cell production. The chapter concludes 
with a description of the destruction of the senescent cell.

introduction
The erythrocyte (red blood cell, RBC) was one of the first micro-
scopic elements recognized and described after the discovery of the 
 microscope.1 RBCs play a vital role in physiology, carrying oxygen 
from the lungs to the tissues where it is utilized in oxidative metabo-
lism. An insufficient number of RBCs results in a condition called 
anemia, which is characterized by inadequate tissue oxygenation. An 
excess number of circulating RBCs is called erythrocytosis, a condi-
tion that has no adverse effect on pulmonary gas exchange.

Key Terms
Acanthocyte
BFU-E
CFU-E
Cyanosis
Erythroblast
Erythron
Erythropoiesis
Erythropoietin

Glycolysis
Heinz body
Hypoxic
Integral protein
Normoblast
Peripheral protein
Polychromatophilic erythrocyte
Reticulocyte

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• Describe the process of cell differentiation and maturation, 

 regulation, and the function of growth factors; describe cell 
organelles and their function (Chapters 2, 4).

• Give the functional description of the erythroid marrow 
(Chapter 3).

level ii
• List and describe the function of specific growth factors impor-

tant in erythrocyte development (Chapter 4).
• Describe the structure and function of the spleen and bone 

marrow (Chapter 3).

We will address this case study throughout the chapter.

Stephen, a 28-year-old Caucasian male of Italian descent, 
became progressively ill following a safari vacation to West 
Africa. The patient arrived at the emergency room (ER) for 
evaluation following several days of fever, chills, and mal-
aise. The advent of hemoglobinuria prompted the patient 
to seek emergency aid. A clinical history and physical 
examination supported a diagnosis of anemia. Because 
Stephen had recently returned from a malarial endemic 
area, the physician first suspected malaria although the 
patient had been on primaquine preventive drug ther-
apy while traveling abroad. Blood smears examined for 
malaria, however, resulted in a negative diagnosis.

Consider what additional laboratory tests could help 
identify the cause of Stephen’s anemia.

caSe Study
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The normoblasts generally spend from 5 to 7 days in the prolifer-
ating and maturing compartment of the bone marrow. After reaching 
the reticulocyte stage, there are an additional 2 to 3 days of maturation, 
the first 1 to 2 days of which are spent in the marrow before the cell 
is released to the peripheral blood. The mature erythrocyte remains 
in the circulation for approximately 120 days. This lengthy life span 
accounts for the relatively small number of erythroid precursors in 
the marrow in comparison to the large circulating erythrocyte mass.

Erythropoietin (EPO) is the only cytokine important in regu-
lating the final stages of erythroid maturation (the maturing cells). 
A number of hormones are known to have some erythropoietic effect, 
however. The most notable is the erythropoietic effect of androgens, 
which was exploited for the treatment of various anemias before 
the development of recombinant EPO. Androgens appear to both 

membrane receptors; hence, they respond to lower EPO concentra-
tions than do BFU-Es. The CFU-E is the immediate precursor of the 
earliest morphologically recognizable erythroid precursor, the pronor-
moblast. Figure 5-1 ■ shows the relationship of the various hemato-
poietic progenitor cells to the cytokines that affect their maturation.

BFU-Es are positive for CD34 (CD34+), a progenitor cell marker, 
and have a high proliferative potential but a low rate of cycling. As they 
mature to the CFU-E stage, they lose CD34 expression but begin to 
express surface proteins characteristic of the erythroid lineage includ-
ing glycophorin A, Rh antigens, and in a subset of CFU-E, the ABH 
and Ii antigens.2

Additional cytokines shown to have a positive effect on eryth-
rocyte precursor proliferation include stem cell factor (SCF), throm-
bopoietin, and IL-11; tumor necrosis factor a (TNFa), transforming 
growth factor-β (TGF β), and interferon-γ(INFγ) have a negative 
effect on erythropoiesis.

Erythroid-Maturing Cells
Erythroid-maturing cells include those precursor cells in the bone 
marrow that are morphologically identifiable. Nucleated erythrocyte 
precursors in the bone marrow are collectively called  erythroblasts. If 
the maturation sequence is “normal,” the cells are often called normo-
blasts. Young erythrocytes with residual RNA but without a nucleus 
are referred to as reticulocytes (polychromatophilic erythro-
cytes). Bone marrow normoblast maturation occurs in an orderly 
and well-defined sequence under normal conditions encompassing 
six morphologically defined stages. The process involves a gradual 
decrease in cell size together with progressive condensation of the 
nuclear chromatin and eventual expulsion of the pyknotic nucleus. The 
cytoplasm in the younger normoblasts stains deeply basophilic due to 
the abundance of RNA (Figure 5-2 ■). As the cell matures, there is an 
increase in hemoglobin production, which is acidophilic, and the cyto-
plasm takes on a gray to pink or salmon color (Figures  5-2 and 5-3 ■).

Two terminology systems have been used in the past to describe 
erythrocyte precursors. One uses the word normoblast and the other 
rubriblast. This chapter uses the normoblast terminology; the rubri-
blast terminology is outdated and rarely used today. The stages in order 
from most immature to mature cell are BFU-E, CFU-E, pronormo-
blast, basophilic normoblast, polychromatophilic normoblast, ortho-
chromatic normoblast, reticulocyte, and erythrocyte (Table 5-1 ★).

■   Figure 5-1 Erythroid maturation. Erythrocyte 
development proceeds through three levels of maturation 
beginning with the multipotential hematopoietic stem cell 
(HSC), maturing into committed progenitor cells BFU-E 
and CFU-E, and into morphologically recognizable cells. 
IL-3 and GM-CSF are the primary cytokines that affect 
maturation of BFU-E. EPO primarily affects the CFU-E and 
developing normoblasts.

Stem cells Committed progenitor cells Maturing cells

HSC BFU-E
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CFU-E
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■   Figure 5-2 Pronormoblast in the center (arrow) (a). 
Note the large N:C ratio, presence of nucleoli, and lacy 
chromatin. The cytoplasm is deep blue with a light area 
next to the nucleus. Also note above at about 1 o’clock 
the polychromatophilic normoblast (arrow) (b). (Bone 
marrow; Wright-Giemsa stain, 1000× magnification)

a

b

■   Figure 5-3 Developing normoblasts. At left 
center is a basophilic normoblast; below this are three 
polychromatophilic normoblasts (bone marrow; Wright-
Giemsa stain, 1000× magnification).

Basophilic normoblast
(singular)
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cell type  
(% of  nucleated  
cells in bM) image (wright stain) Size n/c ratio

cytoplasmic 
characteristics

nuclear 
characteristics

Pronormoblast (1%) 20925 mcM High (8:1) Small to moderate amount 
of deep blue cytoplasm; 
pale area next to nucleus 
may be seen

1–3 faint nucleoli; 
reddish purple color; 
homogeneous, lacy 
chromatin

Basophilic normoblast 
(1–3%)

16918 mcM Moderate 
(6:1)

Deep blue-purple color; 
occasionally small patches 
of pink; irregular cell 
borders can be present; 
perinuclear halo can be 
apparent

Indistinct nucleoli; 
coarsening chromatin; 
deep purplish-blue 
color

Polychromatophilic 
normoblast (13–30%)

12915 mcM Low (4:1) Abundant; gray-blue color Chromatin irregular 
and coarsely clumped, 
eccentric

Orthochromic 
 normoblast (1–4%)

10915 mcM Low (1:2) Pink-salmon color; can 
have varying degrees of 
basophilia

Small; dense; 
 pyknotic; round 
or bizarre shape; 
eccentric

Reticulocyte (new 
methylene blue stain)

7910 mcM — Punctate purplish-blue 
inclusions

No nucleus

Polychromatophilic 
erythrocytes

Polychromatophilic (dif-
fusely basophilic)

No nucleus

Mature RBC 798 mcM — Salmon color No nucleus

★ table 5-1 Morphologic Characteristics of Erythroid Precursors
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hemoglobin can cause the cell to take on a lighter blue hue or show 
scattered pink areas. A pale area surrounding the nucleus, the peri-
nuclear halo, is sometimes seen. This halo corresponds to the mito-
chondria, which also do not stain with Romanowsky stains.

nucleus
The chromatin is coarser than that of the pronormoblast. The dark 
violet heterochromatin interspersed with the lighter-staining euchro-
matin can give the chromatin a wheel-spoke appearance. A few small 
masses of clumped chromatin can be seen along the rim of the nuclear 
membrane. Nucleoli usually are not apparent.

Polychromatophilic normoblast
The cell is about 12–15 mcM in diameter with a decreased N:C ratio 
due to continued condensation of the nuclear chromatin. This is the 
last stage capable of mitosis.

cytoplasm
The most characteristic change in the cell at this stage is the presence 
of abundant gray-blue cytoplasm. The staining properties of the cyto-
plasm are due to the synthesis of large amounts of hemoglobin and 
decreasing numbers of ribosomes. The cell derives its name, polychro-
matophilic, from this characteristic cytoplasmic feature.

nucleus
The nuclear chromatin is irregular and coarsely clumped due to 
increasing aggregation of nuclear heterochromatin.

orthochromic normoblast
This cell is about 10–15 mcM in diameter with a low N:C ratio.

cytoplasm
After the final mitotic division of the erythropoietic precursors, the 
concentration of hemoglobin increases within the erythroblast. The 
cytoplasm is predominantly pink or salmon color but retains a tinge 
of blue due to residual ribosomes.

nucleus
The nuclear chromatin is heavily condensed. Toward the end of 
this stage, the nucleus is structureless (pyknotic) or fragmented. The 
nucleus is often eccentric or even partially extruded. Using phase-
contrast microscopy, these cells demonstrate motility with protrac-
tion and retraction of cytoplasmic projections.4 These movements 
prepare for ejection of the nucleus, which usually occurs while the 
erythroblast is still part of the erythroblastic island (EI; see section 
“Erythroblastic Islands”). Proper enucleation requires interaction 
between erythroblasts and the macrophage of the EI, mediated by a 
protein called erythroblast macrophage protein/EMP. 2 Alternatively, 
the nucleus can be lost as the cell passes through the wall of a mar-
row sinus. The expelled nucleus is engulfed by a marrow macrophage.

reticulocyte
After the nucleus is extruded, the cell is known as a reticulocyte. When 
the nucleus is first extruded, the cell has an irregular lobulated or 
puckered shape. The cell is remodeled, eliminating excess membrane 
and gradually acquiring its final biconcave shape while it completes 
its maturation program.5

The reticulocyte has residual RNA and mitochondria in the 
cytoplasm, which give the young cell a bluish tinge with Romanowsky 

stimulate EPO secretion and directly affect the erythropoietic marrow, 
which partially explains the difference in hemoglobin concentrations 
according to sex and age. Other hormones that have varying (although 
minor) effects on erythropoiesis include thyroid hormones, adrenal 
cortical hormones, and growth hormone.3 Anemic patients with 
hypopituitarism, hypothyroidism, and adrenocortical insufficiency 
show an increase in erythrocyte concentration when the appropriate 
deficient hormone is administered. The reduction of EPO in hypo-
thyroidism could partially be the result of the reduced demand for 
cellular oxygen by metabolically hypoactive tissue.

What is meant by the term erythron?

CheCkpoint 5-1

Characteristics of Cell Maturation
Although the stages of erythrocyte maturation are usually described 
in a steplike fashion, the actual maturation is a gradual and continuous 
process (Table 5-1). Some normoblasts might not conform to all crite-
ria for a particular stage, and a judgment must be made when identify-
ing those cells. The more experience one has in examining the blood 
and bone marrow, the easier it becomes to make these judgments.

Pronormoblast
The earliest morphologically recognizable erythrocyte precursor is 
the pronormoblast. Each pronormoblast produces between 8 and 32 
mature erythrocytes (a total of 3–5 cell divisions during the matura-
tion sequence). This cell is the largest of the normoblast series, from 
20–25 mcM (mm) in diameter with a high nuclear-to-cytoplasmic 
ratio (N:C). The nucleus occupies 80% or more of the cell. This cell is 
rather rare in the bone marrow.
cytoplasm
The cytoplasm contains a large number of ribosomes and stains deeply 
basophilic. A pale area next to the nucleus is sometimes apparent. This 
represents the Golgi apparatus, which does not take up the dyes of the 
Romanowsky stain. Small amounts of hemoglobin are present ( 61% 
of total cytoplasmic protein) but are not visible by light microscopy.
nucleus
The nucleus is large, taking up most of the cell volume, and stains 
 bluish-purple. The chromatin is in a fine linear network often 
described as lacy. The pronormoblast chromatin has a coarser appear-
ance and stains darker than the chromatin of a white cell blast. The 
nucleus contains from one to three faint nucleoli.

basophilic normoblast
This cell is similar to the pronormoblast except that it is usually 
smaller (16918 mcM in diameter) and has a slightly decreased N:C 
ratio. The nucleus occupies approximately three-fourths of the cell 
volume. Because these cells are actively dividing, it is possible to find a 
basophilic normoblast (in G2, prior to mitosis) that is larger than the 
pronormoblast (in G1).
cytoplasm
The cytoplasm is still deeply basophilic, often more so than that of the 
previous stage due to the increased number of ribosomes. However, 
in late basophilic normoblasts, the presence of varying amounts of 
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stains; thus, the cell is appropriately described as a diffusely baso-
philic erythrocyte or polychromatophilic erythrocyte. About 80% of 
the cell’s hemoglobin is made during the normoblast stages with the 
remaining 20% made during the reticulocyte stage. The reticulocyte is 
slightly larger, 7–10 mcM, than a mature erythrocyte. These cells can 
be identified in vitro by reaction with supravital stains, new methy-
lene blue N, or brilliant cresyl blue, which cause precipitation of the 
RNA and mitochondria. This supravital staining method identifies 
the reticulocytes by the presence of punctate purplish-blue inclusions 
(Chapter 37). Normally, reticulocytes compose 0.5–2.0% (absolute 
concentration 25975 * 109/L) of peripheral blood erythrocytes 
in a nonanemic adult. The absolute concentration of reticulocytes 
is calculated by multiplying the percent of reticulocytes by the RBC 
count. When reticulocytes are increased, an increased number of 
polychromatophilic erythrocytes (polychromasia) can be seen on the 
Romanowsky-stained peripheral blood smear.

Reticulocytes can contain small amounts of iron dispersed 
throughout the cytoplasm, which can be identified with Perl’s Prus-
sian blue stain. Erythrocytes with identified iron are called siderocytes. 
Nucleated RBC precursors that stain with Prussian blue are called 
sideroblasts. The spleen is responsible for removal of these iron- 
containing granules, and the normal mature circulating cell is devoid 
of granular inclusions.

erythrocyte
The mature erythrocyte is a biconcave disc about 7–8 mcM in 
 diameter and 80–100 fL in volume. It stains pink to orange because 
of  its content of the intracellular acidophilic protein, hemoglobin 
(28–34 pg/cell). Mature erythrocytes lack the cellular organelles 
 (ribosomes, mitochondria) and enzymes necessary to synthesize 
new lipid and protein. Thus, extensive damage to the cell membrane 
cannot be repaired, and the spleen will cull the damaged cell from 
circulation.

Erythroblastic Islands
Erythropoiesis occurs in distinctive histologic configurations called 
erythroblastic islands (EIs) that consist of concentric circles of 
developing erythroblasts and reticulocytes clustered around a cen-
tral macrophage sometimes referred to as a “nurse cell.” The central 
macrophage sends out slender cytoplasmic processes that maintain 
direct contact with each erythroblast. An array of adhesion molecules 
has been identified on developing erythroblasts that mediate inter-
actions with other erythroblasts, macrophages, and bone marrow 
extracellular matrix, including fibronectin.6 The maturing eryth-
roblast moves along a cytoplasmic extension of the macrophage. As 
the cell becomes sufficiently mature for nuclear expulsion, cytoad-
hesion molecules forming macrophage/erythroblast and erythro-
blast/matrix attachments can become downregulated, or competing 
molecules can block attachment.6 As a result, the cell detaches from 
the EI, passes through a pore in the cytoplasm of endothelial cells 
lining the marrow sinuses, and enters the circulation.4 The central 
macrophage phagocytizes the nucleus, which is extruded from the 
orthochromatic erythroblast before the cell leaves the bone marrow. 
Any defective erythroblasts produced during the process of eryth-
ropoiesis (“ineffective erythropoiesis”) also are phagocytized by the 
macrophage.

Surrounding the EI are fibroblasts, macrophages, and endothelial 
cells, which provide the optimal microenvironment for terminal ery-
throid maturation. The EI is a fragile structure and is usually disrupted 
by the process of marrow aspiration. However, maturing erythroblasts 
with adherent macrophage cytoplasmic fragments may be seen on 
marrow aspirate smears. Intact erythroblastic islands can occasion-
ally be seen in marrow core biopsies.4

erytHrocyte MeMbrane
The red cell membrane is essential for erythrocyte development and 
function. Developing erythroblasts have membrane receptors for 
EPO and transferrin (the plasma transport protein for iron), which 
are required during erythropoiesis. The erythrocyte membrane selec-
tively sequesters vital components (e.g., organic phosphates such as 
2,3-BPG) and lets metabolic waste products (lactate, pyruvate) escape. 
The membrane helps regulate metabolism by reversibly binding and 
inactivating many glycolytic enzymes. It carefully balances exchange 
of bicarbonate and chloride ions, which aids in the transfer of carbon 
dioxide from tissues to lungs and balances cation and water concen-
trations to maintain erythrocyte ionic composition. Finally, in asso-
ciation with the “membrane skeleton,” the erythrocyte membrane 

What is the first stage of red cell maturation that has 
 visible cytoplasmic evidence of hemoglobin production 
on a Romanowsky-stained smear?

CheCkpoint 5-2

In addition to malaria screening, the ER physician also 
ordered a CBC with the following results:

Case Study (continued from page 59)

WBC 14 * 109/L differential
RBC 3.10 * 1012/L Segs 70%
Hb 9.2 g/dL (92 g/L) Bands 11%
Hct 28% (0.28 L/L) Metas 2%
MCV 93 fL Lymphs 13%
MCH 30.6 pg/dL Monos 2%
MCHC 32.5 g/dL Eos 2%
PLT 230 * 109/L NRBCs/100 WBCs 18

RBC Morphology
Anisocytosis 3+
Poikilocytosis 2+
Spherocytosis 1+
Schistocytes 1+
Polychromasia 2+

1. Predict Stephen’s reticulocyte count: low, normal, or 
increased.
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heads exposed at the cytoplasmic and plasma membrane surfaces 
and their hydrophobic fatty acid side chains directed to the interior 
of the bilayer. The major phospholipids are phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 
phosphatidyl inositol (PI), and sphingomyelin (SM) (Table 5-2). The 
phospholipids are asymmetrically distributed within the membrane 
bilayer.8 The choline phospholipids (PC, SM) are concentrated in the 
outer half of the bilayer, and the amino phospholipids (PE, PS, PI) are 
largely confined to the inner half. Although there is transmembrane 
diffusion of the phospholipids from areas of higher concentration 
to the bilayer leaflet of lower concentration, the asymmetry is main-
tained by an ATP-dependent transport system, the aminophospho-
lipid translocase (also nicknamed “flippase”).9 Considerable evidence 
exists that the mobility of phospholipids within the membrane con-
tributes to membrane fluidity. Exchange between phospholipids of 
the membrane and plasma can occur, especially with the phospho-
lipids of the outer bilayer leaflet.

Cholesterol and glycolipids are intercalated between the phos-
pholipids in the membrane bilayer.8 Cholesterol is present in approxi-
mately equal proportions on both sides of the lipid bilayer and affects 
the surface area of the cell and membrane permeability. Membrane 
cholesterol exists in equilibrium with unesterified (free) cholesterol of 
plasma lipoproteins. In the plasma, cholesterol is partially converted 
to esterified cholesterol by the action of lecithin-cholesterol acyl 
transferase (LCAT). Esterified plasma cholesterol cannot exchange 
with the red cell membrane. When LCAT is absent (congenital 
LCAT deficiency or hepatocellular disease), free plasma cholesterol 
increases, resulting in accumulation of cholesterol within erythrocyte 
membranes and RBC membrane surface area expansion. An excess 
of cell membrane due to proportional increases in cholesterol and 
phospholipids, maintaining the normal ratio, results in the formation 
of macrocodocytes (large target cells). An increase in the cholesterol-
to-phospholipid ratio, however, decreases the membrane fluidity and 
results in the formation of acanthocytes (Chapter 11). These cells 
have reduced survival as compared with normal RBCs.

The shape of the red cell can also be altered by expansions of the 
separate lipid bilayers relative to each other. Processes that expand the 
bilayer’s outer leaflet (or contract the inner) result in the formation of 
membrane spicules, producing echinocytes (see Figure 5-4 ■). Con-
versely, expansion of the inner leaflet of the bilayer leads to invagina-
tion of the membrane and the formation of stomatocytes (cup-shaped 
cells) (Figure 5-4).

Reticulocytes normally contain more membrane lipid and 
cholesterol than do mature erythrocytes. This excess lipid material 
is removed from the reticulocytes during the final stages of matura-
tion in the circulation by the splenic macrophages. Splenectomized 
patients can have cells with an abnormal accumulation of cholesterol 
and/or other lipids in the membrane, which will present as target cells, 
acanthocytes, and/or echinocytes on the blood smear. (Alterations of 
red cell shape are described in Chapters 10 and 11.)

A small portion of membrane lipids consists of glycolipids in the 
form of glycosphingolipid. Red cell glycolipids are located entirely in 
the external half of the lipid bilayer with their carbohydrate portions 
extending into the plasma. These glycolipids are responsible for some 
antigenic properties of the red cell membrane (they carry the ABH, 
Lewis, and P blood group antigens).

provides the red cell with the dual characteristics of strength and 
flexibility needed to survive in the circulation.

Membrane Composition
The erythrocyte membrane is a phospholipid bilayer-protein com-
plex composed of ∙52% protein, 40% lipid, and 8% carbohydrate7 
(Table 5-2 ★). The chemical structure and composition control the 
membrane functions (e.g., transport, durability/strength, flexibil-
ity) and determine the membrane’s antigenic properties. Any defect 
in structure or alteration in chemical composition can alter eryth-
rocyte membrane functions and lead to the cell’s premature death 
(Chapter 17).

Lipid Composition
Approximately 95% of the lipid content of the membrane consists 
of equal amounts of unesterified cholesterol and phospholipids. The 
remaining lipids are free fatty acids (FAs) and glycolipids (e.g., globo-
side). Mature erythrocytes depend on lipid exchange with the plasma 
and fatty acid acylation for phospholipid repair and renewal during 
their life span.

The overall structure of the membrane is that of a phospho-
lipid bilayer with the phospholipid molecules arranged with polar 

Lipids and  
glycolipids  
(∙45%)

Unesterified cholesterol

Phospholipids

Phosphatidylinositol /PI

Phosphatidylethanolamine/PE

Phosphatidylserine/PS

Phosphatidylcholine/PC (lecithin)

Sphingomyelin/SM

Lysophospholipids (lysophosphatidylcholine 
[LPC], lysophosphatidylethanolamine [LPE])

Glycolipids

Proteins and 
 glycoproteins  
(∙55%)

Integral proteins

Glycophorins A, B, C, D, E (carry antigens on 
exterior of membrane)

Band 3 (attaches skeletal lattice to membrane 
lipid bilayer; anion exchange channel)

Peripheral proteins (form membrane skeletal lattice 
and attach it to membrane)

Spectrin (a and b polypeptides)

Actin (band 5)

Ankyrin (band 2.1)

Band 4.2

Band 4.1

Adducin (band 2.9)

Band 4.9 (dematin)

Tropomyosin (band 7)

Tropomodulin (band 5)

★ table 5-2  Erythrocyte Membrane Composition
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extracting the proteins, and analyzing them by polyacrylamide gel 
electrophoresis in sodium dodecyl sulfate (SDS-PAGE). The proteins, 
separated according to molecular weight, were identified by number 
according to their migration during electrophoresis with the larger 
proteins (which migrated the shortest distance) beginning the num-
bering sequence.

Integral proteins include transport proteins and the gly-
cophorins. The three major glycophorins—A, B, and C (GPA, GPB, 
GPC)—are made up of three domains: the cytoplasmic, the hydro-
phobic, which spans the bilayer, and the extracellular on the exterior 
surface of the membrane.7 The extracellular domain is heavily gly-
cosylated and is responsible for most of the negative surface charge 
(zeta potential) that keeps red cells from sticking to each other and 
to the vessel wall. They also carry various red cell antigens (MN, Ss, 
U, Gerbich  antigens).8 GPC also plays a role in attaching the skeletal 
protein network located on the cytoplasmic side of the membrane to 
the lipid bilayer. The glycophorins are synthesized early in erythroid 
differentiation (GPC is found in BFU-E) and thus serve as lineage-
specific markers for erythrocytic differentiation.

Protein composition
Erythrocyte membrane proteins are of two types: integral and 
peripheral (Figure 5-5 ■). Integral proteins penetrate or traverse 
the lipid bilayer and interact with the hydrophobic lipid core of the 
membrane. In contrast, peripheral proteins do not penetrate into 
the lipid bilayer but interact with integral proteins or lipids at the 
membrane surface. In the red cell, the major peripheral proteins are 
on the cytoplasmic side of the membrane attached to membrane 
lipids or integral proteins by ionic and hydrogen bonds. Both types 
of membrane proteins are synthesized during erythroblast develop-
ment. The proteins of the red cell have been studied by lysing the cell, 

■   Figure 5-4 Model of discocyte-echinocyte and discocyte-stomatocyte transforma-
tion. RBC shape is determined by the ratio of the surface areas of the two hemileaflets of 
the lipid bilayer. Preferential accumulation of compounds in the outer leaflet of the lipid 
bilayer causes expansion and results in RBC crenation and echinocytosis; expansion of the 
inner leaflet of the bilayer results in invagination of the membrane and stomatocytosis.
Source: Based on Clinical Expression and Laboratory Detection of Red Cell Membrane Protein Mutations by  
J. Palek and P. Jarolim in SEMINARS IN HEMATOLOGY 30(4):249-283, October 1993. Published by W.B./Saunders 
Co., an imprint of Elsevier Health Science Journals.

Normal
discocyte

Expansion of the
outer leaflet Echinocytes Expansion of the

inner leaflet Stomatocytosis

Explain how a deficiency or absence of LCAT can lead 
to the expansion of the surface area of the red cell 
membrane.

CheCkpoint 5-3

M05_MCKE6011_03_SE_C05.indd   65 01/08/14   11:22 am



66 SeCtIoN II   •   the hematopoIetIC SyStem

senescence. Band 3 is also important in attaching the skeletal protein 
network to the lipid bilayer by binding to the skeletal proteins ankyrin 
and band 4.2.10 The Ii blood group antigens are carried on the carbo-
hydrate component of the red cell band 3 protein.11,12

The red cell membrane contains 7100 additional inte-
gral proteins.8 These include all of the various transporter pro-
teins (glucose transporter, urea transporter, Na+/K+@ATPase, 
Ca++@ATPase, Mg++@ATPase), some red cell antigens (Rh, Kell), vari-
ous receptors (transferrin, insulin, etc.), and decay-accelerating factor 
(DAF; Chapter 17).

Peripheral proteins are found primarily on the cytoplasmic 
face of the erythrocyte membrane and include enzymes and structural 
proteins (Table 5.2). The structural proteins are organized into a two-
dimensional lattice network directly laminating the inner side of the 
membrane lipid bilayer called the red cell membrane skeleton.13 The 
horizontal interactions of this lattice are parallel to the membrane’s 
plane and serve as a skeletal support for the membrane lipid layer. The 
vertical interactions of the lattice are perpendicular to the membrane’s 

Band 3, also known as the anion exchange protein 1 (AE1), 
is the major integral protein of the red cell with 71 million copies 
per cell. Band 3 is the transport channel for the chloride- bicarbonate 
exchange, which occurs during the transport of CO2 from the tissues 
back to the lungs (Chapter 6). Like most transport channels, band 3 
spans the membrane multiple times (12–14). Anion exchange is 
thought to occur by a “ping-pong” mechanism. An intracellular anion 
enters the transport channel and is translocated outward and released. 
The channel remains in the outward conformation until an extracel-
lular anion enters and triggers the reverse cycle.8

In addition to its role as an anion exchanger, band 3 is a major 
binding site for a variety of enzymes and cytoplasmic membrane 
components.8 The, cytoplasmic domain of band 3 binds glycolytic 
enzymes, regulating their activity; thus, band 3 serves as a regulator 
of red cell glycolysis. Band 3 also binds hemoglobin at its cytoplas-
mic domain with intact hemoglobin binding weakly but partially 
denatured hemoglobin (Heinz bodies) binding more avidly. Bind-
ing of hemoglobin to band 3 is thought to play a role in erythrocyte 

■   Figure 5-5 Model of the organization of the erythrocyte membrane showing the peripheral and integral 
proteins and lipids. Spectrin is the predominant protein of the skeletal protein lattice. Spectrin dimers join 
head to head to form spectrin tetramers. At the tail end, spectrin tetramers come together at the junctional 
complex. This complex is composed of actin oligomer and stabilized by tropomyosin, which sits in the groove 
of the actin filaments. The actin oligomer is capped on one end by tropomodulin and on the other by adducin. 
Band 4.9 (dematin) binds to actin and bundles actin filaments. Spectrin is attached to actin by band 4.1, which 
also attaches the skeletal lattice to the lipid membrane via its interaction with glycophorin C (minor attachment 
site). Ankyrin links the skeletal protein network to the inner side of the lipid bilayer via band 3. band 4.2 
interacts with ankyrin and band 3 (major attachment site).
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in the splenic vasculature (∙3 mcM). At the same time, cells must be 
able to withstand the rigors of the turbulent circulation as they travel 
throughout the body. Deformability of the red cell is due to three 
unique cellular characteristics:15,18

•	 Its biconcave shape (large surface area-to-volume ratio)
•	 The viscosity of its internal contents (the “solution” of hemoglobin)
•	 The unique viscoelastic properties of the erythrocyte membrane

Red cells have an “elastic extension” ability, primarily due to the 
elasticity of coiled spectrin tetramers and association–dissociation of 
skeletal proteins. As a result, the cells can resume a normal shape after 
being distorted by an external applied force. However, application of 
large or prolonged forces can result in reorganization of the cytoskel-
etal proteins, producing a permanent deformation (e.g., dacryocytes) 
or, if the force is excessive, fragmentation (e.g., schistocytes).18 In addi-
tion to being a major component of erythrocyte deformability, the 
membrane skeleton is the principal determinant of erythrocyte sta-
bility. The proportion of spectrin dimers versus tetramers (or higher 
oligomers) is a key factor influencing membrane stability.19 Higher 
proportions of dimers result in increased fragility, and higher propor-
tions of tetramers and oligomers result in stabilization. Also, interac-
tion of the cytoskeleton with the lipid bilayer and integral membrane 
proteins stabilizes the cell membrane. If the bilayer uncouples from the 
skeleton, portions of lipid-rich membrane will be released in the form 
of microvesicles, resulting in a decrease in the surface area-to-volume 
ratio and the formation of spherocytes (Chapter 17).20

plane and serve to attach the skeletal lattice network to the lipid layer 
of the membrane. The skeletal proteins give red cell membranes their 
viscoelastic properties and contribute to cell shape, deformability, 
and membrane stability. Defects in this cytoskeleton are associated 
with abnormal cell shape, decreased stability, and hemolytic anemia 
(Chapter 17).

Spectrin, the predominant skeletal protein, exists as a heterodi-
mer of two large chains (a and b). The two chains associate in a side-
by-side, antiparallel arrangement (N-terminal of a chain associated 
with C-terminal of b chain). The ab heterodimers form a slender, 
twisted, highly flexible molecule ∙100 nm in length. Spectrin het-
erodimers in turn self-associate head to head to form tetramers and 
some larger oligomers.8 Spectrin is described as functioning like a 
spring. The spectrin tetramers are tightly coiled in vivo with an end-
to-end distance of only ∙76 nm. (these could have an extended length 
of ∙200 nm).14 These coiled tetramers can extend reversibly when the 
membrane is stretched but cannot exceed their maximum extended 
length (200 nm) without rupturing.

Ankyrin is a large protein that serves as the high-affinity bind-
ing site for the attachment of spectrin to the inner membrane surface. 
Ankyrin binds spectrin near the region involved in dimer–tetramer 
associations. In turn, ankyrin is bound with high affinity to the cyto-
plasmic portion of band 3 (the anchor for the membrane skeleton).15 
Band 4.2 binds to ankyrin and band 3, strengthening their interaction 
and helping to bind the skeleton to the lipid bilayer at its major attach-
ment point.10,16

Red cell actin is functionally similar to actin in other cells. 
Red cell actin is organized into short, double-helical protofilaments 
of 12–14 actin monomers. These short filaments are stabilized by 
their interactions with other proteins of the red cell skeleton includ-
ing tropomodulin, adducin, tropomyosin, and band 4.9. Spectrin 
dimers bind to actin filaments near the tail end of the spectrin dimer. 
Band 4.1 interacts with spectrin and actin and with GPC in the over-
lying lipid bilayer. It serves to stabilize the otherwise weak interaction 
between spectrin and actin and is necessary for normal membrane 
stability.8 This complex of spectrin, actin, tropomodulin, tropomyosin, 
adducin, band 4.9, and band 4.1 serves as the secondary attachment 
point for the red cell skeleton, binding to GPC of the membrane.

The skeletal proteins are in a continuous disassociation–association 
equilibrium with each other (e.g., spectrin dimer-tetramer interconver-
sions) and with their attachment sites. This equilibrium occurs in response 
to various physical and chemical stimuli that affect the erythrocytes as 
they journey throughout the body. Calcium also influences the red cell 
cytoskeleton. Most intracellular calcium (80%) is found in association 
with the erythrocyte membrane. Calcium is normally maintained at a 
low intracellular concentration by the activity of an ATP-fueled Ca++ 
pump (Ca++@ATPase). Elevated Ca++ levels induce membrane protein 
cross-linking.17 This cross-linking essentially acts as a fixative, stabiliz-
ing red cell shape and reducing the cell’s deformability. For example, the 
abnormal erythrocyte shape of irreversibly sickled cells (Chapter 13) can 
be produced by calcium-induced irreversible cross-linking and alteration 
of the cytoskeletal proteins.

The erythrocyte membrane together with the membrane skel-
eton is responsible for the dual cellular characteristics of structural 
integrity and deformability. The 7 mcM erythrocyte must be flexible 
enough to squeeze through the tiny capillary openings, particularly 

Membrane Permeability
The red cell membrane is freely permeable to water (exchanged by 
a water channel protein)21 and to anions (exchanged by the anion 
transport protein, band 3). In contrast, the red cell membrane is nearly 
impermeable to monovalent and divalent cations. Glucose is taken 
up by a glucose transporter in a process that does not require ATP 
nor insulin.22

The cations Na+, K+, Ca++ and Mg++ are maintained in the eryth-
rocyte at levels much different than those in plasma (Table 5-3 ★). 
Erythrocyte osmotic equilibrium is normally maintained by both the 
selective (low) permeability of the membrane to cations and cation 

Compare placement in the membrane and function of 
peripheral and integral erythrocyte membrane proteins.

CheCkpoint 5-4

cation erythrocyte (mmol/l) Plasma (mmol/l)

Sodium (Na+) 5.4–7.0 135–145

Potassium (K+) 98–106 3.6–5.0

Calcium (Ca++) 0.0059–0.019 2.1–2.6

Magnesium (Mg++) 3.06 0.65–1.05

★  table 5-3  Concentration of Cations in the 
Erythrocyte versus Plasma
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 3. Reduced sulfhydryl groups in hemoglobin and other proteins
 4. Red cell membrane integrity and deformability

The most important metabolic pathways in the mature erythro-
cyte are linked to glucose metabolism (Table 5-4 ★).Because the red 
cell lacks a citric acid cycle (due to the lack of mitochondria), it is lim-
ited to obtaining energy (ATP) solely by anaerobic glycolysis. Glucose 
enters the red cell through a membrane-associated glucose carrier in 
a process that does not require ATP or insulin.

Glycolytic Pathway
The erythrocyte obtains its energy in the form of ATP from glucose 
breakdown in the glycolytic pathway, formerly known as the Embden-
Meyerhof pathway (Figure 5-6 ■). About 90–95% of the cell’s glucose 
consumption is metabolized by this pathway. Normal erythrocytes 
do not store glycogen and depend entirely on plasma glucose for 
 glycolysis. Glucose is metabolized by this pathway to lactate or pyru-
vate, producing a net gain of 2 moles of ATP per mole of glucose. If 
reduced nicotinamide-adenine dinucleotide (NADH) is available in 
the cell, pyruvate is reduced to lactate. The lactate or pyruvate formed 
is transported from the cell to the plasma and metabolized elsewhere 
in the body.

ATP is necessary to maintain erythrocyte shape, flexibility, and 
membrane integrity and to regulate intracellular cation concentration 
(see previous discussion in the section “Membrane  Permeability”). 
Increased osmotic fragility is noted in cells with abnormal cation per-
meability and/or decreased ATP production. Upon the exhaustion 
of glucose, ATP for the cation pumps is no longer available, and cells 
cannot maintain normal intracellular cation concentrations. The cells 
become sodium and calcium loaded and potassium depleted. The cell 
accumulates water and changes from a biconcave disc to a sphere and 
is removed from the circulation.

Hexose Monophosphate (HMP) Shunt
Not all of the glucose metabolized by the red cell go through the 
direct glycolytic pathway. Of cellular glucose, 5 to 10% enters the oxi-
dative HMP shunt, an ancillary system for producing reducing sub-
stances (Figure 5-6). Glucose-6-phosphate is oxidized by the enzyme 

pumps located in the cell membrane. To maintain low intracellular 
Na+ and Ca++ and high K+ concentrations (relative to plasma con-
centrations), the red cell utilizes two cation pumps, both of which use 
intracellular ATP as an energy source.

The Na+/K+ cation pump hydrolyzes one mole of ATP in the 
expulsion of 3Na+ and the uptake of 2K+. This normally balances 
the passive “leaks” of each cation along its respective concentration 
gradient between plasma and cytoplasm. Calcium plays a role in 
maintaining low membrane permeability to Na+ and K+. An increase 
in intracellular Ca++ allows Na+ and K+ to move in the direction 
of their concentration gradients.8 Increased intracellular Ca++ also 
activates the Gárdos channel, which causes selective loss of K+ and, 
consequently, water, resulting in dehydration. Low intracellular Ca++ 
is maintained by a Ca++@ATPase pump. The Ca++ pump depends 
on magnesium to maintain its transport function. Although Mg++ 
is necessary for active extrusion of Ca++ from the cell, Mg++ is not 
transported across the cell membrane in the process.

If erythrocyte membrane permeability to cations increases or the 
cation pumps fail (either due to decreased glucose for generation of 
ATP via glycolysis or decreased ATP), Na+ accumulates in the cells in 
excess of K+ loss. The result is an increase in intracellular monovalent 
cations and water, cell swelling, and, ultimately, osmotic hemolysis.

How would an increase in RBC membrane permeability 
affect intracellular sodium balance?

CheCkpoint 5-5

erytHrocyte MetaboliSM
Although the binding, transport, and release of O2 and CO2 are pas-
sive processes not requiring energy, various energy-dependent meta-
bolic processes that are essential to erythrocyte viability occur. Energy 
is required by the erythrocyte to maintain:

 1. The cation pumps, moving cations against electrochemical gradi-
ents

 2. Hemoglobin iron in the reduced state

Metabolic Pathway Key enzymes Function Hematopathology

Glycolytic pathway Phosphofructokinase (PFK)

Pyruvate kinase (PK)

Produces ATP accounting for 90% of glu-
cose consumption in RBC

Hemolytic anemia

Hereditary PK deficiency

Hexose-monophosphate shunt Glutathione reductase (GR)

Glucose-6-phosphate 
 dehydrogenase (G6PD)

Provides NADPH and glutathione to 
reduce oxidants that would shift 
the balance of oxyhemoglobin to 
methemoglobin

Hemolytic anemia

Hereditary G6PD deficiency

Glutathione reductase deficiency

Hemoglobinopathies

Rapoport-Luebering BPG-synthase Controls the amount of 2,3-BPG  produced, 
which in turn affects the oxygen affinity 
of hemoglobin

Hypoxia

Methemoglobin reductase Methemoglobin reductase Protects hemoglobin from oxidation via 
NADH (from glycolytic pathway) and 
methemoglobin reductase

Hemolytic anemia

Hypoxia

★ table 5-4  Role of Metabolic Pathways in the Erythrocyte
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■   Figure 5-6 Erythrocyte metabolic pathways. The glycolytic pathway is the major source of energy for 
the erythrocyte through production of ATP. The hexose-monophosphate pathway is important for reducing 
oxidants by coupling oxidative metabolism with pyridine nucleotide (NADP) and glutathione (GSSG) reduction. 
The methemoglobin reductase pathway supports methemoglobin reduction. The Rapoport-Luebering Shunt 
produces 2,3-BPG, which alters  hemoglobin-oxygen affinity.
G6P = glucose- 6-phosphate; PI = glucose-6-phosphate isomerase; F6P = fructose-6-phosphate; PFK = 6-phosphofructokinase; fructose  
1,6-biP = fructose 1,6-bisphosphate; Glyceraldehyde 3P = glyceraldehyde 3-phosphate; G3PD = glyceraldehyde 3-phosphate dehydrogenase;  
1,3 BPG = 1, 3-bisphosphoglycerate; PGK = phosphoglycerate kinase; 3PG = 3-phosphoglycerate; 2PG = 2-phosphoglycerate; PEP =  
phosphoenolpyruvate; PK = pyruvate kinase; LD = lactate dehydrogenase; GP = glutathione peroxidase; GR = glutathione reductase; GSH

= glutathione reduced; GSSG = glutathione oxidized; G6PD = glucose-6-phosphate dehydrogenase; 6-PG = 6-phosphogluconate; 6PDG =
6-phosphodehydrogenase gluconate; PP = pentose phosphate 
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glucose-6-phosphate dehydrogenase (G6PD) in the first step of the 
HMP shunt. In the process, NADP+ is reduced to nicotinaminde-
adenine dinucleotide phosphate NADPH.

Glutathione is highly concentrated in the erythrocyte and is 
important in protecting the cell from oxidant damage by reactive oxy-
gen species (ROSs) produced during oxygen transport and by other 
oxidants such as chemicals and drugs. In the process of reducing oxi-
dants, glutathione itself is oxidized. (Reduced glutathione is referred 
to as GSH, and the oxidized form is referred to as GSSG.) NADPH 
produced by the HMP shunt converts GSSG back to GSH, the form 
necessary to maintain hemoglobin in the reduced functional state. The 
erythrocyte normally maintains a large ratio of NADPH to NADP+. 
When the HMP shunt is defective, hemoglobin sulfhydryl groups 
(-SH) are oxidized, which leads to denaturation and precipitation of 
hemoglobin in the form of a Heinz body. Heinz bodies attach to the 
inner surface of the cell membrane, decreasing cell flexibility. Macro-
phages in the spleen remove them from the cell together with a por-
tion of the membrane. These bodies can be visualized with supravital 
stains (Chapter 37). If large portions of the membrane are damaged in 
this manner, the whole cell can be removed. This commonly occurs in 
patients with G6PD deficiency (Chapter 18).

GSH also is responsible for maintaining reduced -SH groups of 
cytoskeletal proteins and membrane lipids. Decreased GSH leads to 
oxidative injury of membrane protein -SH groups, compromising pro-
tein function and resulting in “leaky” cell membranes. Cellular deple-
tion of ATP can then occur due to increased consumption of energy 
by the cation pumps.

Ascorbic acid, or vitamin C, is also an important antioxidant in 
the erythrocyte as it consumes oxygen free radicals and helps preserve 
alpha-tocopherol (vitamin E, another important antioxidant) in mem-
brane lipoproteins.23

Methemoglobin Reductase Pathway
The methemoglobin reductase pathway, an offshoot of the glycolytic 
pathway, is essential to maintain heme iron in the reduced (ferrous) 
state, Fe++ (Figure 5-6). Methemoglobin (hemoglobin with iron in the 
oxidized ferric state, Fe+++) is generated simultaneously with the oxi-
dative compounds discussed earlier as O2 dissociates from the heme 
iron. Methemoglobin cannot bind oxygen. The enzyme methemoglo-
bin reductase (also known as NADH diaphorase, or cytochrome b5) with 
NADH produced by the glycolytic pathway functions to reduce the 
ferric iron in methemoglobin, converting it back to ferrous hemoglo-
bin. In the absence of this system, the 2% of methemoglobin formed 
daily eventually builds up to 20–40%, severely limiting the blood’s 
oxygen-carrying capacity. Certain oxidant drugs can interfere with 
methemoglobin reductase and cause even higher levels of methemo-
globin. This results in cyanosis (a bluish discoloration of the skin 
due to an increased concentration of deoxyhemoglobin in the blood).

Uncontrolled oxidation of hemoglobin results in what 
RBC intracellular inclusion?

CheCkpoint 5-6

Stephen was admitted for identification and treatment 
of the anemia. More lab tests were ordered with the 
following results:

caSe Study (continued from page 63)

Patient reference interval
Total bilirubin 4.8 mg/dL 0.1–1.2
Direct bilirubin 1.6 mg/dL 0.1–1.0
Haptoglobin 25 mg/dL 35–165
Hemoglobin 

electrophoresis
HbA 98% 795%
Hb-F 1% 62%
Hb-A2 1% 1.5–3.7%

Heinz body stain Positive Negative
Fluorescent spot test for 

G6PD deficiency
Positive Negative

2. What cellular mechanism results in hemolysis due to a 
deficiency in G6PD?

3. Explain how Heinz body inclusions cause damage to 
the erythrocyte membrane.

Which erythrocyte metabolic pathway is responsible for 
providing the majority of cellular energy? For regulating 
oxygen affinity? For maintaining hemoglobin iron in the 
reduced state?

CheCkpoint 5-7

Rapoport-Luebering Shunt
The Rapoport-Luebering shunt is a part of the glycolytic pathway 
(Figure 5-6), which bypasses the formation of 3-phosphoglycerate 
and ATP from 1,3-bisphosphoglycerate (1,3-BPG). Instead, 1,3-BPG 
forms 2,3-BPG (also known as 2,3-diphosphoglycerate, 2,3-DPG) 
catalyzed by BPG mutase. Therefore, the erythrocyte sacrifices one 
of its two ATP-producing steps in order to form 2,3-BPG. When 
hemoglobin binds 2,3-BPG, oxygen release is facilitated (i.e., binding 
2,3-BPG causes a decrease in hemoglobin affinity for oxygen). Thus, 
2,3-BPG plays an important role in regulating oxygen delivery to the 
tissues (Chapter 6).

erytHrocyte KineticS
In the late 1800s, it was observed that individuals living at high alti-
tudes had an increase in erythrocytes, which was attributed to an 
acquired adjustment to the reduced atmospheric pressure of oxy-
gen.24 Over the following decades, it was discovered that the stimula-
tion of erythropoiesis in the bone marrow in response to decreased 
oxygen levels was the result of a hormone, erythropoietin (EPO), that 
is released into the peripheral blood by renal tissue in response to 
hypoxia. Hormonal control of red blood cell mass is closely regulated 
and is normally maintained in a steady state within narrow limits.
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Erythrocyte Concentration
The normal erythrocyte concentration varies with sex, age, and geo-
graphic location. A high erythrocyte count 3.9–5.9 * 1012 L) and 
hemoglobin concentration (13.5–20 g/dL) at birth are followed by a 
gradual decrease that continues until about the second or third month 
of extrauterine life. At this time, red blood cell and hemoglobin values 
fall to 3.1–4.3 * 1012/L and 9.0–13 g/dL, respectively.25 This eryth-
rocyte decrease in infancy is sometimes called physiologic anemia 
of the newborn, the result of a temporary cessation of bone marrow 
erythropoiesis after birth due to a low concentration of EPO. EPO 
levels are high in the fetus due to the relatively hypoxic environment 
in utero and the high oxygen affinity of hemoglobin F (fetal hemoglo-
bin). After birth, however, when the lungs replace the placenta as the 
means of providing oxygen, the arterial blood oxygen saturation rises 
from ∙45% to ∙95%. EPO cannot be detected in the infant’s plasma 
from about the first week of extrauterine life until the second or third 
month. Reticulocytes reflect the bone marrow activity during this 
time. At birth and for the next few days, the mean reticulocyte count 
is high (1.8–8.0%). Within a week, the count drops and remains low 
(61%) until about the second month of life, at which time EPO levels 
rise again (when the hemoglobin levels fall to ∙12 g/dL). This cor-
responds to the recovery from “physiologic anemia of the newborn.”

Males have a higher erythrocyte concentration than females after 
puberty due to the presence of testosterone. Before puberty and after 
“male menopause,” males and females have comparable erythrocyte 
levels.26,27 Testosterone stimulates renal and extrarenal EPO produc-
tion and directly enhances differentiation of marrow stem and pro-
genitor cells.28

Individuals living at high altitudes have a higher mean eryth-
rocyte concentration than those living at sea level. Decreases in the 
partial pressure of atmospheric oxygen at high altitudes result in a 
physiologic increase in erythrocytes in the body’s attempt to provide 
adequate tissue oxygenation.

Why are there different reference intervals for hemoglobin 
concentration in male and female adults but not in male 
and female children?

CheCkpoint 5-8

Regulation of Erythrocyte Production
The body can regulate the number of circulating erythrocytes by 
changing the rate of cell production in the marrow and/or the rate 
of cell release from the marrow. Delivery of erythrocytes to the cir-
culation is normally well balanced to match the rate of erythrocyte 
destruction, which does not vary significantly under steady-state con-
ditions. Impaired oxygen delivery to the tissues and low intracellular 
oxygen tension (PO2) trigger increased EPO release and increased 
erythrocyte production by the marrow. Conditions that stimulate 
erythropoiesis include anemia, cardiac or pulmonary disorders, 
abnormal hemoglobins, and high altitude. Erythropoiesis is influ-
enced by a number of cytokines including SCF, IL-3, GM-CSF, and 
EPO (Chapter 4). However, EPO is the principal cytokine essential for 
terminal erythrocyte maturation.

EPO is a thermostable renal glycoprotein hormone with a molec-
ular weight of about 34,000 daltons. Renal cortical interstitial cells 
secrete EPO in response to cellular hypoxia.29 This feedback control 
of erythropoiesis is the mechanism by which the body maintains opti-
mal erythrocyte mass for tissue oxygenation. Plasma levels of EPO are 
constant when the hemoglobin concentration is within the normal 
range but increase steeply when the hemoglobin decreases below 12 
g/dL.30 EPO is also produced by extrarenal sources, including marrow 
macrophages and stromal cells, which likely contribute to steady-state 
erythropoiesis.2 However, under conditions of tissue hypoxia, oxygen 
sensors in the kidneys trigger the release of renal EPO, resulting in an 
increased stimulus for erythropoiesis.

EPO has been defined in biologic terms to have an activity of 
∙130,000 IU/mg of protein.31 Normal plasma contains from 3 to 16 
IU of EPO per L of plasma. EPO can also be found in the urine at con-
centrations proportional to that found in the plasma32 (Table 5-5 ★). In 
anemia, EPO plasma levels are related to both hemoglobin concentra-
tion and the pathophysiology of the anemia. For example, patients with 
pure erythrocyte aplasia (Chapter 16) have plasma EPO levels signifi-
cantly higher than patients with iron deficiency anemia or megaloblas-
tic anemia even though hemoglobin concentration in all three types of 
anemia can be similar. Plasma EPO levels reflect not only EPO produc-
tion but also its disappearance from the blood and/or utilization by the 
bone marrow (i.e., uptake by EPO-receptor-bearing cells in the marrow).

Patients with renal disease and nephrectomized patients are usu-
ally severely anemic, but they continue to make some erythrocytes and 
produce limited amounts of EPO in response to hypoxia. In addition 
to the production of EPO by marrow macrophages and stromal cells, 
hepatocytes act as an extrarenal source of EPO, but normally account 
for 615% of the total EPO production in humans.33 The adult liver 
appears to require a more severe hypoxic stimulus for EPO production 
than the kidney. The liver is the major site of EPO production during 
fetal development, but at birth, a gradual shift from hepatic to renal 
production of EPO occurs.34

Increased EPO secretion is due to de novo synthesis of EPO 
rather than release of preformed stores. The hypoxia-induced increase 

general characteristics

Composition Glycoprotein

Stimulus for synthesis Cellular hypoxia

Origin Kidneys 80–90%

Liver 615%

Reference interval Plasma 5–30 U/L

Functions
Stimulates BFU-E and CFU-E to divide and mature

Increases rate of mRNA and protein (hemoglobin) synthesis

Decreases normoblast maturation time

Increases rate of enucleation (extrusion of nucleus)

Stimulates early release of bone marrow reticulocytes (shift 
reticulocytes)

response to anemia
Generally increased except in anemia of renal disease

★ table 5-5 Characteristics of Erythropoietin
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A number of tumors have been reported to cause an increase 
in erythropoietin production. Stimulation of the hypothalamus can 
cause an increase in release of EPO from the kidneys, explaining the 
association of polycythemia and cerebellar tumors. The serum EPO 
level increases dramatically in patients undergoing chemotherapy for 
leukemia as well as other cancers in response to marrow suppression 
by chemotherapeutic agents.39

The production of synthetic hematopoietic growth factors using 
recombinant DNA technology has revolutionized the management 
of patients with some anemias. Several recombinant forms of human 
EPO (rHuEPO) are available and are commonly used for treatment of 
the anemia associated with end-stage renal disease and chemotherapy 
as well as HIV-related anemia.31,40

of EPO is due to both increased gene transcription mediated by the 
transcription factor hypoxia-inducible factor-1 (HIF-1), and stabiliza-
tion of EPO messenger RNA.35,36 Under hypoxic conditions, HIF-1 
binds to DNA regulatory sequences (hypoxia-responsive element 
[HRE]) in the EPO gene, activating transcription. Under conditions 
of normal oxygen concentration, HIF-1 is degraded by a hydroxylase 
enzyme that requires oxygen for activity, resulting in a decreased pro-
duction of EPO mRNA.33

EPO exerts its action by binding to specific receptors (EPO-R) on 
erythropoietin-responsive cells. EPO’s major action is stimulation of 
committed progenitor cells, primarily the CFU-E, to survive, prolifer-
ate, and differentiate (see the section “Erythropoiesis and Red Blood 
Cell Maturation” earlier in this chapter). A small subset of BFU-E has 
EPO-R but in low number, and BFU-Es are largely unresponsive to 
the effects of EPO. Thus, under conditions of EPO stimulation, the 
primary elements of the erythroid precursor cells that respond are 
the CFU-Es and early normoblasts. However, acute demands for 
erythropoiesis with extremely high EPO levels can stimulate the 
BFU-E. When this occurs, the characteristics of the resulting eryth-
rocytes include an increase in mean corpuscular volume (MCV) and 
an increase in i antigen and HbF concentration.2 EPO-Rs on the cell 
membrane increase as the BFU-E matures to the CFU-E and gradually 
decrease as the normoblasts mature. The EPO-R is absent on reticulo-
cytes. Other effects of EPO are described in Table 5-5.37

A major way by which EPO increases RBC production is by 
preventing apoptosis. Erythropoiesis is maintained by a finely tuned 
balance between the positive signals generated by EPO and nega-
tive signals from death receptor ligands and inhibitory cytokines 
 (Chapters  2, 4). Erythroid progenitors differ in their sensitivity to 
EPO; some progenitors require much less EPO than others to survive 
and mature to reticulocytes.38 Progenitors with increased sensitivity 
to EPO are thought to provide RBC production when EPO levels are 
normal or decreased. Progenitors that require high concentrations of 
EPO die of apoptosis under these conditions. Progenitors requiring 
high concentrations of EPO, however, will be rescued from apoptosis 
when EPO concentrations are elevated as occurs in anemia, thus pro-
viding increased erythrocytes under these conditions.

The EPO-R exists in the membrane as a homodimer and lacks 
intrinsic kinase activity. However, the cytoplasmic tail of the receptor 
recruits and binds cytoplasmic kinases, Janus kinases 2 (JAK-2), which 
are activated when EPO binds to the EPO-R (see Figure 4-7). At least 
four different signaling pathways are activated by this EPO/EPO-R/
JAK-2 interaction. Abnormal interactions and/or function of these 
components have been linked to familial forms of erythrocytosis and 
certain myeloproliferative disorders (Chapter 24).

The normal bone marrow can increase erythropoiesis 5- to 
10-fold in response to increased EPO stimulation if sufficient iron 
is available. Erythropoiesis is affected (and limited) by serum iron 
levels and by transferrin saturation39 (Chapter 6). In hemolytic ane-
mia, a readily available supply of iron is recycled from erythrocytes 
destroyed in vivo that results in a sustained an ∙6@fold increase in 
erythropoiesis. The rate of erythropoiesis in blood loss anemia during 
which iron is lost from the body, however, depends more on preexist-
ing iron stores. In this case, the rate of erythropoiesis usually does not 
exceed 2.5 times normal unless large parenteral or oral doses of iron 
are administered.

4. Would you predict Stephen’s serum erythropoietin 
levels to be low, normal, or increased? Why?

caSe Study  (continued from page 70)

What would the predicted serum EPO levels be in a 
patient with an anemia due to end-stage kidney disease?

CheCkpoint 5-9

erytHrocyte deStruction
Red blood cell destruction is normally the result of senescence.  Several 
theories have been proposed to explain the underlying pathology of 
senescent red cells. Erythrocyte aging is characterized by a decline in 
certain cellular enzyme systems, including glycolytic enzymes and 
enzymes needed for maintenance of redox status. This in turn leads 
to decreased ATP production and loss of adequate reducing systems, 
resulting in oxidation of critical membrane proteins, lipids, and hemo-
globin, loss of the ability to maintain cell shape and deformability, 
and loss of membrane integrity, all of which contribute to the cell’s 
removal.41,42,43 Oxidative damage also causes clustering of band 
3 molecules, which can be a senescence-identifying feature. The glu-
cose supply in the spleen is low, limiting the energy-producing process 
of glycolysis within the erythrocyte. Aged erythrocytes can quickly 
deplete their cellular level of ATP, resulting in limited ability to main-
tain osmotic equilibrium via the energy-dependent cation pumps. 
Additionally, aged erythrocytes accumulate IgG (an immunoglobulin) 
on their membrane. Splenic macrophages have receptors for this IgG, 
which can enhance recognition of aged cells. The exposure of phospha-
tidylserine (PS) on the outer leaflet of the erythrocyte membrane (nor-
mally concentrated on the inner leaflet of the membrane) is another 
signal that allows macrophages to recognize senescent erythrocytes.44 
This is the only major difference between senescent and nonsenescent 
erythrocytes that has been clearly documented.45 Any combination of 
these events could contribute to the trapping of erythrocytes in the 
vasculature of the spleen and their removal by splenic macrophages.
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Severe trauma to the RBC that damages the cell’s structural integrity 
and leads to a breach in the cell membrane results in intravascular cell 
lysis and release of hemoglobin directly into the blood (intravascular 
destruction). Only about 10% of erythrocyte destruction occurs in this 
manner. Released hemoglobin is bound by plasma proteins, and hap-
toglobin and hemopexin are transported to the liver where the hemo-
globin is catabolized similar to the process in extravascular hemolysis.

The chromatin condensation and mitochondrial destruction 
that occurs during erythrocyte production parallel changes seen in 
apoptotic cells, as does the PS externalization seen in erythrocyte 
senescence. The parallels with apoptosis have led some researchers 
to speculate that erythrocyte maturation and senescence represent 
“apoptosis in slow motion.”46

Erythrocyte removal by the spleen, bone marrow, and liver is 
referred to as extravascular destruction. This pathway accounts for 
about 90% of aged erythrocyte destruction. It is the most efficient 
method of cell removal, conserving and recycling essential erythrocyte 
components such as amino acids and iron. (Hemoglobin catabolism is 
covered in detail in Chapter 6.) Most extravascular destruction of eryth-
rocytes takes place in the macrophages of the spleen. The spleen’s archi-
tecture with its torturous circulation, sluggish blood flow, and relative 
hypoxic and hypoglycemic environment makes it well suited for culling 
aged erythrocytes and trapping those cells that have minimal defects 
(Chapter 3). In contrast to the macrophages in the spleen, the liver mac-
rophages lack the ability to detect cells with minimal defects. However, 
because the liver receives 35% of the cardiac output (the spleen receives 
5%) it can be more efficient in removing cells it recognizes as abnormal.

Explain how oxidation of RBC cellular components can 
lead to extravascular hemolysis.

CheCkpoint 5-10

5. Stephen’s haptoglobin level is 25 mg/dL. Explain why 
he has a low haptoglobin value.

caSe Study  (continued from page 72)

Summary
Erythrocytes are derived from the unipotent committed progen-
itor cells BFU-E and CFU-E. Morphologic developmental stages 
of the erythroid cell include (in order of increasing maturity) the 
pronormoblast, basophilic normoblast, polychromatophilic nor-
moblast, orthochromatic normoblast, reticulocyte, and eryth-
rocyte. Erythropoietin, a hormone produced in renal tissues, 
stimulates erythropoiesis and is responsible for maintaining a 
steady-state erythrocyte mass. Erythropoietin stimulates survival 
and differentiation of erythroid progenitor cells, increases the 
rate of erythropoiesis, and induces early release of reticulocytes 
from the marrow.

The erythrocyte concentration varies with sex, age, and 
geographic location. Higher concentrations are found in males 
(after puberty) and newborns and at high altitudes. Decreases 
below the reference interval result in a condition called anemia.

The erythrocyte membrane is a lipid-protein bilayer com-
plex that is important for maintaining cellular deformability 
and selective permeability. As the cell ages, the membrane is 
reduced in surface area relative to cell volume, and the cell 

becomes more rigid and is culled in the spleen. The normal 
erythrocyte life span is 100–120 days.

The erythrocyte derives its energy and reducing power 
from glycolysis and ancillary pathways. The glycolytic pathway 
provides ATP to help the cell maintain erythrocyte shape, flex-
ibility, and membrane integrity through regulation of intracel-
lular cation permeability. The HMP shunt provides reducing 
power to protect the cell from permanent oxidative injury. The 
methemoglobin reductase pathway helps reduce heme from 
the ferric (Fe+++) back to the ferrous (Fe++) state. The Rapoport-
Luebering shunt facilitates oxygen delivery to the tissue by pro-
ducing 2,3-BPG.

Destruction of aged erythrocytes occurs primarily in the 
macrophages of the spleen and liver through processes known 
as extravascular and intravascular destruction. Extravascular 
destruction of the erythrocyte is the major physiological path-
way for aged or abnormal erythrocyte removal (splenic and 
hepatic macrophages).

 2. This renal hormone stimulates erythropoiesis in the bone 
marrow: (Objective 4)

 A. IL-1

 B. erythropoietin

 C. granulopoietin

 D. thrombopoietin

Level i

 1. The earliest recognizable erythroid precursor on a Wright-
stained smear of the bone marrow is: (Objective 1)

 A. pronormoblast

 B. basophilic normoblast

 C. CFU-E

 D. BFU-E

Review Questions
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 3. An increase in 2,3-BPG occurs at high altitude in an effort 
to: (Objective 9)

 A. increase oxygen affinity of hemoglobin

 B. decrease oxygen affinity of hemoglobin

 C. decrease the concentration of methemoglobin

 D. protect the cell from oxidant damage

 4. The erythrocyte life span is most directly determined by: 
(Objective 5)

 A. spleen size

 B. serum haptoglobin level

 C. membrane deformability

 D. cell size and shape

 5. Which of the following depicts the normal sequence of 
erythroid maturation? (Objective 1)

 A. pronormoblast S  basophilic normoblast S  poly-
chromatic normoblast S  orthochromic normoblast 
S  reticulocyte

 B. pronormoblast S  polychromatic normoblast S  
orthochromic normoblast S  basophilic normoblast 
S  reticulocyte

 C. basophilic normoblast S  polychromatic normoblast 
S  reticulocyte S  orthochromic normoblast S  
pronormoblast

 D. orthochromic normoblast S  basophilic normoblast 
S  reticulocyte S  polychromatic normoblast S  
pronormoblast

 6. The primary effector (cause) of increased erythrocyte pro-
duction, or erythropoiesis, is: (Objective 4)

 A. supply of iron

 B. rate of bilirubin production

 C. tissue hypoxia

 D. rate of EPO secretion

 7. An increase in the reticulocyte count should be accompa-
nied by: (Objective 2)

 A. a shift to the left in the Hb@O2 dissociation curve

 B. abnormal maturation of normoblasts in the bone 
marrow

 C. an increase in total and direct serum bilirubin

 D. polychromasia on the Wright's-stained blood smear

 8. What property of the normal erythrocyte membrane allows 
the 7@mcM cell to squeeze through 3@mcM fenestrations in 
the spleen? (Objective 5)

 A. fluidity

 B. elasticity

 C. permeability

 D. deformability

 9. An increase of erythrocyte membrane rigidity would be 
predicted to have what effect? (Objective 5)

 A. increase in erythropoietin production

 B. increase in cell volume

 C. decrease in cell life span

 D. decrease in reticulocytosis

 10. Extravascular erythrocyte destruction occurs in: (Objective 7)

 A. the bloodstream

 B. macrophages in the spleen

 C. the lymph nodes

 D. bone marrow sinuses

Level ii

 1. Results of a CBC revealed a MCHC of 40 g/dL. What char-
acteristic of the RBC will this affect? (Objective 2)

 A. oxygen affinity

 B. cell metabolism

 C. membrane permeability

 D. cell deformability

 2. If the erythrocyte cation pump fails because of inadequate 
generation of ATP, the result is: (Objective 3)

 A. decreased osmotic fragility due to formation of target 
cell

 B. formation of echinocytes due to influx of potassium

 C. cell crenation due to efflux of water and sodium

 D. cell swelling due to influx of water and cations

 3. As a person ascends to high altitudes, the increased activ-
ity of the Rapoport-Luebering pathway: (Objective 4)

 A. causes precipitation of hemoglobin as Heinz bodies

 B. has no effect on oxygen delivery to tissues

 C. causes increased release of oxygen to tissues

 D. causes decreased release of oxygen to tissues

 4. A newborn has a hemoglobin level of 16.0 g/dL at birth. 
Two months later, a CBC indicates a hemoglobin concen-
tration of 11.0 g/dL. The difference in hemoglobin concen-
tration is most likely due to: (Objective 1)

 A. chronic blood loss

 B. inherited anemia

 C. increased intravascular hemolysis

 D. physiologic anemia of the newborn
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 5. A 50-year-old patient had a splenectomy after a car acci-
dent that damaged her spleen. She had a CBC performed 
at her 6-week postsurgical checkup. Many target cells were 
identified on the blood smear. This finding is most likely: 
(Objective 2)

 A. an indication of liver disease

 B. a loss of RBC membrane peripheral proteins

 C. an abnormal protein to phospholipid ratio of the RBC 
membrane

 D. an accumulation of cholesterol and phospholipid in 
the RBC membrane

 6. Which of the following is necessary to maintain reduced 
levels of methemoglobin in the erythrocyte? (Objective 4)

 A. vitamin B6

 B. NADH

 C. 2,3-BPG

 D. lactate

 7. A patient lost about 1500 mL of blood during surgery but 
was not given blood transfusions. His hemoglobin before 
surgery was in the reference range. The most likely finding 
3 days later would be: (Objective 1, 6)

 A. increase in total bilirubin

 B. increase in indirect bilirubin

 C. increase in erythropoietin

 D. increased haptoglobin

 8. A patient with kidney disease has a hemoglobin of 8 g/dL. 
This is most likely associated with: (Objective 6)

 A. decreased EPO production

 B. increased intravascular hemolysis

 C. abnormal RBC membrane permeability

 D. RBC fragility due to accumulation of intracellular 
calcium

 9. A laboratory professional finds evidence of Heinz bodies 
in the erythrocytes of a 30-year-old male. This is evidence 
of: (Objective 4)

 A. increased oxidant concentration in the cell

 B. decreased hemoglobin-oxygen affinity

 C. decreased production of ATP

 D. decreased stability of the cell membrane

 10. A 65-year-old female presents with an anemia of 3 weeks’ 
duration. In addition to a decrease in her hemoglobin 
and hematocrit, she has a reticulocyte count of 6% and 
3+  polychromasia on her blood smear. Based on these 
preliminary findings, what serum erythropoietin result is 
expected? (Objective 6)

 A. decreased

 B. normal

 C. increased

 D. no correlation

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

The views expressed in this chapter are those of the author and do not necessarily reflect the official policy or position of the Depart-
ment of the Army, the Department of Defense, or the U.S. government.

Disclaimer
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Diagram the quaternary structure of a hemoglobin molecule, 

 identifying the heme ring, globin chains, and iron.
 2. Assemble fetal and adult hemoglobin molecules with appropriate 

 globin chains.
 3. Explain how pH, temperature, 2,3-BPG, and PO2 affect the oxygen 

 dissociation curve (ODC).
 4. List the types of hemoglobin normally found in adults and newborns 

and give their approximate concentration.
 5. Summarize hemoglobin’s function in gaseous transport.
 6. Define hemoglobin reference intervals
 7. Explain how the fine balance of hemoglobin concentration is 

maintained.
 8. Compare HbA with HbA1c and explain what an increased 

 concentration of HbA1c means.
 9. Diagram and describe the mechanism of extravascular erythrocyte 

destruction and hemoglobin catabolism and name laboratory tests that 
can be used to evaluate it.

 10. Diagram and describe the mechanism of intravascular erythrocyte 
destruction and hemoglobin catabolism and name laboratory tests that 
can be used to evaluate it.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Construct a diagram to show the synthesis of a hemoglobin molecule.
 2. Describe the ontogeny of hemoglobin types; contrast differences in 

oxygen affinity of HbF and HbA and relate them to the structure of the 
molecule.

 3. Explain the molecular control of heme synthesis.
 4. Given information on pH, 2,3-BPG, CO2, temperature, and HbF 

 concentration; interpret the ODC, and translate it into the physiologic 
effect on oxygen delivery.
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 8. Compare and contrast the exchange of O2, CO2, H
+, and 

Cl- at the level of capillaries and the lungs.
 9. Explain the role of hemoglobin in the NO-control of 

blood flow and vessel homeostasis.
 10. Compare and contrast erythrocyte extravascular destruc-

tion with intravascular destruction and identify which pro-
cess is dominant given laboratory results.

 11. Identify the breakdown products of hemoglobin and 
determine how the body conserves and recycles essential 
components.

 5. Contrast the structures and functions of relaxed and 
tense hemoglobin and propose how these structures 
affect gaseous transport.

 6. Describe how abnormal hemoglobins are acquired, and 
select a method by which they can be detected in the 
laboratory.

 7. Assess the oxygen affinity of abnormal, acquired hemo-
globins and reason how this affects oxygen transport.

Key Terms
Artificial oxygen carrier (AOC)
Bilirubin
Bohr effect
Carboxyhemoglobin
Chloride shift
Cyanosis
Deoxyhemoglobin
Ferritin
Glycosylated hemoglobin
Haptoglobin
Heme

Hemopexin
Hemosiderin
Hemosiderinuria
Hypoxia
Oxygen affinity
Oxyhemoglobin
methemoglobin
Relaxed (R) structure
Sulfhemoglobin
Tense (T) structure

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• List and describe the stages of erythrocyte maturation 

(Chapter 5).
• Summarize the role of erythropoietin in erythropoiesis 

(Chapter 5).
• Describe the site of erythropoiesis (Chapter 4).

level ii
• Describe the metabolic pathways present in the mature eryth-

rocyte, and explain their role in maintaining viability of the 
erythrocyte (Chapter 5).

• Summarize the development of hematopoiesis from the embry-
onic stage to the adult (Chapter 4).

We will address this case study throughout the chapter.

Jerry, a 44-year-old male, arrived in the emergency room 
by ambulance after a bicycle accident. Examination 
revealed multiple fractures of the femur. He was oth-
erwise healthy. The next day, he was taken to surgery 
to repair the fractures. After surgery, his hemoglobin 
was 7 g/dL. He refused blood transfusions and was dis-
charged 6 days later. Jerry called his doctor within days 
of being discharged and told him that he had difficulty 
walking around the house on crutches because of short-
ness of breath and lack of stamina.

Consider why Jerry’s hemoglobin decreased after 
surgery and how this could be related to his current 
symptoms.

caSe StuDy

Objectives—Level II (continued)

Overview
This chapter describes the synthesis and structure of hemoglobin and 
factors that regulate its production. It compares the different types of 
hemoglobin produced according to developmental stage, considers 
the function of hemoglobin in gaseous exchange, and analyzes factors 

that affect this function. The chapter also discusses structure, forma-
tion, and laboratory detection of abnormal hemoglobins.

intrODuctiOn
Hemoglobin is a highly specialized intracellular erythrocyte protein 
responsible for transporting oxygen from the lungs to tissue for oxi-
dative metabolism and facilitating carbon dioxide transport from the 
tissue to the lungs. Each gram of hemoglobin can carry 1.34 mL of 
oxygen. It is also a transporter of nitric oxide, which modulates vas-
cular tone.

Hemoglobin occupies approximately 33% of the volume of the 
erythrocyte and accounts for 90% of the cell’s dry weight. Each cell 
contains between 28 and 34 pg of hemoglobin, a concentration close 
to the solubility limit of hemoglobin. This concentration is measured 
by cell analyzers and reported as mean corpuscular hemoglobin 
(MCH). In anemic states, the erythrocyte can contain less hemoglobin 
(decreased MCH) and/or the individual can have fewer erythrocytes 
present, both of which result in a decrease of the blood’s oxygen-car-
rying capacity.

The erythrocyte’s membrane and its metabolic pathways are 
responsible for protecting and maintaining the hemoglobin molecule 
in its functional state. Abnormalities in the membrane that alter its 
permeability or alterations of the cell’s enzyme systems can lead to 
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changes in the structure and/or function of the hemoglobin molecule 
and affect the capacity of this protein to deliver oxygen.

Although a small amount of hemoglobin is synthesized as early 
as the pronormoblast stage, most hemoglobin synthesized in the 
developing normoblasts occurs at the polychromatophilic normo-
blast stage. In total, 75–80% of the cell’s hemoglobin is made before 
the extrusion of the nucleus. Because the reticulocyte does not have 
a nucleus, it cannot make new RNA for protein synthesis. However, 
residual RNA and mitochondria in the reticulocyte enable the cell 
to make the remaining 20–25% of the cell’s hemoglobin. The mature 
erythrocyte contains no nucleus, ribosomes, or mitochondria and is 
unable to synthesize new protein.

Hemoglobin concentration in the body is the result of a fine bal-
ance between production and destruction of erythrocytes. The nor-
mal hemoglobin concentration in an adult male is about 15 g/dL with 
a total blood volume of about 5 L (50 dL). Therefore, the total body 
mass of hemoglobin is approximately 750 g:

15 g/dL * 50 dL = 750 g

Because the normal erythrocyte life span is ∼120 days, 1�120 of 
the total amount of hemoglobin is lost each day through removal of 
senescent erythrocytes. Thus, an equivalent amount must be synthe-
sized each day to maintain a steady-state concentration. This amounts 
to approximately 6 g of new hemoglobin per day:

750 g

120 days
= 6.25 g/day 

(amount of hemoglobin lost
and synthesized each day)

If we divide the total amount of hemoglobin synthesized each day 
(6.25 g) by the mean amount of hemoglobin in a red cell (MCH, ∼30 
pg), we can determine the daily production of new red blood cells:

6.25 g/day

30 pg/cell
*

1012 pg

g
= 2 * 1011 cells/day

heMOglOBin Structure
Hemoglobin is a large tetrameric molecule, molecular weight 66,700 
daltons, composed of four globular protein subunits (Figure 6-1 ■). 
Each of the four subunits contains a heme group and a globin chain. 
Heme, the prosthetic group of hemoglobin, is a tetrapyrrole ring with 
ferrous iron located in the center of the ring. Hemoglobin structure 
is described in Table 6-1 ★ (Figure 6-2 ■). Each heme subunit can 
carry one molecule of oxygen bound to the central ferrous iron; thus, 
each hemoglobin molecule can carry four molecules of oxygen.

The composition of the globin chains is responsible for the dif-
ferent functional and physical properties of hemoglobin. Two types 
of globin chains are produced: alpha-like (alpha [a], zeta [z]), and 
non-alpha (epsilon [e], beta [b], delta [d], gamma [g]). The tetra-
meric hemoglobin molecule consists of two pairs of unlike chains: 
two identical a@like and two identical non@a@chains. A pair of a@like 
chains (a or z) combines with a pair of non@a@chains (P, b, d, or g) 
to form the various types of hemoglobin (Table 6-2 ★). The arrange-
ment of each globin chain is similar. Each a@ and z@chain has 141 
amino acids, and each P@, b@, d@, and γ@chain has 146 amino acids. 
The b@ chain is composed of eight a@helical segments separated by 
seven short, nonhelical segments, and the a@chain has seven a@helical 
segments. The helical segments are lettered A–H, starting at the amino 

■  Figure 6-1 Hemoglobin is a molecule composed of 
four polypeptide subunits. Each subunit has a globin chain 
with a heme nestled in a hydrophobic crevice that pro-
tects the iron from being oxidized. There are four different 
types of globin chains:a, b, d, g. Two a@chains and two 
non@a-chains occur in identical pairs to form a tetramer. 
The types of globin chains present determine the type of 
hemoglobin. Depicted here is hemoglobin A, consisting 
of two a- and two b-chains. The contacts between the 
a, b@chains in a dimer (i.e., a1b1) are extensive and allow  
little movement. The contacts between the dimer pairs 
(i.e., a1b2, a2b1), however, are smaller and allow conforma-
tional change of the molecule as it goes from oxyhemo-
globin to deoxyhemoglobin.

b1
b2

a1

a2

Globin
Chain

Heme

Structure conformational Description

Primary Sequence of individual amino acids held 
together by peptide bonds in the globin 
chains; is critical to stability and function of 
molecule; determines the overall structure

Secondary Arrangement of the amino acids resulting from 
hydrogen bonding between the peptide bonds 
of the amino acids next to or near each other 
(75% of the chain is in the form of an a@helix; 
each chain consists of 7 or 8 a@helix segments, 
labeled A S H, separated by nonhelical 
[pleated] segments that do not participate in 
forming the a@helix but allow the polypeptide 
to fold on itself )

Tertiary Folding superimposed on the helical and 
pleated domains; forms the heme hydrophobic 
pocket within globin chains and places polar 
(hydrophilic) residues on the exterior of the 
molecule; this tertiary structure changes upon 
ligand binding

Quaternary Relationship of the four protein subunits to 
one another; quaternary structural changes 
that occur upon ligand binding result from the 
tertiary changes

★ taBle 6-1 The Structure of Hemoglobin
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end of the chain. The amino acids of the globin chains are identified 
by their helix location and amino acid number (e.g., F8 is the eighth 
amino acid in the F helix). Amino acids between helices are identified 
by amino acid number and the letters of the two helices (e.g., EF3). 
The nonhelical segments allow the chains to fold upon themselves.

The four subunits of hemoglobin, each consisting of a heme 
group surrounded by a globin chain, are held together by salt bonds, 
hydrophobic contacts, and hydrogen bonds in a tetrahedral forma-
tion giving the hemoglobin molecule a nearly spherical shape. When 
ligands such as oxygen bind to hemoglobin, the number and strin-
gency of intersubunit contacts change and the shape of the molecule 
changes. Mutations in the primary structure of globin chains can affect 
subunit or dimer pair interactions and thus alter hemoglobin-oxygen 
affinity or the molecule’s stability.

■  Figure 6-2 The structure of hemoglobin. (a) Primary structure is the 
sequence of amino acids. (b) Secondary structure is the coiled a@helix and 
b@pleated sheet formed by hydrogen bonding between the peptide bonds 
in the chain. (c) Tertiary structure is the folding of the molecule into a three-
dimensional structure. (d) Quartenary  structure is the combination of the 
four polypeptide subunits, each of which contains a heme group, into a 
larger protein.

Developmental 
Stage type

globin  
chains

reference 
interval

Embryonic Gower 1 z2e2 —

Gower 2 a2e2 —

Portland z2g2 —

Fetal HbF a2g2 90–95% before 
birth

50–85% at birth

HbA a2b2 10–40% at birth

HbA2 a2d2 61% at birth

71 year old HbF a2g2 62%

HbA a2b2 795%

HbA2 a2d2 63.5%

Adult HbA a2b2 795%

HbA2 a2d2 1.5–3.7%

HbF a2g2 62%

a = alpha; b = beta; g = gamma; d = delta; z = zeta

★ taBle 6-2 Normal Types of Hemoglobin According 
to Developmental Stage

Describe the quaternary structure of a molecule of hemoglo-
bin. How can a mutation in one of the globin chains at the 
subunit interaction site, a1b2, affect hemoglobin function?

CheCkpoint 6-1
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final step, also occurring in the mitochondria, is the chelation of iron 
with protoporphyrin IX catalyzed by ferrochelatase to form heme 
(Figure 6-4 ■). Heme then leaves the mitochondria to combine with 
a globin chain in the cytoplasm. See Web Figure 6-1 for detailed 
molecular structures of intermediates in heme synthesis.

Globin Chain Synthesis
Globin chain synthesis is directed by genes in two clusters on chromo-
somes 11 and 16 (Figure 6-5 ■). These genes produce the seven differ-
ent types of globin chains: zeta, alpha, epsilon, gamma-A, gamma-G, 
delta, and beta (a, z, P, gA, gG, d, b). Two are found only in embryonic 
hemoglobins (z, e). The genes for the z@chain (the fetal equivalent of 
the a@chain) and a@chain are located on the short arm of chromo-
some 16 (the a gene cluster). The z@chain is synthesized very early in 
embryonic development, but after 8–12 weeks, z@chain synthesis is 
replaced by a@chain synthesis. There are two a@loci (a@1, a@2), both 
of which transcribe mRNA for a@chain synthesis. The protein product 
from each locus is structurally identical. The non@a@globin genes are 
arranged in linear fashion in order of activation on chromosome 11 
(the non@a@gene cluster).

The e@gene, the first non@a@gene to be activated, is located 
toward the 5′ end of chromosome 11; during embryonic develop-
ment, e@chain synthesis is switched off, and the two g@genes are acti-
vated. One g@gene directs the production of a g@chain with glycine 
at amino acid position 136, gG, and the other directs the production 
of a g@chain with alanine at position 136, gA. The gG@chain synthesis 
predominates before birth (3:1), but gG@ and gA@chain syntheses are 
equal (1:1) in adults. The next two genes on chromosome 11, d and b, 

heMOglOBin SyntheSiS
Heme
Heme is an iron-chelated porphyrin ring that functions as a pros-
thetic group (nonamino acid component) of a protein. The porphyrin 
ring, protoporphyrin IX, is composed of a flat tetrapyrrole ring with 
ferrous iron (Fe++) inserted into the center. (Porphyrins are metaboli-
cally active only when chelated.) Ferrous ions have six electron pairs 
per atom. In heme, four of these electron pairs are coordinately bound 
to the N atoms of each of the four pyrrole rings. In hemoglobin, one of 
the two remaining electron pairs (fifth) is coordinately bound with the 
N of the proximal histidine (F8) of the globin chain, and the other pair 
(sixth) is the binding site for molecular oxygen. In the deoxygenated 
state, the sixth electron pair is occupied by a water molecule. Iron must 
be in the ferrous (Fe++) state for oxygen binding to occur. Ferric iron 
(Fe+++), which has lost an electron, cannot serve as an oxygen carrier 
because the sixth potential binding site (electron pair) for oxygen is 
no longer available.

Heme synthesis begins in the mitochondria with the con-
densation of glycine and succinyl coenzyme A (CoA) to form 
 5-aminolevulinic acid (ALA). This reaction occurs in the presence of 
the cofactor pyridoxal phosphate and the enzyme  5-aminolevulinate 
synthase (ALAS). This first reaction is the rate-limiting step in the 
synthesis of heme and occurs only when the cell has an adequate 
supply of iron1 (Chapter 12). Synthesis continues through a series 
of steps in the cytoplasm, eventually forming coproporphyrinogen. 
Coproporphyrinogen then reenters the mitochondria and is further 
modified to form the protoporphyrin IX ring (Figure 6-3 ■). The 

■  Figure 6-3 Synthesis of heme. It begins in the mitochondria with the con-
densation of glycine and succinyl CoA catalyzed by 5-aminolevulinate synthase 
2 (ALAS2) and succinyl CoA synthase and co-factor pyridoxal phosphate. The 
product, 5-aminolevulinate (ALA), leaves the mitochondria to form the pyrrole 
ring, porphobilinogen (PBG). The combination of four pyrroles to form a linear 
tetrapyrrole (hydroxymethylbilane), the cyclizing of the linear form to uroporphy-
rinogen, and the decarboxylation of the side chains to form coproporphyrinogen 
occur in the cytoplasm. The final reactions, the formation of protoporphyrin IX, 
and the insertion of iron into the protoporphyrin ring occur in the mitochondria.
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into this hydrophobic pocket where it is readily accessible to oxygen. 
A newly formed a@chain@heme subunit and a non@α@chain@heme 
subunit combine spontaneously, facilitated by electrostatic attrac-
tion, to form a dimer (e.g., ab). Charge differences exist among the 
non@a@globin chains. This promotes a hierarchy of affinity of these 
chains for the a@globin chains. The b@globin chain has the greatest 
affinity for a@globin chains followed by g@ and d@chains. Then two 
dimers combine to form the tetrameric hemoglobin molecule (e.g., 
a2b2). The protein alpha hemoglobin-stabilizing protein (AHSP) 
plays an important role in coordinating heme and globin assembly. 
AHSP binds free a@chains and stabilizes their structure, increasing 
their affinity for b@chains. This accelerates the formation of hemo-
globin tetramers.1

are switched on to a small degree when the g@genes are activated, 
but they are not fully activated until g@chain synthesis diminishes 
at about 35 weeks of gestation. The rate of synthesis of the d@chain 
is only 1�140 that of the b@chain, due to differences in the promoter 
regions of the two genes. After birth, most cells produce predomi-
nantly a@ and b@chains for the formation of HbA, the major adult 
hemoglobin (97%).

The synthesis of globin peptide chains occurs on polyribo-
somes in the cytoplasm of developing erythroblasts (Figure 6-6 ■). 
Globin chains are released from the polyribosomes and combine 
with heme molecules released from the mitochondria. The globin 
chains are folded to create a hydrophobic pocket near the exterior 
surface of the chain between the E and F helices. Heme is inserted 

■  Figure 6-4 The hemoglobin molecule on the left reveals the quartenary struc-
ture of hemoglobin with four protein chains, each folded around a heme molecule. 
On the right is a heme molecule. Heme is composed of a flat tetrapyrrole ligand 
(porphyrin) and iron. The iron has six coordinate sites. Nitrogen atoms of porphyrin 
occupy four coordination sites in a square planar arrangement around the iron.  
Iron in the ferrous state has two other coordinate sites, one of which is occupied by 
the N of the proximal histidine (F8) of globin and one with molecular oxygen  
or H2O.
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■  Figure 6-5 The genes for the globin chains are located on chromo-
somes 11 and 16. The z@chain appears to be the embryonic equivalent of the 
a@chain, both of which are located on chromosome 16. Note that the a@gene
is duplicated. The other globin genes are located on chromosome 11.
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chains, protoporphyrin, and iron are not. Normally, the production of 
a@globin subunits, non@a globin subunits, and heme are nearly equal. 
This indicates that tight regulatory mechanisms exist, controlling the 
production of hemoglobin. Hemoglobin synthesis is regulated by sev-
eral mechanisms including:

•	 Activity and concentration of the erythroid enzyme  5-aminolevulinate 
synthase (ALAS2)

•	 Activity of porphobilinogen deaminase (PBGD)
•	 Concentration of iron
•	 Regulation of globin chain synthesis

The first step in the heme synthetic pathway, catalyzed by ALAS, 
is the rate-limiting step in heme synthesis and takes place in the mito-
chondria. ALAS is synthesized on ribosomes in the cytosol, and must 
be imported into the mitochondria to catalyze the reaction. This 
mitochondrial import can be inhibited by high concentrations of free 
heme.2 Heme also inhibits uptake of iron from transferrin into the cell. 
When iron is scarce, the synthesis of ALAS is decreased.

Iron entering the developing erythroblast can be in either the 
pool available for metabolic processes (heme synthesis) or the storage 
pool (ferritin and hemosiderin). The amount of iron in these pools 
is regulated by proteins that control transcription and translation of 
proteins involved in heme synthesis and the formation of ferritin as 
well as transferrin receptors.1–5 Iron metabolism is discussed in detail 
in Chapter 12.

The expression of globin genes occurs only in erythroid cells 
during a narrow period of differentiation. Synthesis of globin chains 
begins in the pronormoblast and continues until the reticulocyte  loses 
remnants of mRNA. The rate of globin synthesis is governed primar-
ily by the rate at which the DNA is transcribed to mRNA, but it is 
also modified by the processing of globin pre-mRNA to mRNA, the 
translation of mRNA to protein, and the stability of globin mRNA. 
The individual globin genes have separate promoter regions available 
for activation at variable times during embryonic and fetal develop-
ment. In addition, the b@gene cluster has a locus control region (LCR), 
located upstream (5′) of the genes, which plays an important role in 
regulating the entire gene cluster. The a@gene cluster has a similar 
control region, the HS40, thought to have a similar function. Heme 
plays an important role in controlling the synthesis of globin chains. 
It stimulates globin synthesis by inactivating an inhibitor of transla-
tion. A slight excess of a@chain mRNA is produced, but the mRNA 
of b@chains is more efficiently translated, resulting in almost equal 
synthesis of a@ and b@chains.

The heme is positioned between two histidines of the globin 
chain, the proximal (F8) and distal (E7) histidines. The proximal 
histidine is bonded with the heme iron. The iron is protected in the 
reduced ferrous state in this hydrophobic pocket. The exterior of the 
chain is hydrophilic, which makes the molecule soluble.

■  Figure 6-6 Assembly of hemoglobin. The a@ and  
b@globin polypeptides are translated from their respec-
tive mRNAs. Upon heme binding, the protein folds into its 
native three-dimensional structure. The binding of a@ and 
b@hemoglobin subunits to each other is facilitated by elec-
trostatic attraction. An unstable intermediate encounter 
complex can rearrange to form the stable ab dimer. Two 
dimers combine to form the functional a2b2 tetramer.
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What globin chains are synthesized in the adult?

CheCkpoint 6-2

regulatiOn OF heMOglOBin 
SyntheSiS
Balanced synthesis of globin chains and heme is important to the 
survival of the erythrocyte because hemoglobin tetramers are soluble, 
but individual components of hemoglobin such as unpaired globin 

Jerry’s doctor gave him iron supplements to take 
every day.

1. If Jerry is iron deficient, what is the effect of this defi-
cient state on the synthesis of ALAS, transferrin recep-
tor, and ferritin?

2. What was the rationale for giving Jerry the iron?

caSe StuDy (continued from page 78)
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birth. After birth, the percentage of HbA continues to increase with 
the infant’s age until normal adult levels (795%) are reached by the 
end of the first year of life.

HbF production constitutes less than 2% of the total hemoglobin 
of adults. In normal adults, most if not all HbF is restricted to a few 
erythrocytes, referred to as F cells. F cells constitute 2–5% of adult 
RBCs, and from 13–25% of the hemoglobin within each F cell is HbF. 
The switch from HbF to HbA after birth is incomplete and in part 
reversible. For example, patients with hemoglobinopathies or severe 
anemia can have increased levels of HbF, often proportionate to the 
decrease in HbA. In bone marrow recovering from suppression and in 
some neoplastic hematologic diseases, HbF levels often rise.

HbA2  (a2d2) appears late in fetal life, composes 6 1% of the total 
hemoglobin at birth, and reaches normal adult values (1.5–3.7%) after 
one year. The d@gene locus is transcribed very inefficiently compared 
with the b@locus due to changes in the promoter region of the d@gene 
that is recognized by erythroid-specific transcription factors (e.g., 
GATA-1). HbA2 has a slightly higher oxygen affinity than HbA; oth-
erwise, the two hemoglobins have similar or identical ligand binding 
curves, Bohr effect, and response to 2,3-BPG.

OntOgeny OF heMOglOBin
The type of hemoglobin is determined by its composition of globin 
chains (Table 6-2). Individual globin chains are expressed at different 
levels in developing erythroblasts of the human embryo, fetus, and 
adult. Some hemoglobins (Gower 1, Gower 2, Portland) occur only in 
the embryonic stage of development. HbF is the predominant hemo-
globin in the fetus and newborn, and hemoglobin A is the predomi-
nant hemoglobin after 1 year of age.

The synthesis of different globin chains occurs in sequence 
depending on the developmental stage. This appears to be due to 
the sequential activation and then inactivation of transcription (i.e., 
“switching”) among the a@ and non@a@globin gene clusters. Globin 
gene expression is also affected by cellular, microenvironmental, 
and humoral influences that affect the proliferation and differentia-
tion of stem cells. In vitro cultures of burst forming unit—erythroid 
(BFU-E; Chapter 4) from fetal liver, neonatal (umbilical cord) blood, 
and adult blood show HbF production from these three sources to 
decrease in concentration from fetal to neonatal to adult. The most 
important determinant of the switch from fetal to adult hemoglobin 
synthesis appears to be postconceptual age and is unaffected by the 
time of birth: Premature infants do not switch over to adult hemoglo-
bin synthesis any earlier than they would if they had been carried full 
term. The developmental control of the perinatal switch from HbF 
to HbA synthesis appears to be intrinsic to the erythroid cell and is 
probably time controlled by a developmental clock.6,7 The progenitor 
cells are gradually reprogrammed during the perinatal period, leading 
to a switching from g@chain production to predominantly b@chain 
production. This can involve not only preferential stimulation of the 
b@globin gene but also active repression of the g@globin gene.

Embryonic Hemoglobins
Embryonic erythropoiesis is associated with the production of the 
embryonic hemoglobins Gower 1, Gower 2, and Portland and appar-
ently synthesized in succession as globin synthesis switches from 
z S a and from d S g in the first trimester of gestation. Embryonic 
hemoglobins are made from the combination of pairs of embryonic 
globin chains, z and  P (z2 e2) or embryonic chains in combination 
with a@ and g@chains (a2P2, z2g2). These primitive hemoglobins are 
detectable during early hematopoiesis in the yolk sac and liver and are 
not usually detectable after the third month of gestation.

Fetal Hemoglobin
As embryonic erythropoiesis shifts to fetal erythropoiesis, hemoglo-
bin F (HbF; a2g2) becomes the predominant hemoglobin formed dur-
ing liver and bone marrow erythropoiesis in the fetus. HbF composes 
90–95% of the total hemoglobin production in the fetus until ∼34936 
weeks of gestation. At birth, the infant has 50–85% HbF.

Adult Hemoglobins
The fetal to adult shift in erythropoiesis reflects transcription of the  
b@globin chain. In adults, hemoglobin A (HbA; a2b2) is the major 
hemoglobin. Although HbA is found as early as 9 weeks gestation, 
b@chain synthesis occurs at a low level until the third trimester of 
pregnancy. b@chain synthesis steadily increases from gestational 
week 30 onward but does not exceed g@chain synthesis until after 

What are the names and globin composition of the 
embryonic, fetal, and adult hemoglobins?

CheCkpoint 6-3

A patient has an anemia caused by a shortened RBC 
life span (hemolysis); how would this affect the HBA1c 
measurement?

CheCkpoint 6-4

Glycosylated Hemoglobin
Prolonged exposure of hemoglobin to chemically active compounds 
in the blood can result in nonenzymatic modification of hemoglobin. 
HbA1is a minor component of normal adult hemoglobin (HbA) that 
has been modified post-translationally in which a component has 
been added to (usually) the N terminus of the b@chain. Also known 
as “fast hemoglobin” or glycated hemoglobins, HbA1 consists of three 
subgroups, HbA1a, HbA1b, and HbA1c. The clinically most important 
subgroup of HbA1 is HbA1c, which is produced throughout the eryth-
rocyte’s life and is proportional to the concentration of blood glucose. 
Older erythrocytes typically contain more HbA1c than younger eryth-
rocytes, having been exposed to plasma glucose for a longer period of 
time. However, if young cells are exposed to extremely high concentra-
tions of glucose (7400 mg/dL) for several hours, the concentration of 
HbA1c increases with both concentration and time of exposure.

Measurement of HbA1c is routinely used as an indicator of con-
trol of blood glucose levels in diabetics because it is proportional 
to the average blood glucose level over the previous 2–3 months. 
Average levels of HbA1c are 7.5% in diabetics and 3.5% in normal 
individuals.
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not readily give it up; decreased oxygen affinity means the hemoglobin 
has a low affinity for oxygen and releases its oxygen more readily.

Oxyhemoglobin and deoxyhemoglobin have different three-
dimensional configurations. In the unliganded or deoxy state, the tetra-
mer is stabilized by intersubunit salt bridges and is described as being in 
the tense (T) structure or state. In oxyhemoglobin, the salt bridges are 
broken, and the molecule is described as being in the relaxed (R) struc-
ture or state. The change in conformation of hemoglobin (from T to R) 
occurs as a result of a coordinated series of changes in the quaternary 
structure of the tetramer as the subunits bind oxygen (see “The Allosteric 
Property of Hemoglobin”). The T configuration is a low oxygen-affinity 
conformation, and the R state is a high oxygen-affinity conformation.

Oxygen affinity of hemoglobin is usually expressed as the PO2 
at which 50% of the hemoglobin is saturated with oxygen (P50). The 
P50 in humans is normally about 26 mmHg. If hemoglobin-oxygen 
saturation is plotted versus the partial pressure of oxygen (PO2), a 
sigmoid-shaped (S-shaped) curve results. This is referred to as the oxy-
gen dissociation curve (ODC) (Figure 6-7 ■). The shape of the curve 
reflects subunit interactions between the four subunits of hemoglo-
bin (heme–heme interaction or cooperativity). Monomeric molecules 
such as myoglobin have a hyperbolic ODC indicating no cooperativity 
of oxygen binding. The sigmoid-shaped curve of hemoglobin disso-
ciation indicates that the deoxyhemoglobin tetramer is slow to take 
up an O2 molecule, but binding one molecule of O2 to hemoglobin 
facilitates the binding of additional O2. Thus, the “appetite” of hemo-
globin for oxygen grows with the addition of each oxygen molecule.8

heMOglOBin FunctiOn
The function of hemoglobin is to transport and exchange respiratory 
gases. The air we breathe is a mixture of nitrogen, oxygen, water, and 
carbon dioxide. Each of the gases contributes to the atmospheric pres-
sure (measured in mmHg) in proportion to its concentration. The par-
tial pressure each gas exerts is referred to as P (e.g., PO2) and determines 
the rate of diffusion of that gas across the alveolar-capillary membrane. 
Arterialized blood leaves the lungs with a PO2 of 100 mmHg and a 
PCO2 of 40 mmHg. In comparison, the PO2 of interstitial fluid in tis-
sues is about 40 mmHg, and the PCO2 is about 45 mmHg. Thus, when 
blood reaches the tissues, oxygen diffuses out of the blood to the tissues 
and CO2 diffuses into the blood from tissue. The amount of dissolved 
O2 and CO2 that the plasma can carry is limited. Most O2 and CO2 
diffuse into the erythrocyte to be transported to tissue or lungs.

Oxygen Transport
Hemoglobin with bound oxygen is called oxyhemoglobin; hemoglo-
bin without oxygen is called deoxyhemoglobin. The amount of oxy-
gen bound to hemoglobin and released to tissues depends not only on 
the PO2 and PCO2 but also on the affinity of Hb for O2. The ease with 
which hemoglobin binds and releases oxygen is known as oxygen 
affinity. Hemoglobin affinity for oxygen determines the proportion of 
oxygen released to the tissues or loaded onto the cell at a given oxygen 
pressure (PO2). Increased oxygen affinity means that the hemoglobin 
has a high affinity for oxygen, will bind oxygen more avidly, and does 

■  Figure 6-7 The oxygen affinity of hemoglobin is depicted by the 
 oxygen dissociation curve (ODC). The fractional saturation of hemoglobin  
(y axis) is plotted against the concentration of oxygen measured as the PO2 
(x axis). At a pH of 7.4 and an oxygen tension (PO2) of 26 mmHg, hemo-
globin is 50% saturated with oxygen (red line). The curve shifts in response 
to temperature, CO2, O2, 2,3-BPG concentration, and pH. When the curve 
shifts left (light blue line), there is increased affinity of Hb for O2. When the 
curve shifts right (dark blue line), there is decreased affinity of Hb for O2.

 “Figure 29.12” from Fundamentals of General, Organic and Biological Chemistry, 5E by 
John McMurry, Mary E. Castellion, and David S. Ballantine. Copyright © 2007 by Pearson 
Education.  Reprinted and Electronically reproduced by permission of Pearson Education, 
Inc., Upper Saddle River, New Jersey.
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the allosteric Property of hemoglobin
The sigmoid shape of the ODC is primarily due to heme–heme inter-
actions described below. However, the relative position of the curve 
(shifted right or left) is due to other variables.

Hemoglobin is an allosteric protein, meaning that its structure 
(conformation) and function are affected by other molecules. The 
primary allosteric regulator of hemoglobin is 2,3-bisphosphoglycer-
ate (2,3-BPG; also referred to as 2,3-diphosphoglycerate [2,3-DPG]). 
A byproduct of the glycolytic pathway, 2,3-BPG, is present at almost 
equimolar amounts with hemoglobin in erythrocytes. In the presence 
of physiologic concentrations of 2,3-BPG, the P50 of hemoglobin is 
about 26 mmHg. In the absence of 2,3-BPG, the P50 of hemoglobin is 
10 mmHg, indicating a very high oxygen affinity. Thus, in the absence 
of 2,3-BPG, little oxygen is released to the tissues.

Protons (H+), CO2, and organic phosphates (2,3-BPG) are all 
allosteric effectors of hemoglobin that preferentially bind to deoxy-
hemoglobin, forming salt bridges within and between the globin 
chains and stabilizing the deoxyhemoglobin (T) structure. The ratio 
in which 2,3-BPG binds to deoxyhemoglobin is 1:1. The binding site 
for 2,3-BPG is in a central cavity of the hemoglobin tetramer between 
the b@globin chains. It binds to positive charges on both b@chains, 
thereby crosslinking the chains and stabilizing the quaternary struc-
ture of deoxyhemoglobin (Figure 6-8 ■).

Hemoglobin also binds oxygen allosterically. Oxygen binds to 
hemoglobin in a 4:1 ratio because one molecule of O2 binds to each 

The shape of the curve has certain physiologic advantages. The “flat-
tened” top of the S reflects the fact that 790% saturation of hemoglobin 
still occurs over a fairly broad range of PO2. This enables us to survive 
and function in conditions of lower oxygen availability, such as living (or 
skiing) at high altitudes. Note that the steepest part of the curve occurs at 
oxygen tensions found in tissues. This allows the release of large amounts 
of oxygen from hemoglobin during the small physiologic changes in PO2 
encountered in the capillary beds of tissues. This is physiologically of great 
importance, for it allows the overall transfer of oxygen from the lungs to 
the tissues with relatively small changes in PO2. The ODC shows that the 
oxygen saturation of hemoglobin drops from ∼100% in the arteries to 
∼75% in the veins. This indicates that hemoglobin gives up about 25% of 
its oxygen to the tissues. When the curve is shifted to the right, the P50 is 
increased, indicating that the oxygen affinity has decreased. This results 
in the release of more oxygen to the tissues. When the curve is shifted to 
the left, the P50 is decreased, indicating that oxygen affinity has increased. 
In this case, less oxygen is released to the tissues.

■  Figure 6-8 2,3-BPG binds in the central cavity of deoxyhemoglobin. 
This cavity is lined with positively charged groups on the beta chains 
that interact electrostatically with the negative charges on 2,3-BPG. 
The a@globin chains are in pink, the b@chains are in blue, and the heme 
 prosthetic groups in red.
Source:  Based on Principles of Biochemistry, 4E by H. R. Horton, L. A. Moran, K. G. Scrim-
geour and M. D. Perry.  Published by Pearson Education, Inc., © 2006.

Jerry was lethargic and pale and was having problems 
with activities of daily living.

3. Explain why Jerry could have these symptoms.

caSe StuDy (continued from page 83)
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the high oxygen–affinity R conformation, the third and fourth O2 
molecules are added easily. The structural changes within succes-
sive heme subunits facilitate binding the oxygen by the remaining 
heme subunits because fewer subunit crosslinks need to be broken 
to bind subsequent oxygen molecules. Thus, hemoglobin performs 
like a “mini-lung,” changing shape as it takes up and releases O2 to 
the tissue.

Oxygen interacts weakly with heme iron, and the two can dis-
sociate easily. As O2 is released by hemoglobin in the tissues, the heme 
pockets narrow and restrict entry of O2, and the space between the 
b@chains widens and 2,3-BPG binds again in the central cavity. Thus, 
as 2,3-BPG concentration increases, the T configuration of hemoglo-
bin is favored and the oxygen affinity decreases.

This cooperative binding of oxygen makes hemoglobin a 
very efficient oxygen transporter. Cooperativity ensures that once 
a hemoglobin tetramer begins to accept oxygen, it promptly is 
fully oxygenated. In the process of oxygen release to the tissues, 
the same general principle is followed. Individual hemoglobin 
molecules are generally either fully deoxygenated or fully oxygen-
ated. Only a small portion of the molecules exists in a partially 
oxygenated state.

adjustments in hemoglobin–Oxygen affinity
Variations in environmental conditions or physiological demand for 
oxygen result in changes in erythrocyte and plasma parameters that 
directly affect hemoglobin–oxygen affinity. In particular, PO2, pH 
(H+), PCO2, 2,3-BPG, and temperature affect hemoglobin–oxygen 
affinity (Table 6-3 ★).

Several physiologic mechanisms of oxygen delivery can be 
explained by the hemoglobin–2,3-BPG interaction. When going 
from sea level to high altitudes the body adapts to the decreased 
PO2 by releasing more oxygen to the tissues. This adaptation is 
mediated by increases of 2,3-BPG in the erythrocyte, usually 
noted within 36 hours of ascent. EPO and erythrocyte mass also 
increase as a part of the body’s adaptive mechanism to decreased 
PO2 but this adaptation can take several days to improve tissue 
oxygenation.9

Fetal hemoglobin (HbF) has a higher oxygen affinity compared 
with adult hemoglobin, HbA. The g@globin chain has a serine residue 
at the helical H21 position. In the b@globin chain, a histidine residue 
occupies this position. This change results in weak binding of 2,3-BPG 

of the four heme groups of the tetramer. The binding of oxygen by a 
hemoglobin molecule depends on the interaction of the four heme 
groups, referred to as heme–heme interaction. This interaction of 
the heme groups is the result of movements within the tetramer trig-
gered by the uptake of a molecule of oxygen by one of the heme 
groups.

In the deoxygenated state, the heme iron is 0.4–0.6Å out of the 
plane of the porphyrin ring because the iron atom is too large to 
align within the plane. The iron is displaced toward the proximal 
histidine of the globin chain to which it is linked by a coordinate 
bond. Fully deoxygenated hemoglobin (T state) has a low oxygen 
affinity, and loading the first oxygen onto the tetramer does not 
occur easily. On binding of an oxygen molecule, the atomic diam-
eter of iron becomes smaller due to changes in the distribution of 
electrons, and the iron moves into the plane of the porphyrin ring, 
pulling the histidine of the globin chain with it (Figure 6-9 ■). 
These small changes in the tertiary structure of the molecule near 
the heme group result in a large shift in the quaternary structure, 
altering the bonds and contacts between chains and weakening the 
intersubunit salt bridges. Likewise, loading a second O2 onto the 
tetramer while it is still in the T conformation does not occur eas-
ily. However, the iron atom of the second heme is likewise shifted, 
further destabilizing the salt bridges. During the course of load-
ing the third O2 onto hemoglobin, the salt bridges are broken, and 
the hemoglobin molecule shifts from the T to the R configuration, 
pulling the b@chains together. Consequently, the size of the central 
cavity between the b@chains decreases, and 2,3-BPG is expelled. In 

■  Figure 6-9 Changes in the conformation of hemoglo-
bin occur when the molecule takes up O2. In the deoxy-
hemoglobin state, the heme iron of a hemoglobin subunit 
is below the porphyrin plane (green). On uptake of an O2 
molecule, the iron decreases in diameter and moves into 
the plane of the porphyrin ring, pulling the proximal histi-
dine with it (yellow). The helix containing the histidine also 
shifts, disrupting ion pairs that link the subunits. 2,3-BPG is 
expelled, and the remaining subunits are able to combine 
with O2 more readily.

Fe++

O2

Porphyrin
plane

Porphyrin
plane

increase affinity Decrease affinity

c  O2 c  CO2

T  CO2 c  H+

T  H+ c  Temperature

T  Temperature c  2,3-BPG

T  2,3-BPG

Key: c = increased; T = decreased

★ taBle 6-3 Factors That Affect Hemoglobin–
Oxygen Affinity
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Plasma transport
A small amount of carbon dioxide is dissolved in the plasma and car-
ried to the lungs. There it diffuses out of the plasma and is expired.

carbonic acid
Most of the carbon dioxide transported by the blood is in the form of 
bicarbonate ions (HCO3

 -), which are produced when carbon dioxide 
diffuses from the plasma into the erythrocyte. In the presence of the 
erythrocyte enzyme carbonic anhydrase (CA), CO2 reacts with water 
to form carbonic acid (H2CO3).

H2O + CO2 d CA S H2CO3

Subsequently, hydrogen ion and bicarbonate are liberated from 
carbonic acid and the H+ is accepted by deoxyhemoglobin:

HHb
c

H2CO3 — CA ¡ H+ + HCO3
 -

The bicarbonate ions do not remain in the RBC because the cell 
can hold only a small amount of bicarbonate. Thus, the free bicarbon-
ate diffuses out of the erythrocyte into the plasma. The cell cannot tol-
erate a loss in negative ions, so in exchange for the loss of bicarbonate, 
Cl - diffuses into the cell from the plasma, a phenomenon called the 
chloride shift. This occurs via the anion exchange channel (band 3). 
The bicarbonate combines with Na+ (NaHCO3) in the plasma and 
is carried to the lungs where the PCO2 is low. There the bicarbonate 
diffuses back into the erythrocyte, is rapidly converted back into CO2 
and H2O, and is expired.

hemoglobin Binding
Approximately 23% of the total CO2 exchanged by the erythrocyte 
in respiration is through carbaminohemoglobin. Deoxyhemoglobin 
directly binds 0.4 moles of CO2 per mole of hemoglobin. Carbon 
dioxide reacts with uncharged N-terminal amino groups of the four 
globin chains to form carbaminohemoglobin. At the lungs, the plasma 
PCO2 decreases, and the CO2 bound to hemoglobin is released and 
diffuses out of the erythrocyte to the plasma. It then is expired as it 
enters the alveolar air space.

and increased oxygen affinity in HbF. The more efficient binding of 
2,3-BPG to HbA facilitates the transfer of oxygen from the maternal 
(HbA) to the fetal (HbF) circulation.

Rapidly metabolizing tissue as occurs during exercise produces 
CO2 and acid (H+) as well as heat. These factors decrease the oxy-
gen affinity of hemoglobin and promote the release of oxygen to the 
tissue. In the alveolar capillaries of the lungs, the high PO2 and low 
PCO2 drive off the CO2 in the blood and reduce H+ concentration, 
promoting the uptake of O2 by hemoglobin (increasing oxygen affin-
ity). Thus, PO2, PCO2, and H+ facilitate the transport and exchange 
of respiratory gases.

The effect of pH on hemoglobin–oxygen affinity is known as the 
Bohr effect, an example of the acid–base equilibrium of hemoglobin 
that is one of the most important buffer systems of the body. A molecule 
of hemoglobin can accept H+ when it releases a molecule of oxygen. 
Deoxyhemoglobin accepts and holds the H+ better than oxyhemo-
globin. In the tissues, the H+ concentration is higher because of the 
presence of lactic acid and CO2. When blood reaches the tissues, hemo-
globin’s affinity for oxygen is decreased by the high H+ concentration, 
thereby permitting the more efficient unloading of oxygen at these sites.

Hb # 4O2 + 2H+N Hb # 2H+ + 4O2

Thus, proton binding facilitates O2 release and helps minimize 
changes in the hydrogen ion concentration of the blood when tissue 
metabolism is releasing CO2 and lactic acid. Up to 75% of the hemo-
globin oxygen can be released if needed (as in strenuous exercise) as 
the erythrocytes pass through the capillaries.

What factors influence an increase in the amount of oxy-
gen delivered to tissue during an aerobic workout?

CheCkpoint 6-5

Mechanism Percent of transportation

Dissolved in plasma 7

Formation of carbonic acid, H2CO3 70

Bound to Hb 23

★ taBle 6-4 Carbon Dioxide Transport in Blood After a week at home, Jerry called his doctor, who 
sent him back to the hospital where he was given 
2 units of packed red cells. Within a day, he had more 
energy.

4. Explain why Jerry would have had more energy after 
the transfusions.

caSe StuDy (continued from page 86)

Carbon Dioxide Transport
After diffusing into the blood from the tissues, carbon dioxide is 
carried to the lungs by three separate mechanisms: dissolution in 
the plasma, as HCO3

 - in solution, and binding to the N-terminal 
amino acids of hemoglobin (carbaminohemoglobin) (Table 6-4 ★; 
Figure 6-10 ■).
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Artificial Oxygen Carriers
Efforts to reduce allogeneic blood transfusions and improve oxygen 
delivery to tissues have resulted in development of artificial oxy-
gen carriers (AOCs). Two groups of AOCs include hemoglobin-
based oxygen carriers (HBOCs) in solution and perfluorocarbons 
(PFCs). The HBOCs consist of purified human or bovine hemoglo-
bin or recombinant hemoglobin. The hemoglobin is altered chemi-
cally or genetically or is microencapsulated to decrease oxygen 
affinity and to prevent its breakdown into dimers that have signifi-
cant nephrotic toxicity.12 The oxygen dissociation curve of HBOCs 
is similar to that of native human blood. Adverse side effects of these 
AOCs are Hb-induced vasoconstriction and resulting hypertension. 
These side effects are related to NO scavenging and inactivation by 
the free hemoglobin as well as endothelin (a vasoconstrictor) release 
and sensitization of peripheral adrenergic receptors.13 Because 
hemoglobin in solution imparts color to plasma, it might not be 
possible to perform laboratory tests based on colorimetric analysis 
of patients receiving this product because measurements could give 
erroneous results.

PFCs are fluorinated hydrocarbons with high gas-dissolving 
capacity. They do not mix in aqueous solution and must be emulsified. 
In contrast to HBOCs, a linear relationship between PO2 and oxygen 
content in PFCs exists. This means that relatively high O2 partial pres-
sure is required to maximize delivery of O2 by PFCs. The PFC droplets 
are taken up by the mononuclear phagocyte (MNP) system, broken 
down, bound to blood lipids, transported to the lungs, and exhaled.13

Nitric Oxide and Hemoglobin
Nitric oxide (NO) is a critical component for the maintenance of 
blood vessel homeostasis. NO derived its name as the endothelium-
derived relaxing factor (EDRF) because of its ability to relax smooth 
muscle and dilate blood vessels.10 It is important in other aspects of 
normal vessel physiology as well as inhibition of platelet activation. 
NO is produced in the endothelium from arginine by the action of 
NO synthase. NO can diffuse from the plasma across the erythrocyte 
membrane where it is picked up by oxyhemoglobin. Reaction with 
oxyhemoglobin destroys the NO and forms methemoglobin and 
nitrate, a process known as dioxygenation.

HbO2 + NO S MetHb + NO3
 -

Reaction of NO and hemoglobin is limited because of hemo-
globin compartmentalization in the erythrocyte, slow diffusion of 
NO across the RBC membrane, and the laminar blood flow that 
pushes the erythrocytes inward away from the vessel endothelium 
where the NO is concentrated.11 The rate of reaction of NO with 
cell-free hemoglobin is increased by at least 1000 fold. This extra-
cellular reaction is responsible for complications such as vasocon-
striction and increase of blood pressure that are encountered when 
using artificial hemoglobin-based oxygen carriers in solution. The 
reaction also appears to be responsible for complications (e.g., high 
blood pressure) that accompany some hemolytic anemias such as 
sickle cell disease.

■  Figure 6-10 Transport of oxygen and carbon dioxide in the erythrocyte is depicted. (a) In 
the lungs, O2 and HCO3

 - enter the red blood cell. O2 combines with Hb, releasing H+. HCO3
 - 

combines with H+ to form H2CO3, which dissociates into H2O and CO2, and CO2 is expired. 
To maintain electrolyte balance, at the same time that HCO3

 - flows into the red blood cells, 
Cl- flows out (the reverse chloride shift). The cell membrane anion-exchange protein (band 
3) controls this ion exchange. Carbaminohemoglobin (HHbCO2) releases CO2 in the lungs 
(where the PCO2 decreases) and is expired. The HHb releases the H+ as Hb takes up oxygen. 
(b) CO2 diffuses from the tissue into the venous blood and then into the erythrocyte. Within 
the erythrocyte, CO2 reacts with water to form bicarbonic acid, H2CO3. The bicarbonic acid 
dissociates into a bicarbonate ion (HCO3

 -) and a proton (H+). The HCO3
 - leaves the cell 

and enters the plasma. In exchange, chloride (Cl-) from the plasma enters the erythrocyte 
 (chloride shift). The proton facilitates the dissociation of oxygen from oxyhemoglobin (HbO2) 
through the Bohr effect. When O2 enters the tissues, the H+ is taken up by deoxyhemoglobin.
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Heme iron can be stored as ferritin or hemosiderin within the mac-
rophage or released to the iron transport protein, transferrin, for 
delivery to developing normoblasts in the bone marrow. This endog-
enous iron exchange is responsible for about 80% of the iron passing 
through the transferrin pool. Thus, iron from the normal erythrocyte 
aging process is conserved and reutilized. The globin portion of the 
hemoglobin molecule is broken down and recycled into the amino 
acid pool.

Heme, the porphyrin ring, is further catabolized by the macro-
phage and eventually excreted in the feces. The a@methane bridge 
of the porphyrin ring is cleaved, producing a molecule of carbon 
monoxide and the linear tetrapyrrole biliverdin. Carbon monoxide 
is released to the blood stream, carried to the lungs, and expired. The 
biliverdin is rapidly reduced within the cell to bilirubin. Released 
from the macrophage, bilirubin is bound by plasma albumin and 
carried to the liver (this is called unconjugated or “indirect” bilirubin). 
Upon uptake by the liver, bilirubin is conjugated with two molecules 
of bilirubin glucuronide by the enzyme bilirubin UDP-glucuron-
yltransferase present in the endoplasmic reticulum of the hepato-
cyte. Once conjugated, bilirubin becomes polar and lipid insoluble. 

AOCs are not approved for use in the United States although 
HBOCs are approved for compassionate use.13 Phase III trials are 
complete or in progress for HBOCs. No PFC has yet been approved 
for clinical use.14

heMOglOBin cataBOliSM
When the erythrocyte is removed from circulation by macrophages 
(extravascular hemolysis) or is lysed in the blood stream (intravascu-
lar hemolysis), hemoglobin is released and catabolized.

Extravascular Destruction
In extravascular hemolysis, erythrocyte removal by macrophages in 
the spleen, bone marrow, and liver conserves and recycles essential 
erythrocyte components such as amino acids and iron (Figure 6-11 ■). 
Most extravascular destruction of erythrocytes takes place in the mac-
rophages of the spleen.

Within the macrophage, the hemoglobin molecule is broken 
down into heme, iron, and globin. Iron and globin (a polypeptide) are 
conserved and reused for new hemoglobin or other protein synthesis. 

■  Figure 6-11 Most hemoglobin degradation occurs within the macrophages of the 
spleen. The globin and iron portions of the molecule are conserved and reutilized. Heme is 
reduced to bilirubin, eventually degraded to urobilinogen, and excreted in the feces. Thus, 
indirect indicators of erythrocyte destruction include the blood bilirubin level and urobilino-
gen concentration in the urine.

Macrophage

Hemoglobin

Extravascular hemoglobin degradation

Heme + Globin Plasma protein and
amino acid pool

Biliverdin + CO + Fe

Lungs

Transferrin + Fe Bone marrow

Bilirubin

Plasma albumin

Blood

Bilirubin-Albumin (unconjugated)

Liver

Bilirubin diglucuronide (conjugated)

Bile duct to duodenum

Urobilinogen

Stool

Urobilinogen + Stercobilinogen

Blood
Kidney

Urobilinogen (urine)
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Hepatocytes, which have haptoglobin receptors, take up the HpHb 
and process it in a manner similar to that of hemoglobin released by 
extravascular destruction.

The HpHb complex is cleared very rapidly from the bloodstream 
with a T1/2 disappearance rate of 10–30 minutes. The haptoglobin 
concentration can be depleted very rapidly in acute hemolytic states 
because the liver is unable to maintain plasma haptoglobin levels. 
Haptoglobin, however, is an acute-phase reactant, and increased con-
centrations can be found in inflammatory, infectious, or neoplastic 
conditions. (An acute phase reactant is a protein whose plasma con-
centration increases in response to inflammation and serves a func-
tion in the immune response.) Therefore, patients with hemolytic 
anemia (anemia caused by increased destruction of erythrocytes) 
accompanied by an underlying infectious or inflammatory process 
can have normal haptoglobin levels.

When haptoglobin is depleted, as in severe hemolysis, free ab 
dimers can be filtered by the kidney and reabsorbed by the proxi-
mal tubular cells. ab dimers passing through the kidney in excess 
of the reabsorption capabilities of the tubular cells appear in the 
urine as free hemoglobin. Dimers reabsorbed by the tubular cells 

Bilirubin diglucuronide (called conjugated or “direct” bilirubin) is 
excreted into the bile, eventually reaching the intestinal tract where 
intestinal bacterial flora convert it into urobilinogen. Most urobilino-
gen is excreted in the feces where it is quickly oxidized to urobilin or 
stercobilin. However, 10–20% of the urobilinogen is reabsorbed from 
the gut back to the plasma. The reabsorbed urobilinogen is either 
excreted in urine or returned to the gut via an enterohepatic cycle. 
In liver disease, the enterohepatic cycle is impaired and an increased 
amount of urobilinogen is excreted in the urine.

Intravascular Destruction
The small amount of hemoglobin released into the peripheral blood 
circulation through intravascular erythrocyte breakdown undergoes 
dissociation into ab dimers, which are quickly bound to the plasma 
glycoprotein haptoglobin (Hp) in a 1:1 ratio (Figure 6-12 ■). Hap-
toglobin is an a2@globulin present in plasma at a concentration of 
35–164 mg/dL (males) or 40–175 mg/dL (females). The haptoglobin–
hemoglobin (HpHb) complex is too large to be filtered by the kidney, 
so haptoglobin carries hemoglobin dimers in the blood to the liver. 

■  Figure 6-12 When the erythrocyte is destroyed within the vascular system, hemoglobin is 
released directly into the blood. Normally, the free hemoglobin quickly complexes with hapto-
globin, and the complex is degraded in the liver. In severe hemolytic states, haptoglobin can 
become depleted, and free hemoglobin dimers are filtered by the kidney. In addition, with 
haptoglobin depletion, some hemoglobin is quickly oxidized to methemoglobin and bound to 
either hemopexin or albumin for eventual degradation in the liver.
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Methemoglobin
Methemoglobin is hemoglobin with iron in the ferric (Fe+++) 
state and is incapable of combining with oxygen. Methemoglobin 
not only decreases the oxygen-carrying capacity of blood but also 
results in an increase in oxygen affinity of the remaining normal 
hemoglobin. This results in an even higher deficit of O2 delivery. 
Normally, methemoglobin composes 6 3% of the total hemoglobin 
in adults.15 At this concentration, the abnormal pigment is not harm-
ful because the reduction in oxygen-carrying capacity of the blood 
is insignificant.

Clinically important methemoglobinemia can be due to the fol-
lowing (Table 6-6 ★):

 1. Deficiencies of enzymes that reduce Fe+++@hemoglobin to 
Fe++@hemoglobin; of these, the most important, accounting for 
760% of the reduction of methemoglobin, is NADH methemo-
globin reductase (Table 6-7 ★).

 2. Globin chain mutations that that stabilize heme iron in the 
Fe+++ state (hemoglobin M; Chapter 18). This structural variant 
of hemoglobin is characterized by amino acid substitutions in 
the globin chains near the heme pocket that stabilize the iron in 
the oxidized Fe+++ state.

 3. Exposure to toxic substances that oxidize hemoglobin and over-
whelm the normal reducing capacity of the cell. Increased levels 
of methemoglobin are formed when an individual is exposed 
to certain oxidizing chemicals or drugs. Even small amounts of 
these chemicals and drugs can cause oxidation of large amounts 
of hemoglobin. If the offending agent is removed, methemoglo-
binemia returns to normal levels within 24–48 hours.

Infants are more susceptible to methemoglobin production than 
adults because HbF is more readily converted to methemoglobin and 
because infants’ erythrocytes are deficient in reducing enzymes. Expo-
sure to certain drugs or chemicals that increase oxidation of hemoglo-
bin or water high in nitrates can cause methemoglobinemia in infants. 
Color crayons containing aniline can cause methemoglobinemia if 
ingested.

Cyanosis develops when methemoglobin levels exceed 10% 
(71.5 g/dL) hypoxia is produced at levels exceeding 30–40%. Toxic 
levels of methemoglobin can be reduced by medical treatment with 
methylene blue or ascorbic acid, which speeds up reduction by 
NADPH-reducing enzymes. The NADPH reductase system requires 
G6PD and therefore this method of treatment is not effective in 
patients with G6PD deficiency. In some cases of severe methemo-
globinemia, exchange transfusions are helpful.

are catabolized to bilirubin and iron, both of which can reenter 
the plasma pool. However, some iron remains in the tubular cell 
and is complexed to storage proteins forming ferritin and hemo-
siderin. Eventually, tubular cells loaded with iron are sloughed off 
and excreted in the urine (hemosiderinuria). The iron inclusions 
can be visualized with the Prussian blue stain. Thus, the pres-
ence hemosiderinuria is a sign of recent increased intravascular 
hemolysis.

Hemoglobin not excreted by the kidney or bound to haptoglo-
bin is either cleared directly by hepatic uptake or oxidized to methe-
moglobin. Heme dissociates from methemoglobin and avidly binds 
to a b@globulin glycoprotein, hemopexin. Hemopexin is synthe-
sized in the liver and combines with heme in a 1:1 ratio. The hemo-
pexin–heme complex is cleared from the plasma slowly with a T1/2 
disappearance of 7–8 hours. When hemopexin becomes depleted, 
the dissociated oxidized heme combines with plasma albumin in a 
1:1 ratio to form methemalbumin. Methemalbumin clearance by the 
liver is also very slow. In fact, methemalbumin may be only a tempo-
rary carrier for heme until more hemopexin or haptoglobin becomes 
available. Heme is transferred from methemalbumin to hemopexin 
for clearance by the liver as it becomes available. When present in 
large quantity, methemalbumin and hemopexin–heme complexes 
impart a brownish color to the plasma. The Schumm ’s test is designed 
to detect these abnormal compounds spectrophotometrically.

acquireD nOnFunctiOnal 
heMOglOBinS
The acquired, nonfunctional hemoglobins are hemoglobins that have 
been altered post-translationally to produce molecules with compro-
mised oxygen transport, thereby causing hypoxia and/or cyanosis 
(Table 6-5 ★). Hypoxia is a condition in which there is an inadequate 
amount of oxygen at the tissue level. (Hypoxemia is an inadequate 
amount of oxygen in the blood; arterial PO2  680 mmHg). Cyanosis 
refers to a bluish or slate-gray color of the skin due to the presence of 
more than 5 g/dL of deoxyhemoglobin in the blood.

hemoglobin acquired change abnormal Function lab Detection

methemoglobin Hb iron in ferric state Cannot combine with oxygen Demonstration of maximal absorption band 
at wave length of 630 nm; chocolate color 
blood

Sulfhemoglobin Sulfur combined with hemoglobin 1�100 oxygen affinity of HbA Absorption band at 620 nm

Carboxyhemoglobin Carbon monoxide combined with 
hemoglobin

Affinity for carbon monoxide is 200  
times higher than for oxygen

Absorption band at 541 nm

★ taBle 6-5 Abnormal Acquired Hemoglobins

What lab tests would diagnose an increase in RBC 
destruction (i.e., hemolysis), and what would be the 
expected results?

CheCkpoint 6-6
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of hemoglobin able to combine with oxygen (oxyhemoglobin plus 
deoxyhemoglobin). FhbO2 and oxygen saturation are the same if no 
abnormal hemoglobin is present.16

Sulfhemoglobin
Sulfhemoglobin is a stable compound formed when a sulfur atom 
combines with the heme group of hemoglobin. The sulfur atom binds 
to a pyrrole carbon at the periphery of the porphyrin ring. Sulfura-
tion of heme groups results in a drastically right-shifted oxygenation 
dissociation curve, which renders the heme groups ineffective for 
oxygen transport. This appears to be due to the fact that even half-
sulfurated, half-oxygen–liganded tetramers exist in the T configu-
ration (the low oxygen-affinity form) of hemoglobin. Although the 
heme iron is in the ferrous state, sulfhemoglobin binds to oxygen 
with an affinity only one-hundredth that of normal hemoglobin. 
Thus, oxygen delivery to the tissues can be compromised if there is 
an increase in this abnormal hemoglobin. The bright green sulfhe-
moglobin compound is so stable that the erythrocyte carries it until 
the cell is removed from circulation. Ascorbic acid or methylene 
blue cannot reduce it; however, sulfhemoglobin can combine with 
carbon monoxide to form carboxysulfhemoglobin. Normal levels of 
sulfhemoglobin do not exceed 2.2%. Cyanosis is produced at levels 
exceeding 3–4%.

Sulfhemoglobin has been associated with occupational expo-
sure to sulfur compounds, environmental exposure to polluted air, 
and exposure to certain drugs. Sulfhemoglobinemia is formed dur-
ing the oxidative denaturation of hemoglobin and can accompany 
methemoglobinemia, especially in certain drug- or chemical-induced 
hemoglobinopathies. Sulfhemoglobin is formed on exposure of blood 
to trinitroluene, acetanilid, phenacetin, and sulfonamides. It also is 
elevated in severe constipation and in bacteremia with Clostridium 
welchii. Diagnosis of sulfhemoglobinemia is made spectrophotomet-
rically by demonstrating an absorption band at 620 nm. Confirma-
tion testing is done by isoelectric focusing. This is the only abnormal 
hemoglobin pigment not measured by the cyanmethemoglobin 
method, which is used to measure hemoglobin concentration.

Carboxyhemoglobin
Carboxyhemoglobin is formed when hemoglobin is exposed to 
carbon monoxide. Hemoglobin’s affinity for carbon monoxide is 
7200 times higher than its affinity for oxygen. Carboxyhemoglobin 
is incapable of transporting oxygen because CO occupies the same 
ligand-binding position as O2. As is the case with methemoglobin-
emia, carboxyhemoglobin has a significant impact on oxygen deliv-
ery because it destroys the molecule ’s cooperativity. CO also has a 

In the congenital methemoglobinemias, cyanosis is observed 
from birth, and methemoglobin levels reach 10–20%. Normal 
hemoglobin’s oxygen affinity is increased in these children, result-
ing in increased erythropoiesis and subsequently higher than nor-
mal hemoglobin  levels and erythrocytosis. Even in the homozygous 
state, individuals with HbM or defects in the reducing systems rarely 
have methemoglobin levels of 725% and are usually asymptomatic 
except for mild cyanosis. They do not usually require treatment. How-
ever,  cyanosis can be improved by treatment with methylene blue or 
ascorbic acid. Laboratory diagnosis of methemoglobinemia involves 
demonstration of a maximum absorbance band at a wavelength of 
630 nm at pH 7.0–7.4. The blood sample can be chocolate brown in 
color when compared with a normal blood specimen, and the color 
does not change to red upon exposure to oxygen.15 Differentiation 
of acquired types from hereditary types of methemoglobin requires 
assay of NADH methemoglobin reductase and hemoglobin electro-
phoresis (Table 6-7). Enzyme  activity is reduced only in hereditary 
 NADH-methemoglobin reductase deficiency, and hemoglobin elec-
trophoresis is abnormal only in HbM disease. Acquired methemoglo-
binemia shows normal enzyme activity and a normal electrophoresis 
pattern.

In the presence of methemoglobinemia, oxygen saturation 
obtained by a cutaneous pulse oximeter (fractional oxyhemoglobin, 
FhbO2) can be lower than the oxygen saturation reported from a 
blood gas analysis. This is because FhbO2 is calculated as the amount 
of oxyhemoglobin compared with the total hemoglobin (oxyhe-
moglobin, deoxyhemoglobin, methemoglobin, and other inactive 
hemoglobin forms) whereas oxygen saturation in a blood gas analy-
sis is the amount of oxyhemoglobin compared with the total amount 

cause of Methemoglobinemia inherited/acquired enzyme activity hb electrophoresis

Exposure to oxidants Acquired Normal Normal

Decreased enzyme activity Inherited Decreased Normal

presence of hemoglobin m Inherited Normal Abnormal

★ taBle 6-6 Differentiation of Types of Methemoglobinemia

rank in Order 
of Decreasing 
Methemoglobin 
reduction System

First NADH methemoglobin reductase (also known 
as cytochrome b5 methemoglobin reductase, 
diaphorase I, DPNH-diaphorase, DPNH dehy-
drogenase I, NADH dehydrogenase, NADH 
methemoglobin-ferrocyanide reductase)

Second Ascorbic acid

Third Glutathione

Fourth NADPH methemoglobin reductase

★ taBle 6-7 Erythrocyte Systems Responsible for 
Methemoglobin Reduction
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Carboxyhemoglobin is commonly measured in whole blood by 
a spectrophotometric method. Sodium hydrosulfite reduces hemo-
globin to deoxyhemoglobin, and the absorbances of the hemolysate 
are measured at 555 and 541 nm. Carboxyhemoglobin has a greater 
absorbance at 541 nm.

pronounced effect on the oxygen dissociation curve, shifting it to the 
left, resulting in increased affinity and a decreased release of O2 by 
remaining normal hemoglobin molecules. High levels of carboxyhe-
moglobin impart a cherry red color to the blood and skin. However, 
high levels of it together with high levels of deoxyhemoglobin can give 
blood a purple-pink color.

Blood normally carries small amounts of carboxyhemoglobin 
formed from the carbon monoxide produced during heme catabo-
lism. The level of carboxyhemoglobin varies depending on individu-
als’ smoking habits and their environment. City dwellers have higher 
levels than country dwellers as a result of the carbon monoxide pro-
duced from automobiles and industrial pollutants in cities.

Acute carboxyhemoglobinemia causes irreversible tissue damage 
and death from anoxia. Chronic carboxyhemoglobinemia is charac-
terized by increased oxygen affinity and polycythemia. In severe cases 
of carbon monoxide poisoning, patients can be treated in hyperbaric 
oxygen chambers.

A 2-year-old child was found to have 15% methemoglobin 
by spectral absorbance at 630 nm. What tests would you 
suggest to help differentiate whether this is an inherited 
or acquired methemoglobinemia, and what results would 
you expect with each diagnosis?

CheCkpoint 6-7

Review Questions
Level i

 1. Which of the following types of hemoglobin is the major 
component of adult hemoglobin? (Objective 4)

 A. HbA

 B. HbF

 C. HbA2

 D. Hb Portland

 2. One of the most important buffer systems of the body is 
the: (Objective 5)

 A. chloride shift

 B. Bohr effect

 C. heme–heme interaction

 D. ODC

 3. When iron is depleted from the developing erythrocyte, 
the: (Objective 7)

 A. synthesis of heme is increased

 B. activity of ALAS is decreased

 C. formation of globin chains stops

 D. heme synthesis is not affected

 4. When the H+ concentration in blood increases, the oxygen 
affinity of hemoglobin: (Objective 3)

 A. increases

 B. is unaffected

 C. decreases

 D. cannot be measured

Summary
Hemoglobin is the intracellular protein of erythrocytes respon-
sible for transport of oxygen from the lungs to the tissues. A fine 
balance between production and destruction of erythrocytes 
serves to maintain a steady-state hemoglobin concentration.

Hemoglobin is a globular protein composed of four sub-
units. Each subunit contains a porphyrin ring with an iron mol-
ecule (heme) and a globin chain. The four globin chains are 
arranged in identical pairs, each composed of two different 
globin chains (e.g., a2b2). Hemoglobin synthesis is controlled 
by iron concentration within the cell, synthesis and activity of 
the first enzyme in the heme synthetic pathway (ALAS), activity 
of PBGD, and globin chain synthesis.

The oxygen affinity of hemoglobin depends on PO2, pH, 
PCO2, 2,3-BPG, and temperature. Hemoglobin–oxygen affin-
ity can be graphically depicted by the ODC. A curve that has 

shifted to the right reflects decreased oxygen affinity; when it 
has shifted to the left, oxygen affinity has increased. Increased 
CO2, heat, and acid decrease oxygen affinity; high O2 concen-
trations increase oxygen affinity.

Hemoglobin is an allosteric protein, which means that other 
molecules affect hemoglobin structure and function. In particu-
lar, the uptake of 2,3-BPG or oxygen can cause conformational 
changes in the molecule. The structure of deoxyhemoglobin is 
known as the T structure and that of oxyhemoglobin is known 
as the R structure.

When hemoglobin is exposed to oxidants or other com-
pounds, the molecule can be altered, which can compromise 
its ability to carry oxygen. High concentrations of these abnor-
mal hemoglobins can cause hypoxia and cyanosis, which can be 
detected by spectrophotometric methods.
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 2. Which of the following is the major hemoglobin in the new-
born? (Objective 2)

 A. a2b2

 B. a2g2

 C. a2d2

 D. a2e2

 3. A 2-year-old patient who had been cyanotic since birth was 
seen by a pediatrician. Blood was drawn for analysis of 
NADH methemoglobin reductase and results were normal. 
What follow-up test would you suggest to the physician? 
(Objective 6)

 A. hemoglobin electrophoresis

 B. bone marrow aspiration and examination

 C. haptoglobin and sulfhemoglobin determination

 D. glycosylated hemoglobin measurement by column 
chromatography

 4. A 25-year-old male was found unconscious in a car with 
the motor running. Blood was drawn and sent to the 
chemistry lab for spectral analysis. The blood was cherry 
red in color. Which hemoglobin should be tested for? 
(Objective 6)

 A. sulfhemoglobin

 B. methemoglobin

 C. carboxyhemoglobin

 D. oxyhemoglobin

 5. The oxygen dissociation curve in a case of chronic carboxy-
hemoglobin poisoning would show: (Objective 7)

 A. a shift to the right

 B. a shift to the left

 C. a normal curve

 D. decreased oxygen affinity

 6. A college student from Louisiana vacationed in Colorado 
for spring break. He arrived at Keystone Resort on the first 
day. The second day, he was nauseated and had a head-
ache. He went to the medical clinic at the resort and was 
told he had altitude sickness. The doctor told him to rest 
for another 24 hours before participating in any activities. 
What is the most likely reason he will overcome this condi-
tion in the next 24 hours? (Objective 4)

 A. His level of HbF will increase to help release more oxy-
gen to the tissues.

 B. The amount of carboxyhemoglobin will decrease to 
normal levels.

 C. The levels of ATP in his blood will reach maximal 
levels.

 D. The level of 2,3-BPG will increase and, in turn, 
decrease oxygen affinity.

 5. Which of the following is the correct molecular structure 
of hemoglobin? (Objective 1)

 A. four heme groups, two iron, two globin chains

 B. two heme groups, two iron, four globin chains

 C. two heme groups, four iron, four globin chains

 D. four heme groups, four iron, four globin chains

 6. 2,3-BPG combines with which type of hemoglobin? 
(Objectives 3, 5)

 A. oxyhemoglobin

 B. relaxed structure of hemoglobin

 C. deoxyhemoglobin

 D. ab dimer

 7. During exercise, the oxygen affinity of hemoglobin is: 
(Objective 3)

 A. increased in males but not females

 B. decreased due to production of heat and lactic acid

 C. unaffected in those who are physically fit

 D. affected only if the duration is more than 1 hour

 8. Which of the following is considered a normal hemoglobin 
concentration in an adult male? (Objective 6)

 A. 11.0 g/dL

 B. 21.0 g/dL

 C. 15.0 g/dL

 D. 9.0 g/dL

 9. Haptoglobin can become depleted in: (Objective 10)

 A. inflammatory conditions

 B. intravascular hemolysis

 C. infectious diseases

 D. kidney disease

 10. A patient with an anemia due to increased extravascular 
hemolysis would likely present with which of the following 
lab results? (Objective 9)

 A. increased haptoglobin

 B. hemoglobinuria

 C. normal hemoglobin and hematocrit

 D. increased serum bilirubin

Level ii

 1. Which of the following hemoglobins is not found in the 
normal adult? (Objective 2)

 A. a2b2

 B. a2g2

 C. a2d2

 D. a2e2
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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 7. When iron in the cell is replete, the translation of ferritin 
mRNA is: (Objective 3)

 A. decreased

 B. increased

 C. unaffected

 D. variable

 8. An aerobics instructor just finished an hour of instruction. 
Blood is drawn from her for a research study, and the oxy-
gen dissociation is measured. What would you expect to 
find? (Objective 4)

 A. a shift to the left

 B. a shift to the right

 C. no shift

 D. an increased oxygen affinity

 9. In the lungs, a hemoglobin molecule takes up two oxygen 
molecules. What effect will this have on the hemoglobin 
molecule? (Objectives 5, 8)

 A. It will increase oxygen affinity.

 B. It will narrow the heme pockets blocking entry of addi-
tional oxygen.

 C. The hemoglobin molecule will take on the tense structure.

 D. The center cavity will expand, and 2,3-BPG will enter.

 10. An anemic patient has hemosiderinuria, increased serum 
bilirubin, and decreased haptoglobin. This is an indication 
that there is: (Objective 10)

 A. increased intravascular hemolysis

 B. decreased extravascular hemolysis

 C. hemolysis accompanied by renal disease

 D. a defect in the Rapoport-Leubering pathway
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify terms associated with increases and decreases in granulocytes 

and monocytes.
 2. Differentiate morphological features of the granulocyte and  monocyte 

precursors found in the proliferative compartment of the bone marrow.
 3. Describe the development, including distinguishing maturation and cell 

features, of the granulocytic and monocytic-macrophage cell lineages.
 4. Describe and differentiate the morphologic and other distinguishing 

cell features of each of the granulocytes and monocytes found in the 
peripheral blood.

 5. Explain the function of each type of granulocyte and monocyte found 
in the peripheral blood.

 6. Summarize the process of neutrophil migration and phagocytosis.
 7. List the adult reference intervals for the granulocytes and monocytes 

found in the peripheral blood.
 8. Calculate absolute cell counts from data provided.
 9. Differentiate and interpret absolute values and relative values of cell 

count data.
 10. List causes/conditions that increase or decrease absolute numbers of 

individual granulocytes and monocytes found in the peripheral blood.
 11. Compare and contrast pediatric and newborn reference intervals with 

adult reference intervals.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the kinetics of the granulocytic and monocytic-macrophage 

cell lineages.
 2. Describe the processes that permit neutrophils to leave the peripheral 

blood circulation and move to a site of infection and propose how 
defects in these processes affect the body’s defense mechanism.

 3. Compare and contrast the immunologic features and functions of each 
of the granulocytes and monocytes found in the peripheral blood.

Granulocytes 
and Monocytes
Kristin Landis-Piwowar, Phd
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introduction
With the exception of T lymphocytes, leukocyte precursors proliferate, 
differentiate, and mature in the bone marrow. Mature leukocytes are 
released into the peripheral blood where they circulate briefly until they 
move into the tissues in response to stimulation. They perform their 
function of host defense primarily in the tissues. The neutrophil, band 
neutrophil, eosinophil, basophil, monocyte, and lymphocyte are the leu-
kocytes normally found in the peripheral blood of children and adults.

Leukocytes are nearly colorless in an unstained blood smear—
hence, the term leuko-, meaning “white.” The era of morphologic 
hematology began in 1877 with Paul Ehrlich’s discovery of a triac-
idic stain that allowed for the differentiation of leukocytes on fixed 
blood smears.1 Today, Wright stain, a Romanowsky-type stain, utilizes 
methylene blue and eosin to stain the cellular components of blood and 
bone marrow that are smeared on glass slides. Basic cellular elements 
react with the acidic dye (eosin), and acidic cellular elements react with 
the basic dye (methylene blue). The eosinophil contains large amounts 
of basic protein in its granules that react with the eosin dye—hence, the 
name eosinophil—whereas the basophil has granules that are acidic 
and react with the basic dye, methylene blue—hence, the name baso-
phil. The neutrophil reacts with both acid and basic components of the 
stain, giving the cell cytoplasm a clear or tan to pinkish appearance with 
pink to violet stained granules. The nuclear DNA and cytoplasmic RNA 
of cells are acidic and pick up the basic stain, methylene blue. The eosin-
ophil, basophil, and neutrophil are  polymorphonuclear (their nuclei 
have many lobes) and because their cytoplasm contains many granules, 
they are classified as granulocytes. Monocytes are mononuclear cells 
and contain small numbers of fine granules in a bluish-gray cytoplasm.

 4. Explain the physiological events that alter the number of 
circulating granulocytes and monocytes in the peripheral 
blood.

Key Terms
Agranulocytosis
Azurophilic granule
Charcot-Leyden crystal
Chemokine
Chemotaxis
Circulating Pool (CP)
Cluster of differentiation (CD)
Degranulation
Diapedesis
Drumstick (Barr body)
Erythrophagocytosis
Granulocytosis
Leukocytosis
Leukopenia

Marginating pool (MP)
Monocyte-macrophage  

system
Mononuclear phagocyte (MNP) 

system
Neutropenia
Neutrophilia
Pathogen-associated molecular 

pattern (PAMP)
Pattern recognition receptor 

(PRR)
Phagocytosis
Polymorphonuclear

We will refer to this case study throughout the chapter.

harry, a 30-year-old male in good physical condition, 
had a routine physical examination as a requirement for 
purchasing a life insurance policy. A CBC was ordered 
with the following results: hb 15.5 g/dL (155 g/L), hct 
47% (0.47 L/L), RBC count 5.2 * 1012/L, platelet count 
175 * 109/L, and WBC count 12 * 109/L. 

Consider how you could explain these results in a 
healthy male.

case study

Background Basics
In addition to the basics from previous chapters, it is helpful to 
have a general understanding of immunology (immune system 
and function); biochemistry (proteins, carbohydrates, lipids); 
algebra; and the use of percentages, ratios, proportions, and the 
metric system.

To maximize your learning experience, you should review these 
concepts from previous chapters before starting this unit of study:

Level i
• Identify components of the cell and describe their function. 

(Chapter 2)
• Summarize the function of growth factors and the hierarchy 

of hematopoiesis. (Chapter 4)
• Describe the function of the hematopoietic organs. (Chapter 3)

Level ii
• List the growth factors and identify their function in leukocyte 

differentiation and maturation. (Chapter 4)
• Describe the structure of the hematopoietic organs. (Chapter 3)

Objectives—Level II (continued)
 5. Correlate the laboratory data that pertain to 

 granulocytes and monocytes with the clinical informa-
tion for a patient.

overview
The terms leukocyte and white blood cell (WBC) are the synony-
mous names given to the nucleated blood cells that are involved in 
the defense against foreign pathogens or antigens. Leukocytes develop 
from the pluripotential hematopoietic stem cell in the bone marrow. 
In the presence of infection or inflammation, leukocytes can increase 
in number and can display morphologic changes. Thus, an important 
screening test for a wide variety of conditions is the leukocyte count, 
more commonly referred to as the WBC count. Leukocytes are classi-
fied as granulocytes (neutrophils, eosinophils, basophils), monocytes, 
and lymphocytes. This chapter is a study of the normal differentiation 
and maturation of granulocytes and the nongranulocytic monocyte. 
Each of these cells is discussed in terms of cell morphology, concen-
tration in the peripheral blood, and function. Lymphocytes will be 
discussed in Chapter 8. 
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An altered concentration of all leukocyte types or, more com-
monly, an alteration in one specific type of leukocyte can cause an 
increase or decrease in the total WBC count. For this reason, an abnor-
mal total WBC count should be followed by a leukocyte differential 
count (commonly referred to as a WBC differential, or simply diff ). A 
manual WBC differential is performed by enumerating each leukocyte 
type within a total of 100 leukocytes on a stained blood smear using 
a microscope. The differential results are reported as the percentage 
of each cell type counted. To accurately interpret whether an increase 
or decrease in cell types exists, however, it is necessary to calculate 
the absolute concentration using the results of the WBC count and 
the differential (relative concentration) in the following manner:

Differential count (in decimal form) * WBC count
* (109/L) = Absolute cell count ( * 109/L)

The application of this calculation is emphasized in the following 
example. Two different blood specimens from two different patients 
were found to have a relative neutrophil concentration of 85%. The 
total WBC count in one patient was 3 * 109/L and in the other was 
9 * 109/L. The relative neutrophil concentration on both specimens 
appears elevated (reference interval is 40–80%); however, calculation 
of the absolute concentration (reference interval 1.897.0 * 109/L) 
shows that only one specimen has an absolute increase in neutrophils, 
whereas the other is within the reference interval:

0.85 * (3 * 109/L) = 2.6 * 109/L (within the reference interval)
 0.85 * (9 * 109/L) = 7.7 * 109/L (increased)

Neutrophils comprise the largest portion of WBCs in peripheral 
blood followed by lymphocytes (Chapter 8), monocytes, eosinophils, 
and basophils, respectively. In an adult, neutrophils make up 40–80% 
of total leukocytes. At birth, the neutrophil concentration is about 
50–60%; this level drops to ∼30% by 4–6 months of age. After 4 years 
of age, the concentration of neutrophils gradually increases until adult 
values are reached at ∼6 years of age (1.897.0 * 109/L). Most periph-
eral blood neutrophils are mature segmented forms. However, up to 
5% of the less mature, nonsegmented forms, called neutrophil bands, 
can be seen in normal specimens. Most variations in the total WBC 
count are due to an increase or decrease in neutrophils.

Monocytes usually compose 2–10% (0.190.8 * 109/L) 
of circulating leukocytes. Occasionally, reactive lymphocytes 
(Chapter  8) resemble monocytes in morphology, posing clas-
sification difficulty even for the experienced hematologist. 

William Hewson, the father of hematology, first observed leuko-
cytes in the eighteenth century. In the nineteenth century, the studies 
of inflammation and bacterial infection intensified interest in leuko-
cytes.2 Many researchers studied the similarity of pus cells in areas 
of inflammation and the leukocytes of the blood. Ilya Metchnikov 
observed the presence of nucleated blood cells surrounding a thorn 
introduced beneath the skin of a larval starfish.1

Many of Ehrlich’s observations and Metchnikov’s experiments 
provided the groundwork for understanding the leukocytes as defend-
ers against infection. Ehrlich recognized that variations in numbers 
of leukocytes accompanied specific pathologic conditions, such as 
eosinophilia in allergies, parasitic infections, and dermatitis as well as 
neutrophilia in bacterial infections.

Leukocytes function to fight infection by two separate but inter-
related events: phagocytosis (innate immune response) and develop-
ment of the adaptive immune response. Granulocytes and monocytes 
are the primary cells responsible for phagocytosis whereas monocytes 
and lymphocytes interact to produce an effective adaptive immune 
response (Chapter 8). Eosinophils and basophils interact in mediating 
allergic and hypersensitivity reactions.

LeuKocyte concentration 
in the PeriPheraL BLood
Leukocytes develop from pluripotential hematopoietic stem cells 
(HSCs) in the bone marrow. Upon specific hematopoietic growth 
factor stimulation, the stem cell proliferates and differentiates into 
the various types of leukocytes: granulocytes (neutrophils, eosino-
phils, basophils), monocytes, and lymphocytes. Once these cells have 
matured, they can be released into the peripheral blood or remain in 
the bone marrow storage pool until needed.

An individual’s age and various physiologic and pathologic condi-
tions predominantly affect the WBC count. The total WBC count is high 
at birth, ranging from 9–30 * 109/L. A few immature granulocytic 
cells (myelocytes, metamyelocytes) can be seen in the circulation during 
the first few days of life. However, immature leukocytes are not present 
in the peripheral blood after this age except in certain diseases. Within 
the first week after birth, the leukocyte count drops to 5921 * 109/L. 
A gradual decline continues until the age of 8 years at which time the 
leukocyte concentration averages 8 * 109/L. Adult values average from 
4.5–11.0 * 109/L, and generally do not decline with aging.3

In addition to age, physiologic and pathological events affect the 
concentrations of leukocytes. Pregnancy, time of day, and an indi-
vidual’s activity level affect the WBC concentration. Infections and 
immune-regulated responses cause significant changes in leukocytes. 
Many other pathologic disorders can also cause quantitative and/or 
qualitative changes in white cells. Considerable heterogeneity in leu-
kocyte concentration has been found among racial, ethnic, and sex 
subgroups, suggesting the need for unique reference intervals for spe-
cific populations.4 Thus, when WBC counts are evaluated, the patient’s 
age, and possibly race/ethnicity and sex, provide useful information. It 
also is helpful to assess the accuracy of cell counts by correlating them 
with the patient’s previous cell counts and clinical history. Additional 
testing, called reflex testing, can be indicated as a result of abnormali-
ties in the WBC count. Changes associated with diseases and disorders 
will be discussed in subsequent chapters on leukocytes.

harry’s CBC results were hb 15.5 g/dL (155 g/L), hct 
47% (0.47 L/L), RBC count 5.2 * 1012/L, platelet count 
175 * 109/L, and WBC count 12 * 109/L.

1. Are any of these results outside the reference interval? 
If so, which one(s)?

2. If this were a newborn, would you change your evalu-
ation? If so, why?

case study (continued from page 98)
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Other pathogens can be eliminated without the step of recognition 
just described. This is accomplished when a pathogen contains certain 
structures shared by many different pathogens or common alterations 
that the pathogen makes to the body’s cells. The shared structures or 
common cellular alterations are called pathogen-associated molec-
ular patterns (PAMPs). Examples include bacterial lipopolysaccha-
ride, viral RNA, and bacterial DNA. Leukocytes are able to remove 
these pathogens by interaction with the leukocyte’s surface receptors 
for PAMPs, referred to as pattern recognition receptors (PRRs).5 
Once a pathogen has been recognized, effector cells can attack, engulf, 
and kill it. Neutrophils, monocytes, and macrophages play a major role 
in the innate immune system. The innate IR is rapid but limited.

The adaptive immune response (adaptive IR) is initiated in lymphoid 
tissue where pathogens encounter lymphocytes, the major cells involved 
in this response. This IR is slower to develop than the innate IR, but it pro-
vides long-lasting immunity (memory) against the pathogen with which 
it interacts. The adaptive IR will be discussed in more detail in Chapter 8.

In addition to its role in protection against infections, the cells 
of the innate immune system possess mechanisms to recognize the 
products of damaged and dead host cells, eliminating those cells and 
initiating tissue repair. These substances are called damage-associated 
molecular patterns (DAMPs) and include stress-associated heat 
shock proteins (HSPs), crystals, and nuclear proteins.6

neutroPhiLs
Neutrophils are the most numerous leukocyte in the peripheral blood. 
They are easily identified on Romanowsky-stained peripheral blood 
smears as cells with a segmented nucleus and fine pink to lavender 
granules.

Differentiation, Maturation, and Morphology
Leukocytes develop from HSCs in the bone marrow. The common 
myeloid progenitor (CMP) cell gives rise to the committed precursor 
cells for the neutrophilic, eosinophilic, basophilic, and monocytic 
lineages, whereas the common lymphoid progenitor (CLP) cell gives 
rise to committed precursor cells for T, B, and natural killer (NK) 
lymphocytes7 (Chapter 4). When lineage commitment has occurred, 
maturation begins. Myeloid and lymphoid cells go through unique 
maturation processes. The myeloid cells include the granulocytes 
and their precursor cells (granulocyte monocyte progenitor [GMP], 
colony-forming unit-granulocyte [CFU-G]), the eosinophilic and 
basophilic cells and their precursors (CFU-Eo, CFU-Ba) and the 
monocytic cells including monocytes and their precursors (GMP, 
CFU-M). The lymphoid cells include the lymphocytes and their 
precursors (CFU-T/NK, CFU-T, CFU-B).

Normally, the life span of the neutrophil is spent in three compart-
ments: the bone marrow (site of proliferation, differentiation, and mat-
uration), the peripheral blood (where they circulate for a few hours), 
and the tissues (where they perform their function of host defense).

Neutrophilic production is primarily regulated by three cytokines, 
interleukin-3 (IL-3), granulocyte monocyte-colony-stimulating fac-
tor (GM-CSF), and granulocyte-colony-stimulating factor (G-CSF). 
 GM-CSF and G-CSF also regulate survival and functional activity of 
mature neutrophils. The neutrophil undergoes six morphologically 
identifiable stages in the process of maturation. The stages from the first 
morphologically identifiable cell to the mature segmented neutrophil 

Monocytes are functionally more similar to the granulocytes than to 
the  nongranulocytic lymphocyte.

Peripheral blood eosinophil concentrations are maintained at 
0–5% (up to 0.4 * 109/L) throughout life. It is possible that no eosino-
phils can be seen on a 100-cell differential. However, careful scanning 
of the entire smear should reveal an occasional eosinophil.

Basophils are the least plentiful cells in the peripheral blood, 0–1% 
(up to 0.2 * 109/L). It is common to find no basophils on a 100-cell 
differential. The finding of an absolute basophilia (70.2 * 109/L), 
however, is very important because it can indicate the presence of a 
hematologic malignancy.

LeuKocyte surface MarKers
Leukocytes and other cells express a variety of molecules on their sur-
faces that can be used as markers to help identify the lineage of a cell 
as well as subsets within the lineage. These markers can be identified 
by reactions with specific monoclonal antibodies. A nomenclature 
system was developed to identify antibodies with similar character-
istics using the term cluster of differentiation (CD) followed by a 
number. The CD designation is now used to identify the molecule rec-
ognized by the monoclonal antibody. In addition to using CD mark-
ers to identify cell lineage, some surface markers are used to identify 
stages of maturation as they are transiently expressed at a specific stage 
of development. Other markers are expressed only after the cell has 
been stimulated and thus can be used as a marker of cell activation. 
CD markers are very helpful in differentiating neoplastic hematologic 
disorders (Chapter 23) and can be identified by flow cytometry or 
cytochemical stains (Chapters 37, 40).

The WBC differential performed on the specimen from 
harry had the following results:

Neutrophils 58%
Lymphocytes 32%
Monocytes 6%
Eosinophils 3%
Basophils 1%

3. Are any of the WBC concentrations outside the refer-
ence interval (relative or absolute)?

case study (continued from page 99)

LeuKocyte function
The primary function of leukocytes is to protect the host from infec-
tious agents or pathogens by employing defense mechanisms called 
the innate (natural) and/or the adaptive (acquired) immune 
systems. The innate immune response (innate IR) is the body’s first 
response to common classes of invading pathogens. When a pathogen 
enters the body, it must be recognized as foreign, or nonself, by soluble 
proteins (e.g., antibody or complement). The pathogen interacts with 
cell-surface receptors for IgG (FcgR) or complement (CR1, CR3) 
on leukocytes before the pathogen can be eliminated. The leukocyte 
receptors that participate in the innate IR are always available and do 
not require cell activation to be expressed.
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the lineage of blasts (Chapter 37). Myeloblast CD markers include 
CD33, CD13, CD38, and CD34.8

Promyelocyte
The promyelocyte/progranulocyte (Table 7-1, Figures  7-1 and  7-2) 
varies in size from 15–21 mcM. The nucleus is still quite large, and 
the N:C ratio is high. The nuclear chromatin structure, although 
coarser than that of the myeloblast, is still open and rather lacy, stain-
ing purple to dark blue. The color of the nucleus varies somewhat 
depending on the stain used, and several nucleoli can still be vis-
ible. The basophilic cytoplasm is similar to that of the myeloblast 
but is differentiated by the presence of prominent, reddish-purple 
primary granules, also called nonspecific or azurophilic granules, 
which are synthesized during this stage. The primary granules are 

include (1) myeloblast, (2) promyelocyte, (3) myelocyte, (4) metamyelo-
cyte, (5) band or nonsegmented neutrophil, and (6) segmented neutro-
phil, also referred to as the polymorphonuclear neutrophil (PMN).

During the maturation process, progressive morphological 
changes occur in the nucleus. The nucleoli disappear, the chromatin 
condenses, and the once round nuclear mass indents and eventually 
segments. These nuclear changes are accompanied by distinct cyto-
plasmic changes. The scanty, agranular, basophilic cytoplasm of the 
earliest stage is gradually replaced by pink-to-tan-staining granu-
lar cytoplasm in the mature differentiated stage (Figures 7-1 ■ and 
 7-2 ■, Table 7-1 ★). The four subsets of granules/organelles (primary, 
secondary, secretory, tertiary) are produced at specific times during 
neutrophil development and contain specific molecules of physi-
ologic importance. The biosynthesis of the granule content is primar-
ily determined by activation or inhibition of transcription factors at 
certain time points during neutrophil development. Leukopoiesis is 
an amazing process that generates 195 * 109 cells per hour or 1011 
cells per day.7 However, the marrow has the capacity to significantly 
increase the neutrophil production over this baseline level in response 
to infectious or inflammatory stimuli. The morphology of the stages 
of maturation is discussed in the following sections.

Myeloblast
The myeloblast (Table  7-1, Figures  7-1 and 7-3 ■) is the earliest 
morphologically recognizable precursor of the myeloid lineage. The 
myeloblast size varies from 14–20 mcM (mm) in diameter, and it 
has a high nuclear to cytoplasmic (N:C) ratio. The nucleus is usually 
round or oval and contains a delicate, lacy, evenly stained chroma-
tin. One to five nucleoli are visible. The small amount of cytoplasm 
is agranular, staining from deep blue to a lighter blue. A distinct 
unstained area adjacent to the nucleus representing the Golgi appa-
ratus can be seen. Myeloblasts can stain faintly positive for peroxi-
dase and esterase enzymes and for lipids (Sudan black B) although 
granules are not evident by light microscopy. Staining reactions 
with peroxidase and esterase help differentiate myeloblasts from 
monoblasts and lymphoblasts. CD markers also aid in identifying 

■  figure 7-2 In the center are a myelocyte (a) and a 
promyelocyte (b). Note the changes in the nucleus and 
cytoplasm. The myelocyte has a clear area next to the 
nucleus, which represents the Golgi  apparatus. Note the 
azurophilic granules in the promyelocyte. Also present are 
two bands and in the top right  corner a  metamyelocyte. 
Orthochromatic  normoblasts are present (bone marrow, 
Wright-Giemsa stain, 1000*  magnification).

■  figure 7-3 (a) Indicates a pronormoblast and  
(b) indicates a myeloblast. Note that the myeloblast 
has more lacy, lighter-staining chromatin with distinct 
nucleoli and bluish cytoplasm whereas the  pronormoblast 
chromatin is more smudged with indistinct nucleoli and 
very deep blue-purple cytoplasm. Also pictured are bands, 
metamyelocyte, myelocytes, basophilic  normoblast, 
polychromatophilic normoblast, and orthochromatic 
 normoblast (bone marrow, Wright-Giemsa stain;  
1000*  magnification).

a

b

a

b

■  figure 7-1 Stages of neutrophil development. 
 Compare the chromatin pattern of the nucleus and the 
cytoplasmic changes in the various stages. From left: a 
very early band, myelocyte, promyelocyte, myeloblast, 
and very early band; above the myeloblast are two 
 segmented neutrophils (bone marrow; Wright-Giemsa 
stain; 1000*  magnification).
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Primary granules secondary granules secretory vesicles tertiary granules

Myeloperoxidase Lactoferrin Alkaline phosphatase Gelatinase

Lysozyme Lysozyme Complement receptor 1 Lysozyme

Cathepsin G, B, and D histaminase Cytochrome b558

Defensins (group of cationic proteins) Collagenase

Bactericidal permeability increasing protein (BPI) Gelatinase

Esterase N heparinase

Elastase

★ taBLe 7-2 Neutrophil Granule Contents

surrounded by a phospholipid membrane and contain peroxidase 
and a number of antimicrobial compounds. See Table 7-2 ★ for a 
list of the contents of primary granules.

Myelocyte
The myelocyte (Table 7-1, Figures  7-1 through 7-3) varies in size from 
12–18 mcM. The nucleus is reduced in size (as is the N:C ratio) due 
to nuclear chromatin condensation and appears more darkly stained 
than the chromatin of the promyelocyte. Nucleoli can be seen in the 
early myelocyte but are usually indistinct. The myelocyte nucleus can 
be round, oval, slightly flattened on one side, or slightly indented.9 The 
clear light area next to the nucleus, representing the Golgi apparatus, 
can still be seen. The myelocyte goes through two to three cell divi-
sions; this is the last stage of the maturation process in which the cell 
is capable of mitosis. The early myelocyte has a rather basophilic cyto-
plasm, whereas the later, more mature myelocyte, has a more tan to 
pink cytoplasm as the cell begins to lose cytoplasmic RNA.

The hallmark for the myelocyte stage is the appearance of specific 
or secondary granules. Synthesis of peroxidase-positive primary gran-
ules is halted, and the cell switches to synthesis of peroxidase-negative 
secondary granules. Secondary granules are detected first near the 
nucleus in the Golgi apparatus. This has sometimes been referred to 
as the dawn of neutrophilia. These neutrophilic secondary granules 
are small and sandlike with a pinkish-red to pinkish-lavender tint. 
Like the primary granules, a phospholipid membrane surrounds the 
secondary granules. Large primary azurophilic granules can still be 
apparent, but their concentration decreases with each successive cell 
division because their synthesis has ceased. Their ability to pick up 
stain also decreases with successive mitotic divisions. See Table 7-2 
for a partial list of secondary granule contents.9

Secretory vesicles are scattered throughout the cytoplasm of 
myelocytes, metamyelocytes, band neutrophils, and segmented neu-
trophils10 (Table 7-2). Secretory vesicles are formed by endocytosis in 
the later stages of neutrophil maturation and contain plasma proteins 
including albumin. When neutrophils are stimulated, the cytoplas-
mic secretory vesicles fuse with the plasma membrane to increase 
the neutrophil surface membrane and expression of adhesion and 
chemotactic receptors.

Metamyelocyte
The metamyelocyte (Table 7-1, Figures 7-1 and 7-3) varies in size 
from 10–18 mcM in diameter and is not capable of cell division. 
Nuclear indentation that gives the nucleus a kidney bean shape can be 
a characteristic that differentiates a metamyelocyte from a myelocyte, 

but nuclear shape is variable and is not the most reliable identifying 
feature. Care should be taken to review other cellular features such as 
the degree of the chromatin clumping, color of the cytoplasm, pre-
dominant granules present, and the cell size. The nuclear chromatin 
is coarse and clumped and stains dark purple. Nucleoli are not visible. 
The cytoplasm has a predominance of secondary and secretory gran-
ules. The ratio of secondary to primary granules is ∼2:1. The meta-
myelocyte’s cytoplasm resembles the color of the cytoplasm of a fully 
mature neutrophil (pinkish-tan). Tertiary or gelatinase-containing 
granules are synthesized mainly during the metamyelocyte and band 
neutrophil stages.9

Band neutrophil
The band neutrophil, also called nonsegmented neutrophil or stab, 
is slightly smaller in diameter than the metamyelocyte. The metamy-
elocyte becomes a band when the indentation of the nucleus is more 
than half the diameter of the hypothetical round nucleus (Table 7-1 
and Figure 7-1). The indentation gives the nucleus a horseshoe shape. 
The chromatin displays increased condensation at either end of the 
nucleus. The cytoplasm appears pink to tan, resembling both the pre-
vious stage and the fully mature segmented forms. The band neutro-
phil is the first stage that normally is found in the peripheral blood. All 
four types of granules (primary, secondary, secretory, tertiary) can be 
found at this stage, but primary granules are not usually differentiated 
with Wright stain in band neutrophils.

segmented neutrophil
Although similar in size to the band form, the neutrophil, or PMN, is 
recognized, as its name implies, by a segmented nucleus with two or more 
lobes connected by a thin nuclear filament (Table 7-1, Figure 7-1). The 
chromatin is condensed and stains a deep purple black. Most neutrophils 
have three or four nuclear lobes, but a range of two to five lobes is pos-
sible. Fewer than three lobes are considered hyposegmented. A cell with 
more than five lobes is considered abnormal and referred to as a hyper-
segmented neutrophil. Observing three or more five-lobed neutrophils 
in a 100-cell differential is usually considered pathologic (megaloblastic 
anemia; Chapter 15). Nuclear lobes are often touching or superimposed 
on one another, sometimes making it difficult to differentiate the cell as 
a band or PMN.

Individual laboratories and agencies such as the Clinical and Labo-
ratory Standards Institute (CLSI) have outlined criteria for differentiat-
ing bands from PMNs in manual differentials.11 A band is defined as 
having a nucleus with a connecting strip or isthmus with parallel sides 
and having width enough to reveal two distinct margins with nuclear 
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Bone Marrow
Neutrophils in the bone marrow are derived from the stem cell pool 
and can be divided into two pools: the mitotic pool and the postmi-
totic pool (Figure 7-5 ■). The mitotic pool, also called the proliferating 
pool, includes cells capable of DNA synthesis: myeloblasts, promyelo-
cytes, and myelocytes. Cells spend about 3–6 days in this proliferating 
pool and undergo four to five cell divisions. Although two to three of 
these divisions occur in the myelocyte stage, the number of cell divi-
sions at each stage is variable. The postmitotic pool, also known as the 
maturation and storage pool, includes metamyelocytes, bands, and 
segmented neutrophils. Cells spend about 5–7 days in this compart-
ment before they are released to the peripheral blood. However, dur-
ing infections, the myelocyte-to-blood transit time can be as short as 
2 days. The number of cells in the postmitotic storage pool is almost 
three times that of the mitotic pool.10

The largest compartment of neutrophils is found within the 
bone marrow and is referred to as the mature neutrophil reserve. The 
number of neutrophils circulating in the peripheral blood, the blood 
compartment, is about one-third the size of the bone marrow compart-
ment. Once precursor cells have matured in the bone marrow, they are 
released into the peripheral blood (Chapter 4). Normally, the input of 
neutrophils from the bone marrow to the peripheral blood equals the 
output of neutrophils from the blood to the tissues, maintaining a rela-
tive steady-state blood concentration. However, when the demand for 
neutrophils increases, as in infectious states, the neutrophil concentra-
tion in the peripheral blood can increase quickly by their release from 
the bone marrow storage (reserve) pool. Depending on the strength and 
duration of the stimulus, the marrow myeloid precursor cells (GMP, 
CFU-G) also can be induced to proliferate and differentiate to form 
additional neutrophils. The transit time between development in the 
bone marrow and release to the peripheral blood can be decreased as a 
result of several mechanisms: (1) acceleration of maturation, (2) skipped 
cellular divisions, and (3) early release of cells from the marrow.

The mechanisms regulating the production and release of neu-
trophils from the bone marrow to the peripheral blood are not com-
pletely understood but likely include a feedback loop between the 

chromatin material visible between the margins. If a margin of a given 
lobe can be traced as a definite and continuing line from one side 
across the isthmus to the other side, a filament is assumed to be present 
although it is not visible. If a laboratory professional is not sure whether 
a neutrophil is a band form or a segmented form, it is arbitrarily classified 
as a segmented neutrophil. From a traditional clinical viewpoint, deter-
mining whether young forms of neutrophils (band forms and younger) 
are increased has been useful.9 However, differentials performed by 
automated hematology instruments do not differentiate between band 
and segmented neutrophils. Band neutrophils are fully functional 
phagocytes and often are included with the total neutrophil count.11

The cytoplasm of the mature PMN stains a pink or tan to clear 
color. It contains many secondary and tertiary granules and secre-
tory vesicles. Primary granules are present, but because of their loss of 
staining quality, might not be readily evident. The ratio of secondary 
to primary granules remains ∼2:1.

Neutrophilic granules contain protein, lipids, and carbohydrates. 
Many of the proteins (enzymes) have already been discussed. About 
one-third of the lipids in neutrophils consist of phospholipids. Much 
of the phospholipid is present in the plasma membrane or membranes 
of the various granules. Cholesterol and triglycerides constitute most 
of the nonphospholipid neutrophil lipid. Although cytoplasmic non-
membrane lipid bodies can also be found in neutrophils, their role 
in cell function is unclear. Lipid material is likewise found in neutro-
philic precursors and a cytochemical stain for lipids, Sudan black B, 
is used to differentiate myeloid precursors from lymphoid precursors 
 (Chapter 23). Carbohydrate in the form of glycogen is also found in 
neutrophils and some myeloid precursors. Neutrophils utilize gly-
cogen to obtain energy by glycolysis when required to function in 
hypoxic conditions (e.g., an abscess site). The periodic acid-Schiff 
(PAS) stain is used to detect glycogen in cells. CD markers on the 
neutrophil include CD13, CD15, CD16, CD11b/CD18, and CD33.8

In normal females with two X chromosomes or males with XXY 
chromosomes (Klinefelter syndrome), one X chromosome is randomly 
inactivated in each somatic cell of the embryo and remains inactive in 
all daughter cells produced from that cell. The inactive X chromosome 
appears as an appendage of the neutrophil nucleus and is called a drum-
stick (Barr body) or an X chromatin body (Figure 7-4 ■). The number 
of chromatin bodies detected in the neutrophil is one less than the num-
ber of X chromosomes present; however, chromatin bodies are not visible 
in every neutrophil. The X chromatin bodies can be identified in 2–3% of 
the circulating PMNs of 46, XX females, and Klinefelter males (47, XXY).9

■  figure 7-4 The segmented neutrophil on the right 
has an X chromatin body (arrow) (peripheral blood, 
 Wright-Giemsa stain, 1000*  magnification).

An adult patient’s peripheral blood smear revealed 
many myelocytes, metamyelocytes, and band forms of 
 neutrophils. Is this a normal finding?

CheCkpoint 7-1

Distribution, Concentration, and Kinetics
The kinetics of a group of cells—their production, distribution, and 
destruction—also is described as the cell turnover rate. For the 
 neutrophil, kinetics follows the movement of the cell through a series 
of interconnected compartments (the marrow, blood, tissues).
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The release mechanism of the bone marrow storage pool is selec-
tive in normal, steady-state kinetics, releasing only segmented neutro-
phils and a few band neutrophils. The mechanisms controlling this 
regulated release are not fully understood. The release is partially regu-
lated by the small pore size in the vascular endothelium lining the bone 
marrow sinusoids and by the mature segmented neutrophil’s ability to 
deform enough to squeeze through the narrow opening. Immature cells 
are larger and less deformable and cannot penetrate the small pores; 
however, when an increased demand for neutrophils exists, a higher 
proportion of less mature neutrophils is released into the peripheral 
blood. Glucocorticoids, endotoxin (bacterial lipopolysaccharide), and 
G-CSF can increase neutrophil release from the marrow.

Peripheral Blood
Neutrophils are released from the bone marrow to the peripheral blood, 
but not all neutrophils are circulating freely at the same time. About 
half the total blood neutrophil pool is temporarily marginated along 
the vessel walls and is called the marginating pool (MP), whereas the 
other half is freely circulating and is referred to as the circulating pool 
(CP).10 Thus, if all marginated neutrophils were to circulate freely, the 
total neutrophil count would double. Marginating neutrophils roll on the 
endothelial surface at a slow rate caused by a loose binding interaction 
between selectin adhesion proteins on neutrophils (L-selectin) and the 
L-selectin ligand on endothelial cells. The two pools are in equilibrium 
and rapidly and freely exchange neutrophils. Stimulants such as strenu-
ous exercise, epinephrine, or stress can induce a shift from the MP to the 
CP, temporarily increasing the neutrophil count. The average neutro-
phil circulates ∼7.5 hours in the blood before diapedesing (transendo-
thelial migration) to the tissues, although a few die of apoptosis while in 
the circulation. These are occasionally seen as “necrobiotic neutrophils” 
with a pyknotic nucleus on the peripheral blood smear (Chapter 10).

tissues
Most neutrophils move into the tissues from the MP in response to 
chemotactic stimulation (see section on Neutrophil Function). In the 
tissues, the neutrophil is either destroyed by trauma (cell necrosis) or 
lives until programmed cell death, apoptosis, occurs (Chapter 2). Neu-
trophils that do not receive activation signals generally die within 1–2 
days. However, elevated levels of GM-CSF or G-CSF associated with an 
infection or inflammatory process can prolong the neutrophil life span 
to 3–5 days by blocking apoptosis. Senescent or apoptotic neutrophils 
are phagocytosed by macrophages.9

neutrophil Kinetics
Neutrophils constitute the majority of circulating leukocytes. The 
absolute concentration varies between 1.8 and 7.0 * 109/L. A num-
ber of physiologic and pathologic variations affect the concentration 
of circulating leukocytes. Pathologic causes of changes in leukocyte 
numbers are discussed in subsequent chapters on white cell disorders 
including Chapters  21–28.

Alteration in the concentration of peripheral blood leukocytes is 
often the first sign of an underlying pathology. A normal leukocyte count 
does not rule out the presence of disease, but leukocytosis (an increase 
in leukocytes) or leukopenia (a decrease in leukocytes) is an important 
clue to disease processes and deserves further investigation including a 
leukocyte differential count to identify the concentration of the different 

circulating neutrophils and the bone marrow. In normal conditions, 
this mediator is likely G-CSF, produced by marrow stromal cells and 
macrophages. Inflammatory cytokines such as IL-1 and tumor necro-
sis factor (TNF) are important in causing an increase in the neutrophil 
concentration in pathologic conditions by inducing the macrophage 
to increase the release of G-CSF and GM-CSF. The vascular endo-
thelial cells (VECs) that form the inner lining of blood vessels also 
generate cytokines that govern activation and recruitment of leuko-
cytes. Endothelial cells can be important in recruiting neutrophils in 
the earliest phases of inflammation and injury.

■  figure 7-5 Neutrophils are produced from stem cells 
in the bone marrow and spend about 1–2 weeks in this 
maturation compartment. Most neutrophils are released 
to the peripheral blood as  segmented forms. When the 
demand for these cells is increased, more immature 
forms can be released. One-half of the neutrophils in the 
peripheral blood are in the marginating pool (MP); the 
other half are in the circulating pool (CP). Neutrophils 
spend 610 hours in the blood before  marginating and 
exiting randomly to tissue.

Bone marrow

Postmitotic/storage pool
             (5–7 days)

  • Metamyelocytes
  • Bands
  • Segmented neutrophils

Tissues
(1–5 days)

• Segmented neutrophils

Peripheral blood
(<10 hours)

CP

MP

      Stem cell pool

• Hematopoietic stem cells
• Progenitor cells

  Mitotic pool
    (3–6 days)

• Myeloblasts
• Promyelocytes
• Myelocytes
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types of leukocytes. Granulocytopenia (granulocytes 62.0 * 109/L) 
defines a decrease in all types of granulocytes (i.e., eosinophils, baso-
phils, neutrophils). Neutropenia is a more specific term denoting a 
decrease in only neutrophils. Neutropenia in adults exists if the absolute 
neutrophil count falls below 1.8 * 109/L The condition of absence of 
granulocytes is called agranulocytosis, and the patient is at high risk 
of developing an infection. Granulocytosis is a term used to denote an 
increase in all granulocytes. Neutrophilia is a more specific term indi-
cating an increase in neutrophils. Neutrophilia in adults occurs when the 
absolute concentration of neutrophils exceeds 7.0 * 109/L. This condi-
tion is most often the result of the body’s reactive response to bacterial 
infection, metabolic intoxication, drug intoxication, or tissue necrosis.

Although the WBC count and absolute neutrophil count are used 
to evaluate neutrophil production, they reflect a transient moment in 
overall neutrophil kinetics and do not provide accurate, quantitative 
information on the rate of production or destruction, status of marrow 
reserves, or abnormalities in cell distribution in the tissues.

An adult patient’s WBC count is 10 * 109/L and there are 
90% neutrophils. What is the absolute number of neutro-
phils? Is this within the reference interval for neutrophils? 
If not, what term would be used to describe it?

CheCkpoint 7-2

Molecules cd designation expressed By counter-receptor/Ligand

1. b2@Integrins/neutrophils

a1b2 (LFA-1)

CD11a/CD18 Activated leukocytes ICAM-1 on VEC (CD54)
ICAM-2 on VEC (CD102)
ICAM-3 (CD50)

aMb2 (Mac-1) CD11b/CD18 Activated leukocytes ICAM-1 on EC
iC3b, fibrinogen, factor X

axb2 (p150, 95) CD11c/CD18 Activated leukocytes iC3b, fibrinogen

2. Selectins
L-selectins CD62L Leukocytes Sialylated carbohydrates; PSGL-1
E-selectin CD62E Activated VEC Sialylated carbohydrates (SLex) and  

L-selectin on activated leukocytes
P-selectin CD62P Activated VEC and platelets PSGL-1; sialylated carbohydrates

3. Immunoglobulin supergene family
ICAM-1 CD54 VEC LFA-1 (CD11a-CD18)
ICAM-2 CD102 VEC LFA-1 (CD11a-CD18)
ICAM-3 CD50 Neutrophils VEC
PECAM-1 CD31 VEC CD31, avb3
LFA-2 CD2 T lymphocytes LFA-3 (CD58) on EC
LFA-3 CD58 VEC CD2 on T lymphocytes
VCAM-1 CD106 VEC VLA-4 (CD49d) on monocytes,  

lymphocytes, eosinophils,  
basophils

LFA = leukocyte function-related antigen; CD = cluster of differentiation; VEC = vascular endothellial cell; ICAM = intercellular adhesion moleecules; 
PSGL-1 = P selectin glcoprotein ligand-1

★ taBLe 7-3 Adhesion Molecules Important in Leukocyte–Endothelial Cell Interactions

function primarily in the tissues where microbial invasion typically 
occurs. Monocytes-macrophages help in this process but are slower to 
arrive at the site. The four steps in the innate immune response can be 
described as adherence, migration (chemotaxis), phagocytosis, and bac-
terial killing.

adherence
Neutrophils flow freely along the vascular endothelium when neither 
the neutrophil nor VEC is activated. Neutrophil adherence and migra-
tion to the site of infection begin with a series of interactions between 
the neutrophils and VEC when these cells are activated by a variety of 
inflammatory mediators (cytokines).

Several different families of cell adhesion molecules (CAM) and 
their ligands play a major role in the adherence process. Adhesion 
molecules include (Table 7-3 ★):

•	 b2 (CD18) family of leukocyte integrins and their ligands 
 (immunoglobulin-like CAM)

•	 Selectins and their ligands
•	 Intercellular adhesion molecules (ICAMs)

Adhesion molecules and their ligands located on the leukocytes and 
VEC act together to induce activation-dependent adhesion events. 
They are critical for every step of neutrophil recruitment to sites of 
tissue injury including margination along vessel walls, diapedesis 
(passage of cells through intact vessel walls), and chemotaxis (migra-
tion in response to a chemical stimulation). Adhesion molecules are 
transmembrane proteins with three domains: extracellular, transmem-
brane, and intracellular. A ligand’s binding to the CAM extracellular 
domain on a neutrophil sends a signal across the membrane to the 

Function
To be effective in its role in host defense, the neutrophil must move to 
the site of the foreign agent, engulf it, and destroy it. Thus, neutrophils 
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The rolling neutrophils are thus situated to respond to additional signals 
from chemoattractants (chemotactic substances—chemical messengers 
that cause directional migration of cells along a concentration gradient) 
generated by infectious agents or an inflammatory response.10

Stage 2 is the activation of neutrophils. Chemokines (cytokines 
with chemotactic activity) or other chemoattractants bind to the 
endothelial cell surface where they interact with the loosely bound 
neutrophils and result in activation of neutrophil integrins. Chemoat-
tractants are released by tissue cells, microorganisms, and activated 
VEC and include specific and nonspecific proinflammatory media-
tors such as C5a (complement activation peptide), bacterial products, 
lipid mediators (e.g., platelet-activating factor [PAF]), and chemokines. 
Upon neutrophil activation, activation-dependent adhesion receptors 
including the b2-integrin molecules are expressed. Leukocyte plasma 
membranes have at least three b2@integrins: CD11a/CD18 (leukocyte 
function associated antigen-1 [LFA-1]), CD11b/CD18 (Mac-1, also 
known as the complement receptor 3 [CR3]), and CD11c/CD18. Each 
has an a subunit (CD11a, CD11b, CD11c) noncovalently linked to a 
b subunit (CD18).10 The neutrophil molecule, L-selectin, is down-
regulated at this time.

cell’s interior, which activates secondary messengers within the cell. 
These secondary messengers affect calcium flux, NADPH oxidase 
activity, cytoskeleton assembly, and phagocytosis.

Neutrophils and endothelial cells are transformed from a basal 
state to an activated state by inflammatory mediators (cytokines and 
chemokines). The initial result is activation of all three classes of 
CAMs. Springer has proposed a model of the neutrophil-endothelial 
cell adhesion and migration process12 that can be divided into four 
stages: (1) activation of VEC, (2) activation of neutrophils, (3) binding 
of neutrophils to inner vessel linings, and (4) transendothelial migra-
tion (Figure 7-6 ■).

Stage 1 involves the activation of VECs that allows for a loose 
association of VECs with neutrophils. Inflammatory cytokines induce 
the expression of E- and P-selectins and L-selectin ligands on VEC. 
E- and P-selectin molecules on the VEC surface interact with their 
ligands on the neutrophil. Additionally, L-selectin, which is constitu-
tively present in the neutrophil membrane, interacts with its L-selectin 
ligands that are upregulated on the surface of the activated VEC. These 
interactions induce the neutrophil to transiently associate and dissoci-
ate with the VEC, causing the neutrophil to “roll” on the VEC surface. 

■  figure 7-6 Adhesion of neutrophils to the  vascular endothelium and eventual migra-
tion of neutrophils into the tissue occur as a result of activation of  endothelial cells (EC) and 
neutrophils by exposure to chemoattractants. When the cells are activated, they are induced 
to express adhesion molecules. These transmembrane molecules send a  signal across the 
membrane to the interior of the cell when they attach to their receptor. The process occurs 
in four stages: In Stage 1, E-, P-selectin and L-selectin (VEC)  receptor are expressed on acti-
vated EC. The neutrophil’s  L-selectin and receptors for E-, P-selectin cause the neutrophil to 
attach loosely to the EC and roll along the  endothelium.  Neutrophils in Stage 2 are activated 
by the presence of chemoattractants in the local environment and express the  b2@integrins. 
These chemoattractants also activate the ECs. The neutrophils in Stage 3 attach to the acti-
vated ECs via the  attachment of their b2@integrins to ICAMs of the EC, resulting in a firmer 
attachment than in Stage 1 and halting the rolling of the neutrophil. The neutrophil in Stage 
4 migrates through the endothelium and basement membrane  (diapedesis) to the area of 
inflammation. They move in the direction of the  chemoattractants (chemotaxis).

VEC
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(for L-
selectin)

Chemoattractants

ICAM

RBC

PMN

b2 integrin

Basement membrane
of vessel wallL-selectin

E-, P-selectinVEC
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Phagocytosis
After arriving at the site of infection, phagocytosis by neutrophils can 
begin. Monocytes and macrophages also arrive at the site of injury and 
continue to accumulate and contribute to the inflammatory process. 
Phagocytes must recognize the pathogen as foreign before attachment 
occurs and phagocytosis is initiated (Figure 7-7 ■). Once a pathogen 
is recognized, ingestion of the particle, fusion of the neutrophil gran-
ules with the phagosome (degranulation), and finally the process 
of bacterial killing and digestion occur. Phagocytosis is an active 
process that requires a large expenditure of energy by the cells. The 
energy required for phagocytosis can result from anaerobic glycolysis 
or aerobic processes.

The principal factor in determining whether phagocytosis can 
occur is the physical nature of the surfaces of both the foreign par-
ticle and the phagocytic cell. Phagocytes recognize unique molecu-
lar characteristics of the pathogen’s surface (PAMP) and bind to the 
invading organism via specific PRR (see the earlier section “Leu-
kocyte Function”). Some pathogens are recognized by the process 
of opsonization (the coating of a particle with a soluble factor that 
enhances the recognition process). Enhancement of phagocytosis 
through the process of opsonization speeds the ingestion of particles. 
Two well-characterized opsonins are immunoglobulin G (IgG) and 
complement component C3b (see Chapter  8 for a description of 
IgG structure). The antibody IgG binds to the microorganism/par-
ticle by means of its Fab region, and the Fc region of the antibody 
attaches to three classes of Fc receptors on the neutrophil membrane 
(FcgRI[CD64], FcgRII[CD32], FcgRIII[CD16]).   Thus, the antibody 
forms a connecting link between the microorganism/particle and the 
neutrophil. The neutrophil also has receptors for activated comple-
ment component C3b (CR1/CD35, CR3/CD11b/CD18, CR4/CD11c/
CD18). Some bacteria with polysaccharide capsules avoid recognition, 
thus reducing the effectiveness of phagocytosis.

Following recognition and attachment, the particle is surrounded 
by neutrophil cytoplasmic extensions or pseudopods (Figure 7-7). As 
the pseudopods touch, they fuse, encompassing the particle within 
a phagosome that is bound by the cytoplasmic membrane turned 
“inside out.” A plasma membrane–bound oxidase is activated during 
ingestion, which plays an important role in microbicidal activities.

Bacterial Killing and/or digestion
Bacterial killing and/or digestion follows ingestion of particles. After 
formation of the phagosome, neutrophil granules migrate toward 
and fuse with the phagosome membrane, discharging their granule 
contents into the phagocytic vesicle (degranulation), forming a pha-
golysosome. The microbicidal and digestive proteins contained within 
both primary and secondary granules, which are normally sequestered 
from the cytoplasm of the neutrophil, are thus selectively released and 
activated within a membrane-enclosed system.

Microbicidal mechanisms that follow ingestion can be 
divided into oxygen-dependent/oxidative or oxygen-independent/
nonoxidative activities (Table 7-4 ★). Oxygen-dependent micro-
bicidal activity is most important physiologically. Phagocytosis is 
accompanied by an energy-dependent “respiratory burst” that gener-
ates oxidizing compounds produced from partial oxygen reduction. 
The respiratory burst is described as including a significant increase 
in glycolysis, a 2–3-fold increase in oxygen consumption, a 2–10-fold 

Stage 3 involves arrest of neutrophil rolling because the acti-
vated neutrophils are more tightly bound to the VECs. Expression of 
activation-dependent b2-integrin adhesion molecules on neutrophils 
mediates firm adherence to ICAMs expressed by activated VECs near 
the site of infection or inflammation. This induces a cytoskeletal and 
morphologic change in the leukocyte required for cellular migration. 
Stage 3 ends with a strong, sustained attachment of the leukocyte to 
the VEC. At this time, leukocyte NADPH oxidase membrane com-
plexes are assembled and activated (discussed in “Bacterial Killing 
and/or Digestion”).

Stage 4 involves the transendothelial migration phase that occurs 
when neutrophils move through the vessel wall at the borders of VECs 
by the process of diapedesis. As neutrophils pass out of the vessel and 
into the tissue, VECs modify their cell-to-cell adherent junctions. The 
neutrophils use pseudopods to squeeze between endothelial cells, 
leaving the vascular space and passing through the subendothelial 
basement membranes and periendothelial cells. Subendothelial base-
ment membranes are presumably eroded by the secretion of the neu-
trophil enzymes gelatinase B and elastase from neutrophil granules. 
Migration is enhanced when IL-1 and/or TNF activate the VEC.10

An autosomal recessive disorder, leukocyte adhesion deficiency 
type-I (LAD-I), has partial or total absence of expression of the  
b2-integrins on leukocyte membranes, often due to a mutation of the 
CD18 gene. This results in absence of leukocyte adhesion to the VEC 
as well as lack of mobility and migration into the tissues and can result 
in life-threatening bacterial infections.13 An inability to synthesize the 
E- and L-selectin ligand CD15s is seen in leukocyte adhesion deficiency 
type 2 (LAD-2) and also results in reoccurring infections (Chapter 21).

Migration
Once in the tissues, neutrophil migration (chemotaxis) is guided 
by chemoattractant gradients. Neutrophils continue their migra-
tion through the extravascular tissue, moving by directed ameboid 
motion toward the infected site. Locomotion of neutrophils (and 
other leukocytes) is a process of “crawling,” not “swimming.” During 
locomotion along a chemotactic gradient, the neutrophils acquire a 
characteristic asymmetric shape, a process made possible by altera-
tions of the cytoskeleton triggered by neutrophil activation. There is 
an extension of a broad pseudopodium (protopod) at the anterior of 
the cell (containing the nucleus and organelles) and a narrow knob-
like tail (uropod) at the rear of the cell. Neutrophil migration through 
the tissues requires b1 and b2 integrins with the continuous forma-
tion of new adhesive contacts at the cell front and detachment from 
the adhesive substrate at the rear of the cell. Chemotaxis is induced 
by a variety of chemoattractant molecules including bacterial formyl 
peptides (fMLP), C5a, IL-8, and PAF, many of the same molecules that 
activated the  neutrophil during Stage 2.12

A patient with life-threatening recurrent infections is 
found to have a chromosomal mutation that results in a 
loss of active integrin molecules on the neutrophil surface. 
Why would this result in life-threatening infections?

CheCkpoint 7-3

M07_MCKE6011_03_SE_C07.indd   108 01/08/14   11:25 am



 109Chapter 7   •   GranuloCytes and MonoCytes

■	 Figure 7-7 Phagocytosis begins with (1) recognition and attachment of the 
 pathogen to the neutrophil (or macrophage). The pathogen is then internalized 
(2), forming a  phagocytic vacuole (phagosome [3]). Next, a primary granule  (lysosome) 
fuses with the vacuole (4), forming a phagolysosome (5). The granule releases its 
 contents (6) into the vacuole to help kill and digest the microbe (degranulation). 
This is followed by extrusion of undigested vacuole contents from the neutrophil 
(exocytosis [7]).

Exocytosis

Killing and
digestion

Phagolysosome
fusion

Pseudopodia

Phagosome

Lysosome

Pathogen

Engulfment

Formation of
phagocytic vacuole

Recognition
and binding

2

1

3

4

5

6

7

Oxygen Dependent Oxygen independent

• Myeloperoxidase independent
hydrogen peroxide (H2o2)
superoxide anion (o2

 -)
hydroxyl radicals (oH-)
singlet oxygen (1o2)

• Myeloperoxidase dependent
(forms oxidized halogens)

• acid ph of phagosome: antibacterial; enhances some oxygen-dependent antimicrobial mechanisms and 
other enzymes

• lysozyme (primary and secondary granules): hydrolyzes cell wall of some bacteria; digests killed microbes

• lactoferrin (secondary granules): binds iron necessary for bacterial growth; also directly bactericidal

• BpI (bactericidal permeability-inducing protein; primary granules); Coat microbes; alters cell permeability
• defensins: small cationic peptides; broad spectrum of bactericidal activity

• Collagenase (secondary granules): degrades microbe macromolecules
• hydrolases (primary granules): digests microbe

★ Table 7-4 Neutrophil Antimicrobial Systems
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A patient has a compromised ability to utilize the oxygen-
dependent pathway in neutrophils. What two important 
microbial killing mechanisms could be affected?

CheCkpoint 7-4

are also subject to killing by reactive oxygen metabolites such as H2O2 
that form from the O2

 - secreted by active plasma membrane NADPH 
complexes into the tissue matrices. Neutrophils are not resistant to the 
toxic effects of the oxidants they secrete and thus have high mortality 
during any sustained inflammatory response.16

In patients with chronic granulomatous disease, neutrophils are 
missing one of the components of the NADPH oxidase complex and 
therefore fail to produce the respiratory burst. They are still capable 
of eliminating infection caused by strains of bacteria susceptible to 
killing by oxygen-independent mechanisms, but this antimicrobial 
system is not very effective alone. Often these patients eventually die 
of multiple infections with bacteria resistant to the killing actions of 
these granule proteins (Chapter 21).

In addition to their primary functions of phagocytosis and kill-
ing of microorganisms, neutrophils interact in other physiologic pro-
cesses. Neutrophils stimulate coagulation by releasing a substance that 
activates prekallikrein to kallikrein, which in turn cleaves kinins from 
high-molecular-weight kininogen. Kinins are responsible for vascular 
dilation and increased vessel permeability. Kinins are also chemotactic 
molecules that attract neutrophils to sites of inflammation. Neutro-
phils initially activate kinin production, but as the cells accumulate, 
they break down kinins. Neutrophils also secrete interleukin-1 (IL-1), 
a pyrogen that acts on the hypothalamus to produce fever.

increase in hexose monophosphate (HMP) shunt activity and genera-
tion of NADPH, and the production of a series of reactive oxygen spe-
cies (ROS).14 The oxidizing compounds—ROS—are important agents 
in killing ingested organisms. The enzyme activity needed to generate 
ROS is provided by NADPH oxidase, also known as respiratory burst 
oxidase. In resting cells, NADPH oxidase is found as separate compo-
nents of the plasma membrane (gp91phox, p22phox, Rap1) and intracellular 
stores (p47phox, p67phox).15 When phagocytosis takes place, the plasma 
membrane is internalized so that what was originally the outer plasma 
membrane surface is now the lining of the phagocytic vesicle and faces 
the interior of the phagosome. When the resting cell is exposed to any 
of a wide variety of activating stimuli, activated NADPH oxidase is 
assembled from the cytoplasmic and membrane-associated subunits 
at the phagosome membrane. From this location, the NADPH oxidase 
generates and pours ROS into the phagosome.

Once assembled, the oxidase produces superoxide anion (O2
 -) 

and NADP+. The NADP+ activates the HMP shunt (Chapter 5), gen-
erating more NADPH. O2

 - is further metabolized to produce addi-
tional ROS with increasing microbicidal potency.

NADPH oxidase

2 NADPH + 2 O2 S 2 NADP+ + 2 O2
- + 2 H+

Superoxide oxidase

2 H+  + O2
- + O2

- S H2O2 + O2

H2O2 + O2
 - S 2 OH- + 1O2

The activated oxidase can be detected in the laboratory by a 
nitroblue tetrazolium (NBT) test, cytochrome reduction, or chemi-
luminescence test.

The second oxygen-dependent microbicidal system involves 
the neutrophil’s primary granule enzyme myeloperoxidase (MPO). 
Myeloperoxidase catalyzes the interaction of hydrogen peroxide pro-
duced during the respiratory burst with halide ions (e.g., chloride/Cl-)  
giving rise to oxidized halogens (e.g., hypochlorous acid/HOCl) that 
increase bacterial killing.14

H2O2 + Cl-
MPO
S OCl- + H2O

The oxidants generated by the respiratory burst have potent micro-
bicidal activity against a wide variety of microorganisms such as bac-
teria, fungi, and multicellular and unicellular parasites. However, the 
phagocyte and surrounding tissues are also susceptible to damage. 
To detoxify the oxidant radicals, phagocytes use a variety of mecha-
nisms such as superoxide dismutase, catalase, and a variety of other 
antioxidants.

Oxygen-independent granule proteins present in primary, sec-
ondary, and tertiary granules of neutrophils can successfully kill 
and degrade many strains of both gram-negative and gram-positive 
bacteria. See Table 7-4 for a list of the most important nonoxygen-
dependent antimicrobial proteins of neutrophils. Initially, the pH 
within the phagolysosome decreases and inhibits bacterial growth, 
but this alone is insufficient to kill most microbes. Acidic conditions, 
however, can enhance the activity of some granule proteins such as 
hydrolases and lactoferrin, which perform optimally at low pH. In the 
extracellular environment, microorganisms that escape phagocytosis 

eosinoPhiLs
The eosinophil originates from the IL-5–responsive CD34+ myeloid 
progenitor cells (CFU-Eo). Cytokines that influence proliferation 
and differentiation of the eosinophil lineage include GM-CSF, IL-3, 
and IL-5.17 However, it is now recognized that IL-5, released largely 
by activated TH2 lymphocytes and in small amounts by eosinophils, 
mast cells, NK cells, and natural killer T (NKT) cells, has relative lin-
eage specificity for eosinophils and is the major cytokine required for 
eosinophil production and terminal differentiation.18

Differentiation, Maturation, and Morphology
The eosinophil undergoes a morphologic maturation similar to the 
neutrophil with the same six stages of maturation identified. How-
ever, it is not possible to morphologically differentiate eosinophilic 
precursors from neutrophilic precursors with the light microscope 
until the myelocyte stage. At this stage, the typical acidophilic crys-
talloid granules of the eosinophil appear. Granule formation begins 
in the promyelocyte with small primary granules that lack the crys-
talloid core of the specific granules. The first two stages (eosinophilic 
myeloblast and promyelocyte) will not be described because they 
are morphologically identical to the neutrophilic myeloblast and 
promyelocyte.
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(ECP), eosinophil peroxidase (EPO), and eosinophil-derived neu-
rotoxin (EDN) (Table 7-5 ★). The MBP is located in the crystalloid 
core; the other three proteins are found in the granule matrix. The 
crystalloid core also appears to store a number of proinflammatory 
cytokines such as IL-2, IL-4, and GM-CSF, and the matrix contains 
IL-5 and TNF@a. The eosinophil has the capacity to synthesize and 
elaborate a number of other cytokines as well. The eosinophil’s capac-
ity to produce cytokines has led to increased interest and research 
into the eosinophil’s role as an effector cell in allergic inflammation. 
In addition to granules, the eosinophil, like the neutrophil, contains a 

eosinophilic Myelocyte to Mature eosinophil
The eosinophilic myelocyte contains large, eosin-staining, crystal-
loid granules. Maturation from the myelocyte to the metamyelocyte, 
band, and segmented eosinophil stage is similar to that described for 
the neutrophils with gradual nuclear indentation and segmentation. 
No appreciable change occurs in the cytoplasm in these later stages 
of development. The reddish orange spherical granules are larger 
than neutrophilic granules, uniform in size, and evenly distributed 
throughout the cell. Because of the low percentage of eosinophils in 
the bone marrow, differentiating the eosinophil into its maturational 
stages (e.g., eosinophilic myelocyte) serves no useful purpose when 
the count is normal. Bone marrow maturation and storage time are 
about 9 days.

The mature eosinophil (Figure 7-8 ■) is 12–15 mcM in diam-
eter. The nucleus usually has no more than two or three lobes, and the 
cytoplasm is completely filled with granules. The mature eosinophil 
contains three types of granules: primary granules, small granules, and 
specific or secondary granules.

Primary granules contain Charcot–Leyden crystal proteins 
(also called galectin-10) that possess lysophospholipase activity. The 
Charcot–Leyden crystal proteins are found in a variety of tissues, body 
fluids, and secretions in association with eosinophilic inflammatory 
reactions.19 Small granules contain the enzymes acid phosphatase and 
arylsulphatase but are not well characterized.

Specific granules are the primary source of the cytotoxic and 
proinflammatory properties of the eosinophil.18 Specific granules are 
large, bound by a phospholipid membrane, and have a central crystal-
loid core surrounded by a matrix. These granules contain four major 
proteins: major basic protein (MBP), eosinophil cationic protein 

■  figure 7-8 Eosinophil (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).

Protein characteristics

Major basic protein (MBP) Is cytotoxic for protozoans and helminth parasites
Stimulates release of histamine from mast cells and basophils
Neutralizes mast cell and basophil heparin

Eosinophil cationic protein (ECP) Is capable of killing mammalian and nonmammalian cells
Stimulates release of histamine from mast cells and basophils
Inhibits T lymphocyte proliferation
Activates plasminogen
Enhances mucus production in the bronchi
Stimulates glycosaminoglycan production by fibroblasts

Eosinophil-derived neurotoxin (EDN) Can provoke cerebral and cerebellar dysfunction in animals
Inhibits T-cell responses

Eosinophil peroxidase (EPO) Combines with h2O2 and halide ions to produce a potent bactericidal and helminthicidal action
Is cytotoxic for tumor and host cells
Stimulates histamine release and degranulation of mast cells
Diminishes roles of other inflammatory cells by inactivating leukotrienes

Lysophospholipase Forms Charcot-Leyden crystals

Miscellaneous enzymes Phospholipase D: inactivates mast cell PAF
Arylsulphatase: inactivates mast cell (leukotriene D4)
histaminase: neutralizes mast cell histamine
Acid phosphatase, catalase, nonspecific esterases

Lipid-derived mediators Promote smooth muscle contraction and mucus secretion and inhibit mast cell degranulation
PAF; thromboxane B2

★ taBLe 7-5 Major Constituents of Eosinophil Granules
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surface of the parasite via exocytosis. A number of eosinophil proteins, 
including MBP, ECP, and EPO, are highly toxic for larval parasites. 
Eosinophils are also capable of phagocytizing bacteria (although less 
efficiently than neutrophils and macrophages) and have been shown 
to function as antigen-presenting cells.25

Eosinophils respond weakly to IL-3, IL-5, and GM-CSF as 
chemotaxins, but IL-5 synthesized by T lymphocytes has been 
shown to strongly prime eosinophils for a chemotactic response 
to PAF, leukotriene B4, or IL-8. Products released from basophils 
and mast cells (eosinophil chemotactic factor [ECF]), lymphokines 
from sensitized lymphocytes, and allergy-related antigen–antibody 
complexes are strongly chemotactic for eosinophils. Eosinophils 
express Fc receptors for IgE, the immunoglobulin that is prevalent 
in the response to parasitic infections and mediates activation of 
eosinophil killing mechanisms. The cytokines IL-3, IL-5, and GM-
CSF promote the adherence of eosinophils to VEC; transendothelial 
migration is 10 times higher in the presence of these cytokines.

Eosinophils have a b2 integrin-independent mechanism for 
recruitment into the tissues that appears to be modulated by the 
eosinophil adhesion receptor, VLA-4, and its ligand VCAM-1, found 
on VECs that have been activated by IL-1, TNF, or IL-4. Changes in 
eosinophil adhesion molecule expression occur during eosinophil 
migration. This implies that dynamic changes in cell adhesion mol-
ecules are involved in cell recruitment to areas of inflammation.

The eosinophil liberates substances that can neutralize mast cell 
and basophil products, thereby down modulating the allergic response 
(Table 7-5). Increasing evidence suggests a direct correlation between 
the degree of eosinophilia and severity of inflammatory diseases, such 
as asthma, in which eosinophil activation and degranulation contribute 
to the characteristic features of mucous production, bronchoconstric-
tion, and tissue remodeling.18 In inflammatory conditions, the cytotoxic 
potential of eosinophils is turned against the host’s own tissue.24

BasoPhiLs
Basophils (Figure 7-9 ■) originate from the CD34+ myeloid progeni-
tors in the bone marrow. IL-3 is the main cytokine involved in human 
basophil growth and differentiation, but GM-CSF, stem cell factor 
(SCF), IL-4, and IL-5 can also be involved.26,27

number of lipid bodies that increase during eosinophil activation in 
vitro.17,18 Eosinophils express CD9, CD-11a, -11b, -11c, and CD13 
molecules on their cytoplasmic membrane. These molecules function 
in antigen presentation, VEC adhesion, and transmigration into the 
tissues, respectively. Additionally, the primary receptors that impart 
the unique functional features of eosinophils are interleukin-5 recep-
tor subunit-α ([IL-5Rα] responsible for proliferation, activation, and 
survival), CC-chemokine receptor 3 ([CCR3] promoting chemotaxis 
in response to eotaxins), and sialic acid-binding immunoglobulin-like 
lectin 8 ([SIGLEC8] whose signaling induces apoptosis).18,20

Distribution, Concentration, and Kinetics
Eosinophils in adults have a concentration in the peripheral blood 
…0.40 * 109/L. The cell shows a diurnal variation with highest 
concentration in the morning and the lowest concentration in the 
evening.21 Eosinophilia in adults is defined as 70.40 * 109/L and 
is associated with allergic diseases, parasitic infections, toxic reac-
tions, gastrointestinal diseases, respiratory tract disorders, neoplastic 
disorders, and other conditions. (See Chapter 21 for a complete list.) 
Eosinophilia is T-cell dependent because T cells are the predominant 
source of IL-5. Persistent eosinophilia is seen in hypereosinophilic 
syndrome, a myeloproliferative disorder (Chapter 24).

Very little is known about the kinetics of eosinophils. Most of 
the body’s eosinophil population lies in connective tissue below the 
epithelial layer in tissues that are exposed to the external environment 
such as the nasal passages, lung, skin, gastrointestinal tract,22 and uri-
nary tract. These cells spend ∼18 hours in the peripheral blood before 
migrating to the tissues where they can live for several weeks. Once in 
the tissues, eosinophils do not re-enter the circulation.18

Function
The cellular arm of the adaptive immune system (T lymphocytes; 
Chapter  8) influences eosinophil production and function.23,24 
Eosinophils are pro-inflammatory cells associated with allergic dis-
eases, parasitic infections, and chronic inflammation. Their major role 
is host defense against helminth parasites via a complex interaction of 
eosinophils, the adaptive immune system, and parasite. The eosino-
phil adheres to the organism and releases its granule contents onto the 

■  figure 7-9 (a) Basophil (peripheral blood, Wright-Giemsa stain, 1000*  magnification). 
(b) Basophil with washed out granules (Wright-Giemsa stain, staining artifact).

a b
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Concentration, Distribution, and Destruction
Basophils’ maturation in the bone marrow requires 2.5–7 days before 
they are released into circulation. In the peripheral blood, they num-
ber 60.2 * 109/L (61% of the total leukocytes). Basophilia in adults 
is defined as 70.2 * 109/L in the peripheral blood. Basophils are 
end-stage cells incapable of proliferation and spend only hours in the 
peripheral blood.

Function
Both basophils and mast cells function as mediators of inflammatory 
responses, especially those of immediate hypersensitivity reactions 
such as asthma, urticaria, allergic rhinitis, and anaphylaxis. These cells 
have membrane receptors for IgE (FcεR). When IgE attaches to the 
receptor, the cell is activated and degranulation is initiated. Degranu-
lation releases enzymes that are vasoactive, bronchoconstrictive, and 
chemotactic (especially for eosinophils). This release of mediators ini-
tiates the classic clinical signs of immediate hypersensitivity reactions. 
These cells can synthesize more granules after degranulation occurs. 
Basophils and mast cells express CD40 ligand (CD40L) that interacts 
with CD40 molecules expressed on B lymphocytes. In conjunction 
with IL-4, the interaction of B lymphocyte CD40 and basophil CD40L 
can induce IgE synthesis by B lymphocytes. Thus, basophils can play 
an important role in inducing and maintaining allergic reactions.27

Differentiation, Maturation, and Morphology
Basophils undergo a maturation process similar to that described 
for the neutrophil. The first recognizable stage is the promyelocyte, 
although this stage is very difficult to differentiate from the promyelo-
cyte of the neutrophil or eosinophil. As with eosinophils and neutro-
phils, the various stages of the maturing basophil are characterized by 
a gradual indentation and segmentation of the nucleus.

Basophilic Myelocyte to Mature Basophil
The basophilic myelocyte, metamyelocyte, band, and segmented form 
are easily differentiated from other granulocytes by the presence of 
the large purple-black granules unevenly distributed throughout the 
cytoplasm. The granules are described as metachromatic and contain 
histamine, heparin, cathepsin G, major basic protein, and lysophos-
pholipase.26 The mature basophil ranges in size from 10–15 mcM 
and has a segmented nucleus and many purple granules obscuring 
both the background of the cytoplasm and the nucleus. Basophil gran-
ules contain peroxidase and are positive with the PAS cytochemical 
reaction. Basophil granules are water-soluble and can dissolve on a 
well-rinsed Wright-stained smear, resulting in clear areas within the 
cytoplasm. Usually a few deep-purple–staining granules remain to aid 
in the identification of the cell. Basophils express CD9, CD11a, and 
CD13 molecules on their cytoplasmic membrane.

Mast cell
The relationship between basophils and mast cells continues to be 
investigated. Research shows that basophils and mast cells represent dis-
tinct, terminally differentiated cells, separately derived from the CD34+ 
common myeloid progenitor cell. Distinct committed progenitor cells 
(CFU-Ba and CFU-MC) have been identified for each lineage.28 Mast 
cells are found in the bone marrow and tissues but are not found in 
peripheral blood. Mast cells have proliferative potential and live for 
several weeks to months. At times, differentiating the mast cell and the 
basophil precursors in the bone marrow is difficult although some dif-
ferences exist (Table 7-6 ★). The mast cell nucleus is round and sur-
rounded by a dense population of granules. The mast cell granules 
contain acid phosphatase, protease, and alkaline phosphatase. Mast 
cells have a membrane antigen profile similar to that of macrophages.

characteristics Basophils Mast cells

Origin hematopoietic stem cell hematopoietic stem cell

Site of maturation Bone marrow Connective or mucosal tissue

Proliferative potential No yes

Life span Days Weeks to months

Size Small Large

Nucleus Segmented Round

Granules Few, small (peroxidase positive) Many, large (acid phosphatase, alkaline phosphatase positive)

Key cytokine regulating development IL-3 SCF

Surface receptors:
IL-3-R
c-kit (SCF-R)
IgE receptor (FcPR)

Present
Absent
Present

Absent
Present
Present

★ taBLe 7-6 Comparison of the Characteristics of Basophils and Mast Cells

Indicate which of the granulocytes will be increased in the 
following conditions: a bacterial infection, an immediate 
hypersensitivity reaction, and an asthmatic reaction.

CheCkpoint 7-5

Monocytes
The monocyte is produced in the bone marrow from a bipoten-
tial progenitor cell, the GMP, which is capable of producing either 
mature monocytes or neutrophils. The differentiation and prolifera-
tion of GMP into monocytes depend on the action of GM-CSF, IL-3, 
and M-CSF. The primary role of monocytes is host defense and this 
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Monoblast
The monoblast (Figure 7-10a ■) nucleus is most often ovoid or round 
but can be folded or indented. Monoblasts are large (12–20 mcM in 
diameter). The pale blue-purple nuclear chromatin is finely dispersed 
(lacy), and several nucleoli are easily identified. The monoblast has 
abundant agranular blue-gray cytoplasm.

Promonocyte
The promonocyte (Figure 7-10b ■) is an intermediate form between 
the monoblast and the monocyte. The promonocyte is usually the first 
stage to develop morphologic characteristics that allow it to be clearly 
differentiated as a monocyte precursor by light microscopy. The cell is 
large, 12–20 mcM in diameter. The nucleus is most often irregular and 
indented with a fine chromatin network. Nuclear chromatin is coarser 
than the monoblast, and nucleoli can be present. The promonocyte’s 
cytoplasm is abundant with a blue-gray color; azurophilic granules 
can be present. Cytochemical stains for nonspecific esterase, peroxi-
dase, acid phosphatase, and arylsulfatase are positive.

Monocyte
Mature monocytes (Figure 7-10c ■) range in size from 12–20 mcM 
with an average size of 18 mcM, making them the largest mature 
cells in peripheral blood. The nucleus is frequently horseshoe- or 

role is fulfilled in the tissues. Monocytes continue to differentiate in 
the tissues, transforming into macrophages. Monocytes and macro-
phages can be stimulated by T lymphocytes and endotoxin to liberate 
endogenous M-CSF, which can be one mechanism for the mono-
cytosis associated with some infections. M-CSF also activates the 
secretory and phagocytic activity of monocytes and macrophages.29 
Monocytes and macrophages make up the monocyte-macrophage 
system, also called the mononuclear phagocyte (MNP) system.

Differentiation, Maturation, and Morphology
The morphologically recognizable monocyte precursors in the bone 
marrow are the monoblast and the promonocyte. These cells are 
present in a very low concentration in normal bone marrow and are 
found in abundance only in leukemic processes involving the MNP 
system. The monoblast of the marrow cannot be morphologically 
distinguished from the myeloblast by light microscopy unless pro-
liferation of the monocytic series is marked as occurs in  monocytic 
leukemia. Because myeloblasts and monoblasts are indistinguishable 
by light microscopy, cytochemical stains (Chapters  23, 26, 37), and 
immunophenotyping (Chapters 23, 26, 40) frequently are used to 
help differentiate myeloblasts and monoblasts in suspected cases of 
leukemia.

■  figure 7-10 Stages of monocyte maturation: (a) monoblast: Note lacy chromatin, 
nucleoli, and high N:C ratio; (b) promonocyte: The chromatin is somewhat more coarse and 
the amount of cytoplasm is increased; (c) monocyte: The nucleus is more lacy than that of a 
neutrophil or lymphocyte and is irregular in shape ([a, b]: bone marrow,  Wright-Giemsa stain, 
1000*   magnification. [c]: peripheral blood, Wright-Giemsa stain, 1000*  magnification).

a b

c
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metabolism. These cells can live for months in the tissues. Macro-
phages do not normally re-enter the blood, but in areas of inflam-
mation, some can gain access to the lymph, eventually entering the 
circulation.

Tissue macrophages, also known as histiocytes, develop dif-
ferent cytochemical and morphologic characteristics that depend 
on the site of maturation and habitation in tissue. These cells are 
widely distributed in the body and have been given specific names 
depending on their anatomic location. For example, macrophages in 
the liver are known as Kupffer cells, those in the lung as alveolar 
macrophages, those in the skin as Langerhans cells, and those in 
the brain as microglial cells. The osteoclasts in the bone are also of 
MNP derivation.31

Macrophages can proliferate in the tissues, especially in areas 
of inflammation, thereby increasing the number of cells at these 
sites. Occasionally, two or more macrophages fuse to produce giant 
multinucleated cells. This occurs in chronic inflammatory states 
and granulomatous lesions where many macrophages are tightly 
packed together. Fusion also occurs when particulate matter is too 
large for one cell to ingest or when two cells simultaneously ingest 
a particle.

Distribution, Concentration, and Kinetics
Before maturing into monocytes, the promonocyte undergoes 
two or three divisions. Bone marrow transit time is ∼54 hours. In 
contrast to the large neutrophil storage pool, there is no significant 
reserve pool of monocytes in the bone marrow. Most monocytes 
are released within a day after their maturation from promonocytes. 
Monocytes diapedese into the tissue from the peripheral blood in 
a random manner after circulating for an average transit time of 
∼8 hours.29

Similar to neutrophils, the total vascular monocyte pool consists 
of a marginated pool and a circulating pool. However, unlike neutro-
phils, the marginating pool is about three times the size of the circulat-
ing pool. Monocytes in the circulating peripheral blood number about 
0.190.8 * 109/L in the normal adult, or ∼2910% of the total leu-
kocytes. Children have a slightly higher concentration. Monocytosis 
(increase in monocytes) in adults occurs when the absolute monocyte 
count is 70.8 * 109/L.

Function
Monocytes and macrophages are active in both the innate and adap-
tive IR. In addition to their phagocytic function, they secrete a variety 
of substances that affect the function of other cells, especially lympho-
cytes. Lymphocytes in turn secrete soluble products (lymphokines) 
that modulate monocytic functions.

Monocytes and macrophages ingest and kill microorganisms. 
They are particularly effective in inhibiting the growth of intracel-
lular microorganisms, a process that first requires monocyte acti-
vation. Activation results in the production of many large granules, 
enhanced phagocytosis, and an increase in the activity of the HMP 
shunt. Monocyte activation occurs in the presence of lymphokines 
produced by T lymphocytes. Killing by activated monocytes is non-
specific (i.e., the secretions from Listeria-sensitized T cells activate a 
killing mechanism in monocytes not only to Listeria but also to other 

bean-shaped and possesses numerous folds, giving it the appear-
ance of brainlike convolutions or chewed gum. The chromatin 
is loose and linear, forming a lacy pattern in comparison to the 
clumped dense chromatin of mature lymphocytes or granulocytes. 
Monocytes, however, are sometimes difficult to distinguish from 
large lymphocytes, especially in reactive states when there are 
many reactive lymphocytes. The monocyte cytoplasm has vari-
able morphologic characteristics depending on its activity. The cell 
adheres to glass and “spreads” or sends out numerous pseudopods, 
resulting in a wide variation of size and shape on blood smears. 
The blue-gray cytoplasm is evenly dispersed with fine, dustlike 
membrane-bound granules, which give the cell cytoplasm the 
appearance of ground glass. Vacuoles are frequently observed in 
the cytoplasm.

Electron-microscopic cytochemistry reveals two types of gran-
ules present in monocytes. One type contains peroxidase, acid phos-
phatase, and arylsulfatase, suggesting that these granules are similar 
to the lysosomes (primary azurophilic granules) of neutrophils. 
Less is known about the content of the other type of granule except 
that they do not contain alkaline phosphatase and are therefore dis-
similar to specific granules of neutrophils.30 The lipid membrane 
of the granules stains faintly with Sudan black B. Many CD markers 
including CD11b/CD18, CD13, CD14, and CD15 are expressed by 
monocytes.

Macrophage
The monocyte leaves the blood and enters the tissues where it matures 
into a macrophage (Figure 7-11 ■). The transition from monocyte 
to macrophage is characterized by progressive cellular enlargement, 
reaching a size of 15–80 mcM. The nucleus becomes round with a 
reticular (netlike) appearance, nucleoli appear, and the cytoplasm 
appears blue-gray with irregular edges and many vacuoles present. As 
it matures, the macrophage loses peroxidase, but the amount of endo-
plasmic reticulum (ER), lysosomes, and mitochondria all increase. 
In addition, distinct granules are noted in the maturing macrophage 
and are found to contain lysosomal hydrolases. Macrophages acquire 
the expression of CD68, a glycoprotein that can be important in lipid 

■  figure 7-11 Arrow indicates a macrophage. Note 
the numerous vacuoles and cellular debris (bone marrow, 
Wright-Giemsa stain, 1000*  magnification).
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Erythrophagocytosis is readily identified when the ingested 
erythrocytes still contain hemoglobin. At times, erythrocyte 
digestion can be inferred by finding ghost spheres within the 
macrophage.

In addition to its role in pathogen control and tissue homeo-
stasis, the MNP plays a major role in initiating and regulating the 
adaptive IR.29 Macrophages phagocytize and degrade both solu-
ble and particulate substances that are foreign to the host. They 
process the degraded substances, generating fragments contain-
ing antigenic determinants or epitopes that are bound by MHC 
molecules on the macrophage membrane and presented to T 
lymphocytes. Thus, monocytes and macrophages can function as 
antigen-presenting cells (APCs) in the adaptive immune system. 
In addition to antigen presentation, the macrophage produces a 
number of cytokines that regulate the adaptive IR as well as the 
inflammatory response. Antigen-specific T lymphocyte prolifera-
tion requires antigen presentation in context with cell surface MHC 
antigens and stimulation with soluble mediators such as IL-1 and 
IL-2. T lymphocytes respond to foreign antigens only when the 
antigens are displayed on APCs that have the same MHC pheno-
type as the lymphocyte.

Macrophages stimulate the proliferation and differentiation 
of lymphocytes through secretion of cytokines. They secrete IL-1, 
which stimulates T lymphocytes to secrete interleukin-2 (IL-2), a 
growth factor that stimulates the proliferation of other T lympho-
cytes. In addition, IL-2 acts in synergy with interferon (IFN) to 
activate macrophages. When released from macrophages, arachi-
donic metabolites (e.g., leukotrienes, prostaglandins) inhibit the 
function of activated lymphocytes. Activated lymphocytes in turn 
secrete lymphokines that regulate the function of macrophages. For 
these interdependent reactions to occur between the macrophage 
and lymphocyte, the two cell populations must express compatible 
MHC antigens.

In addition to IL-1, macrophages release a variety of sub-
stances that are involved in host defense or that can affect the 
function of other cells. Other secretory products involved in host 
defense include lysozyme, complement components, and IFN (an 
antiviral compound). Secreted substances that modulate other 
cells include hematopoietic growth factors (e.g., G-CSF, M-CSF, 
GM-CSF), substances that stimulate the growth of new capillar-
ies (angiogenic cytokines), factors that stimulate and suppress the 
activity of lymphocytes, chemotactic substances for neutrophils, 
and a substance that stimulates the hepatocyte to secrete fibrino-
gen. After death, activated macrophages also release enzymes such 
as collagenase, elastase, and neutral proteinase that hydrolyze 
 tissue components.

microorganisms). Activation can also occur as the result of the actions 
of other substances on monocytes such as endotoxins and naturally 
occurring opsonins.

Monocytes/macrophages have some ability to bind directly to 
microorganisms via PAMP and PRR (see the section “Leukocyte 
Function”), but binding is enhanced if the microorganism has been 
opsonized by complement or immunoglobulin (Web Figure  7-1). 
Macrophages possess receptors for the Fc component of IgG and for 
the complement component C3b. Following attachment to an opso-
nized organism, ingestion occurs in a manner similar to that of neu-
trophils (Figure 7-7). Primary lysosomes fuse with the phagosome, 
releasing hydrolytic enzymes and other microbicidal substances, 
the most powerful of which are products of oxygen metabolism—
superoxide anion (O2

 -), hydroxy radical (OH-), singlet oxygen (1O2), 
and hydrogen peroxide (H2O2):generated in a reaction analogous 
to the neutrophil respiratory burst.

In addition to microbicidal activity, activated macrophages also 
attach to tumor cells and kill them by a direct cytotoxic effect. If the 
tumor cell has immunoglobulin attached, the macrophage Fc receptor 
attaches to the Fc portion of the immunoglobulin and exerts a lytic 
effect on the tumor cell.

Macrophages are important scavengers, phagocytizing cellular 
debris, aging cells, and other particulate matter. Monocytes in the 
blood ingest activated clotting factors, thus limiting the coagulation 
process. They also ingest denatured protein and antigen–antibody 
complexes. Macrophages lining the blood vessels remove toxic sub-
stances from the blood, preventing their escape into tissues. The mac-
rophages of the spleen are important in removing aged erythrocytes 
from the blood; they conserve the iron of hemoglobin by either stor-
ing it for future use or releasing it to transferrin for use by developing 
erythroblasts in the marrow (Chapter 6). By virtue of their Fc receptor, 
the splenic macrophages also remove cells sensitized with antibody. 
In autoimmune hemolytic anemias or in autoimmune thrombo-
cytopenia, the spleen is sometimes removed to prevent premature 
destruction of these antibody-coated cells in an attempt to alleviate 
the resulting cytopenias.

For a variety of reasons, sometimes unknown, erythro-
cytes in some pathologic conditions are randomly phagocy-
tosed and destroyed by monocytes and macrophages in the 
blood and bone marrow (erythrophagocytosis) (Figure 7-12 ■). 

■  figure 7-12 Erythrophagocytosis by a  monocyte 
(peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

An adult patient’s neutrophil count and monocyte count 
are extremely low ( 60.5 * 109/L and 60.05 * 109/L, 
respectively). What body defense mechanism is at risk?

CheCkpoint 7-6
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Summary
Leukocytes include five morphologically and functionally distinct 
types of nucleated blood cells: neutrophils, eosinophils, baso-
phils, monocytes, and lymphocytes, all of which develop from 
the pluripotential hematopoietic stem cells in the bone marrow. 
under the influence of hematopoietic growth factors, the hSC 
matures into terminally differentiated cells. These cells leave the 
bone marrow and enter the circulation. The two pools of neutro-
phils in the blood are circulating and marginated pools. About 
one-half of the neutrophils are in each pool. Monocytes also 
exist in two pools, but the marginating pool is about three times 
the size of the circulating pool. Leukocytes generally circulate 
only a matter of hours in the peripheral blood before diape-
desing into the tissues. Normally, only mature forms are found 
in the peripheral blood but immature forms can be seen in new-
borns and in a variety of diseases. The adult reference interval 
for total WBC count is 4.5911.0 * 109/L. Newborns have higher 
counts than adults (9930 * 109/L). In the circulation, neutrophils 
are the most numerous cells followed by lymphocytes, mono-
cytes, eosinophils, and basophils. An increase or decrease in 
leukocytes can be the result of an increase or decrease in all 
cell types or, more commonly, in just one cell type. When the 
WBC count is abnormal, a differential should be performed to 
determine which cell type is increased or decreased. Both the 

absolute and relative (%) cell type concentrations should be 
determined and reported.

Leukocytes serve as the defenders of the body against 
foreign invaders and noninfectious challenges by participating 
in phagocytosis (innate IR) and the adaptive IR. Leukocytes are 
attracted to sites of inflammation, infection, or tissue injury by 
chemoattractants and leave the circulation using special adhesion 
molecules and ligands located on the leukocytes and endothelial 
cells of the vessel walls. The neutrophil-endothelial cell adhesion 
and migration process involves four stages: (1) activation of VEC, 
(2) activation of neutrophils, (3) binding of neutrophils to inner 
vessel linings, and (4) transendothelial migration. Neutrophils and 
monocytes are active in phagocytosis and development of the 
innate IR. Eosinophils function in defending the body against para-
sites and are also involved in allergic reactions and chronic inflam-
mation. Basophils are involved in allergic reactions by releasing 
histamine and heparin when activated via the binding of IgE to 
membrane Fc receptors.

Monocytes function as phagocytes and secrete a variety of 
cytokines that affect the function of other cells, especially that of 
lymphocytes. Monocytes, also referred to as antigen-processing 
(or presenting) cells (APCs), play a major role in initiating and 
regulating the adaptive immune response.

Review Questions
Level i

 1. Leukocytosis can be defined as an increase in: (Objective 1)

 A. neutrophils, monocytes, and macrophages

 B. neutrophils, eosinophils, erythrocytes, and basophils

 C. neutrophils, eosinophils, basophils, monocytes, and 
lymphocytes

 D. neutrophils, eosinophils, basophils, monocytes, 
 lymphocytes, and megakaryocytes

 2. The hallmark of differentiating myelocytes from promyelo-
cytes morphologically is the visual identification of what in 
the myelocytes? (Objective 2)

 A. primary granules

 B. secondary granules

 C. loss of nucleoli

 D. pink cytoplasm

 3. Primary granules first appear in the: (Objective 2)

 A. myeloblast

 B. promyelocyte

 C. myelocyte

 D. band

 4. The eosinophil’s primary function is to: (Objective 5)

 A. protect the host from helminth parasites

 B. protect the host from autoimmune destruction

 C. secrete cytokines to attract monocytes to the site 
of infection

 D. secrete cytokines to attract lymphocytes to the site 
of infection

 5. Leukocyte migration to the tissues is regulated by leukocyte-
endothelial cell recognition that requires: (Objective 6)

 A. interaction of adhesion molecules and their receptors

 B. activation of membrane oxidase

 C. leukocyte degranulation

 D. hematopoietic growth factors

 6. A(n) _____________________ has cytoplasm with a ground 
glass appearance while a _____________________ contains 
cytoplasm that is pinkish to clear in color. (Objective 4)

 A. eosinophil; neutrophil

 B. monocyte; lymphocyte

 C. lymphocyte; basophil

 D. monocyte; neutrophil
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 13. Patients with chronic granulomatous disease lack the abil-
ity to produce a neutrophilic respiratory burst and often 
die of bacterial infections. Which phase of phagocytosis is 
disrupted? (Objective 6)

 A. ingestion of bacteria

 B. bacterial cell killing

 C. neutrophilic degranulation

 D. bacterial cell recognition

 14. What would be the major effect on the body of a severe 
monocytopenia? (Objectives 1, 5)

 A. increased risk of parasitic infections

 B. increased risk of bacterial infections

 C. increased risk of viral infections

 D. decreased risk of allergic reactions

 15. If a neutrophil lacked the ability to produce L-selectin, which 
of its functions or abilities would be disrupted? (Objective 6)

 A. phagocytosis

 B. degranulation

 C. cytokine secretion

 D. margination

Level ii

 1. The average cell turnover rate for granulocytes and mono-
cytes in the peripheral blood is: (Objective 1)

 A. hours

 B. 24 hours

 C. 8–10 days

 D. 10 years

 2. The following cells are found in the granulocytic proliferat-
ing pool (mitotic pool) of the marrow: (Objective 1)

 A. pluripotential stem cells

 B. unipotential progenitor cells

 C. monoblasts, myeloblasts, and macrophages

 D. myeloblasts, promyelocytes, and myelocytes

 3. Which leukocyte is important in fighting helminth parasitic 
infection? (Objective 3)

 A. eosinophil

 B. neutrophil

 C. monocyte

 D. basophil

 7. Basophils and mast cells have receptors for which immu-
noglobulin? (Objectives 3, 5)

 A. IgA

 B. IgG

 C. IgM

 D. IgE

 8. The total WBC count for an adult is 13.1 * 109/L with a 
differential count that reveals 20% eosinophils. This repre-
sents a: (Objectives 1, 7, 8, 9)

 A. relative and absolute eosinophilia

 B. relative eosinophilia and normal absolute count

 C. normal relative count and absolute eosinophilia

 D. normal eosinophil count

 9. An absolute neutrophilia is most likely to be associated 
with a(n): (Objectives 1, 10)

 A. allergic response

 B. parasitic infection

 C. bacterial infection

 D. viral infection

 10. Routine hematological analysis was performed on a 1-day-old 
baby. The WBC count was 21.3 * 109/L. This finding repre-
sents a(n): (Objectives 1, 11)

 A. normal leukocyte count

 B. absolute leukocytosis

 C. relative leukopenia

 D. absolute leukopenia

 11. Which of the following leukocytes are most likely to resem-
ble the morphology of a monocyte? (Objective 4)

 A. neutrophils

 B. basophils

 C. reactive lymphocytes

 D. eosinophils

 12. Monocytes function in the innate immune response by 
their ability to _______________________ and function in the 
adaptive immune response by _______________________ and 
_______________________.  (Objective 5)

 A. phagocytose; antigen presentation; cytokine secretion

 B. degranulate; erythrophagocytosis; diapedesis

 C. stimulate T cells; secretion of IgM; remove helminths

 D. secrete cytokines; chemotaxis; degranulation
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 8. If the neutrophil count was determined before and after 
the run in the patient in question 7, what would be the 
most likely results? (Objective 5)

 A. absolute neutrophilia before and relative neutrophilia 
after

 B. relative neutrophilia before and absolute neutrophilia 
after

 C. neutropenia before and absolute neutrophilia after

 D. increased neutrophils after in comparison to before

 9. An absence of the E- and P-selectin receptors on neutro-
phils results in: (Objective 2)

 A. increased movement of neutrophils from the circula-
tion into the tissues

 B. increased neutrophil response to chemotaxins

 C. arrest of neutrophil rolling on the VEC surface

 D. inability of the neutrophil to interact with the VEC

 10. Monocytes contribute to a proper functioning adaptive 
immune response by: (Objective 3)

 A. processing and presenting foreign antigens to 
lymphocytes

 B. removing red blood cells from the circulation

 C. removing lymphocytes from the circulation

 D. secreting substances that neutralize inflammatory 
products of eosinophils

 11. A gene defect that reduces the ability of M-CSF to be pro-
duced in sufficient quantity would result in a: (Objectives 1, 4)

 A. monocytosis

 B. neutrophilia

 C. monocytopenia

 D. basophilia

 12. While neutrophils predominantly function in the tissues, 
they can function as phagocytic cells in the blood stream 
during which of the following? (Objectives 3, 4)

 A. when bacteria are present in the blood

 B. during times of intense physical activity

 C. during an allergic response

 D. during a viral infection

 4. An individual who has a mutation in the CD18 gene that 
results in absence of the b2-integrin on the leukocyte 
membrane will likely have: (Objective 2)

 A. severe allergic reactions

 B. leukocytosis with neutrophilia

 C. life-threatening bacterial infections

 D. a defect in phagocytosis

 5. A patient was seen in the ER for symptoms of appendicitis. 
A complete blood count was ordered. The WBC count was 
20 * 109/L and the differential revealed 60% segmented 
neutrophils, 15% bands, 20% lymphocytes, 4% monocytes, 
and 1% eosinophils. All other parameters were within the 
reference interval. These results are most likely due to: 
(Objectives 1, 4, 5)

 A. release of neutrophils from the bone marrow prolifer-
ating/mitotic compartment

 B. release of neutrophils from the bone marrow matura-
tion/postmitotic compartment

 C. a shift in the marginated pool of neutrophils in the 
peripheral blood compartment

 D. a shift in the circulating pool of neutrophils in the 
peripheral blood compartment

 6. Segmented neutrophils are more capable of egressing 
from the bone marrow into the peripheral blood than 
myelocytes because: (Objective 2)

 A. mature neutrophils more easily deform through the 
small pore diameter in endothelial cells lining the 
 marrow sinusoids

 B. mature neutrophils secrete a cytokine that enables them 
to adhere to endothelial cells of the marrow sinusoids

 C. there is a higher concentration of mature neutrophils 
in the bone marrow but myelocytes are rare

 D. only neutrophils possess the secondary granules 
required for chemotaxis

 7. A 30-year-old healthy male needed a CBC as part of his 
physical examination for purchasing a life insurance pol-
icy. He decided to combine his daily 5-mile run with his 
appointment to get his blood drawn. He ran 3 miles to the 
laboratory, had his blood drawn, and returned home. His 
WBC count was increased to 15 * 109/L but all other CBC 
parameters were normal. What is the most likely explana-
tion for the increased WBC count? (Objectives 1, 5)

 A. he has a bacterial or viral infection.

 B. he has a leukemia with leukemic cells present.

 C. Nucleated RBCs have entered the peripheral blood.

 D. The marginating neutrophil pool entered the 
 circulating pool.
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 15. A genetic alteration that produces improperly formed Fc 
receptors on the surface of neutrophils would have which 
of the following effects? (Objective 3)

 A. The neutrophil would not recognize IgG-coated bacte-
rial cells.

 B. The neutrophil would not be able to phagocytize viral 
particles.

 C. Activated complement could not bind to the neutro-
phil receptors.

 D. Phagocytosis could not take place at all.

 13. An adult male presents to the emergency department 
after experiencing severe nausea and vomiting. The total 
WBC count for the patient is 7.8 * 109/L with a differential 
count that reveals 10% monocytes. The laboratory data for 
this patient represent a: (Objective 5)

 A. relative and absolute monocytosis

 B. relative monocytosis and normal absolute count

 C. normal relative count and absolute monocytosis

 D. normal monocyte count

 14. During a severe bacterial infection, the concentration of 
neutrophils will decrease in which of the following loca-
tions? (Objective 1)

 A. the site of infection

 B. the tissues

 C. the proliferating pool

 D. the storage pool

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the function of lymphocytes.
 2. Summarize the distribution and state the concentration of lymphocytes 

in peripheral blood.
 3. List the age-related reference intervals for peripheral blood 

lymphocytes.
 4. List causes/conditions associated with an increase or decrease in the 

absolute numbers of lymphocytes found in the peripheral blood.
 5. Outline and describe the development of lymphocytes including 

 distinguishing maturation and morphologic features of cells of the 
 lymphocytic lineage.

 6. Describe the morphology of the activated or reactive lymphocyte.
 7. Explain immunoglobulin diversity.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the kinetics of the lymphocytic lineage.
 2. Outline and describe the hierarchy of lymphocyte development.
 3. Describe and compare T and B lymphocyte developmental stages.
 4. Compare and contrast the immunologic features and functions of the 

various types of lymphocytes found in the peripheral blood.
 5. Summarize lymphocyte membrane and molecular characteristics used 

to differentiate lymphocyte subtypes.
 6. Describe the synthesis of immunoglobulin including heavy and light 

chain gene rearrangement.
 7. Differentiate between polyclonal and monoclonal gammopathies and 

describe each type in relationship to a patient’s clinical condition.

Lymphocytes
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granulocytes and monocytes and develops rapidly as the body’s initial 
response to pathogens, the adaptive immune response develops more 
slowly as it generates a response to eliminate specific pathogens. The 
adaptive immune response involves lymphocytes, monocytes, and other 
antigen-presenting cells and results in immunologic memory by which 
the lymphocytes are primed to rapidly respond to antigens on subsequent 
encounters. The two types of adaptive immune responses are humoral 
immunity and cell-mediated immunity, which function to eliminate 
different types of molecules that can be infectious (e.g., microbes) or sim-
ply considered foreign to the body (e.g., cancer cells).1

Lymphocytes include subpopulations of cells with various ori-
gins, life spans, and function. These cells show more morphologic 
variation than other WBCs. The lymphocyte’s life can span several 
years or the cell can die within hours or days. The primary functions 
of lymphocytes are to recognize and react with specific antigens, work 
with macrophages to eliminate pathogens, and provide long-lasting 
immunity to previously encountered pathogens.

There are three types of lymphocytes that are morphologically 
identical but immunologically and functionally diverse: T lympho-
cytes, B lymphocytes, and natural killer (NK) cells. T lymphocytes and 
B lymphocytes are the major cells of the adaptive immune response. 
The NK cells have characteristics distinctly different from those of T 
and B lymphocytes and are effector cells of innate immunity. B lym-
phocytes are the primary effector cells for the humoral immune 
response (i.e., the production of antibodies). To accomplish effective 
humoral immunity, the B lymphocyte must be activated and dif-
ferentiate to a plasma cell. T lymphocytes are primarily involved in 
cell-mediated immunity (CMI), which requires interaction among 
macrophages, T lymphocytes, and antigens. CMI is independent of 
antibody production by B lymphocytes. B and T lymphocytes consist 
of several distinct subpopulations with different phenotypic mark-
ers and functions. There are two subsets of B cells (B-1 and B-2) and 
at least three important functional subsets of T lymphocytes: helper 

OvervieW
Lymphocyte precursors develop from the pluripotential hematopoi-
etic stem cell in the bone marrow. They differentiate into several func-
tionally different types of lymphocytes (T, B, natural killer [NK] cells), 
all of which are involved in an immune response (IR). This chapter 
is a study of the normal differentiation and maturation of these cells 
including morphology, concentration, and function. The synthesis 
and structure of immunoglobulins, lymphocyte receptors, and cell 
antigens are described with attention to the use of these markers in 
identifying lymphocyte subpopulations.

intrODuctiOn
For many years after its discovery, the lymphocyte was considered 
an insignificant component of blood and lymph. Since 1960, how-
ever, major advances in immunology have identified lymphocytes as 
the principal effector cells of the adaptive immune response. In 
contrast to the nonspecific innate immune response that involves 

Key Terms
Adaptive immune response
Antigen-presenting cell (APC)
B-cell receptor (BCR)
Blast transformation
Cell-mediated immunity
Cytokine
Cytotoxic T cell, cytotoxic 

T lymphocyte (CTC/CTL)
Effector T lymphocyte
Helper T cell (TH)
Humoral immunity
Immune response (IR)
Immunoblast
Immunoglobulin (Ig)
Innate immune response
Large granular lymphocyte 

(LGL)
Lymphocytopenia

Lymphocytosis
Lymphokine-activated killer 

cell (LAK)
Memory cell
Natural killer (NK) cell
Natural killer T (NKT) cell
Plasma cell
Plasmacytoid lymphocyte
Reactive lymphocyte
Recombination-activating gene 

1 and 2 (Rag1/Rag2)
Regulatory T lymphocyte  

(TReg)
TH17 cell
T-cell receptor (TCR)
Terminal 

deoxynucleotidyltransferase 
(TdT)

Background Basics
In addition to information from previous chapters, having a basic 
understanding of immunology (immune system and function), 
biochemistry (proteins, carbohydrates, lipids), and the use of per-
centages, ratios, and proportions is helpful for understanding the 
concepts in this chapter. To maximize your learning experience, 
you should review these concepts from previous chapters before 
starting this unit of study:

Level i
• Identify cell components and describe their function. 

(Chapter 2)
• summarize the function of growth factors, the hierarchy of 

hematopoiesis, and the concept of the CD nomenclature. 
(Chapter 4)

• Describe the structure and function of the hematopoietic 
organs. (Chapter 3)

Level ii
• List the growth factors and identify their function in leukocyte 

differentiation and maturation. (Chapter 4)

We will refer to this case study throughout the chapter.

A 6-month-old male infant is seen by his pediatrician 
for his 6 month checkup. His mother reports that he has 
had no health problems. A CBC was ordered with the 
following results: WBC count 14.0 * 109/L; RBC count 
4.5 * 1012/L; Hb 12.5 g/dL: Hct 37.5%; differential: seg-
mented neutrophils 37%; lymphocytes 60%; monocytes 3%.

Evaluate these results as you study this chapter.

case stuDy
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three separate transcription factors, EBF, E2A, and Pax-5 interact to 
induce commitment to the B lineage.2

Like production of other hematopoietic lineages, lymphopoi-
esis occurs in the fetal liver before birth and largely in the bone mar-
row after birth. Fetal liver–derived lymphoid precursors give rise 
to lymphocytes with distinctly different characteristics than those 
derived from the bone marrow. Fetal liver–derived B cells are mainly 
B-1 cells and fetal liver–derived T cells are primarily γδ T cells (see the 
section “Lymphocyte Function”). These B and T cells generated during 
fetal development generally have less diverse antigen receptors than 
cells derived from bone marrow HSCs.2

T and B lymphopoiesis can be divided into two distinct phases: 
antigen-independent lymphopoiesis and antigen-dependent lym-
phopoiesis (Figure 8-1 ■). Antigen-independent lymphopoiesis 
takes place within the primary lymphoid tissue (liver in the fetus; 
bone marrow for B cells, thymus for T cells in the adult). Antigen-
independent lymphopoiesis begins with the CLP and results in the 
formation of immunocompetent T and B lymphocytes (referred to as 
virgin or naïve lymphocytes because they have not yet reacted with 
antigens). These cells exit the primary lymphoid tissue and migrate to 

T lymphocytes (TH), cytotoxic T lymphocytes (CTLs), and regulatory 
T lymphocytes (TReg). Effective immunocompetence (ability to gener-
ate an adaptive immune response) depends on a balance and interac-
tion between B and T lymphocytes.

LymphOpOiesis
The lymphoid lineage arises from the pluripotential hematopoietic 
stem cell (HSC) found in the bone marrow. The HSC gives rise to 
committed progenitor cells: the common lymphoid progenitor cell 
(CLP) and the common myeloid progenitor cell (CMP) (Chapter 4). 
The CLP differentiates and matures under the inductive influence 
of selective microenvironments and cytokines into lymphocytic 
subpopulations of T cells, B cells, NK cells, and some dendritic cells 
 (Figure  4-3). Commitment to the specific lymphocytic lineage (T, 
B, NK) is the result of specific transcription regulators (transcription 
factors) that influence a CLP to assume a B-cell, T-cell, or NK-cell fate. 
Notch-1, a cell surface molecule, interacts with the transcription factor 
GATA-3 to commit lymphoid precursors to the T lineage, whereas 

■  Figure 8-1 Lymphocytes originate from the common lymphoid progenitor cell/CLP (derived 
from the pluripotential hematopoietic stem cell/HSC) in the bone marrow. Lymphocyte progeni-
tors that mature in the thymus become T lymphocytes, and those that mature in the bone mar-
row become B lymphocytes, natural killer cells (NK), or lymphoid-derived dendritic cells (LD). 
Three morphologic stages can be identified in this development to T and B cells: lymphoblast, 
prolymphocyte, and lymphocyte. On encounter with antigen, these immunocompetent T and B 
lymphocytes undergo blast transformation, usually in the lymph nodes, to form effector lympho-
cytes. The B lymphocytes eventually emerge as plasma cells. Effector T lymphocytes, however, 
are often morphologically indistinguishable from the original T lymphocytes. The recognizable 
morphologic stages of blast transformation include reactive lymphocytes, immunoblasts, plas-
macytoid lymphocytes (B cells), and plasma cells (B cells). Flow cytometry indicates that some 
morphologic stages could represent several stages of immunologic maturation.
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antigen, and the receptors themselves are thus also referred to as the 
antigen receptors of the lymphocytes.

The diversity of the BCRs/TCRs (Ú107) does not require a large 
number of distinct antigen receptor genes. Rather, diversity arises due 
to a unique genetic process in which different parts of the polypeptides 
that make up the receptors are encoded by separate gene segments 
called V, D, and J. The gene regions for the BCR and TCR polypep-
tides have arrays of many different V, D, and J gene segments. The 
chromosomal regions containing these V, D, and J segments are in a 
disconnected form (called the germline configuration) and cannot be 
transcribed and translated into protein in most of the cells of the body. 
During lymphopoiesis, however, one of each segment (as appropriate) 
is brought together by breaking and rejoining the DNA and eliminat-
ing intervening regions, resulting in a functional gene. DNA cleavage 
is mediated by two lymphocyte-specific proteins (recombination-
activating gene 1 and recombination-activating gene 2 
[Rag1/Rag2]), which together are called the V(D)J recombinase. The 
lymphoid-specific enzyme terminal deoxynucleotidyltransferase 
(TdT) randomly adds bases to the broken DNA ends, contributing 
to additional receptor diversity. The broken DNA ends are ligated by 
the same double-stranded break repair process that all cells use to 
repair damaged DNA. This process of gene rearrangement is known 
as somatic recombination (or VDJ rearrangement) and is the prin-
ciple source of the great diversity of pathogen receptors that exist for 
lymphocytes.2 This process also plays a role in defining populations 
of precursor lymphocytes during the first phase of lymphopoiesis in 
the primary lymphoid organs.

B Lymphocytes
B lymphocyte precursors arise in the bone marrow from the CLP 
derived from hematopoietic stem cells. The B lymphocyte precursors 
undergo the antigen-independent phase of their development entirely 
within the bone marrow and exit as virgin or naïve B lymphocytes. 
B lymphocytes compose 15–30% of peripheral blood lymphocytes.

B Lymphocyte membrane markers
B lymphocytes can be identified and differentiated from T lympho-
cytes by the presence of surface membrane immunoglobulin and 
CD antigens/markers. Surface membrane immunoglobulin and CD 
markers can be detected by fluorescein-conjugated antisera to the pro-
teins, using flow cytometry (Chapter 40).

Membrane markers are present at various stages in B lymphocyte 
development. B lymphocytes are identified using a panel of antibodies 
to surface antigens that corresponds to the stage of the cell’s differen-
tiation (Figure 8-2 ■). CD markers expressed by B lymphocytes and 
their precursors include CD10, CD19, CD20, CD21, CD22, CD24, 
and CD38. The CD19 antigen is considered a “pan-B” antigen because 
it is found on the earliest B lymphocyte and is retained until the lat-
est stages of activation. The CD10 marker, also known as the com-
mon acute lymphoblastic leukemia antigen (CALLA), was originally 
believed to be a specific marker of leukemia cells in acute lympho-
blastic leukemia. It is now known that CALLA is present on a small 
percentage (63%) of normal bone marrow cells and is found only 
on early B lymphocyte precursors and disappears as cell maturation 
occurs.

secondary lymphoid tissue (spleen, lymph nodes, gut-associated lym-
phoid tissue) where the antigen-dependent phase of lymphopoiesis 
takes place. Antigen-dependent lymphopoiesis begins with the recog-
nition of and the interaction with antigens by specific antigen recep-
tors on the surface of the immunocompetent T and B lymphocytes 
(T-cell  receptors [TCRs] and B-cell receptors [BCRs]). These 
receptors are not encoded by conventional genes but are derived 
from rearrangement of DNA segments in the respective gene loci to 
create billions of different versions of the basic receptor.3 As a result 
these receptors are highly variable and pathogen-specific. Interaction 
with antigen results in the formation of effector T and B lymphocytes, 
which undergo subsequent changes in phenotype and functional 
capacity. These effector cells mediate a pathogen-specific adaptive 
immune response.

Effector T lymphocyte subsets include cells responsible 
for cell-mediated cytotoxic reactions (cytotoxic T lymphocytes 
[CTLs] or cytotoxic T cells [CTCs]); cells that provide helper activ-
ity for B cells, macrophages, and other T cells (helper T cells [TH] 
with subsets TH1, TH2, TH17); and cells that function to suppress other 
T-cell immune responses (regulatory T cells [TReg]). There are two 
B lymphocyte subsets, B-1 (a minor component of B lymphocytes) 
and B-2 (the majority of B cells in the blood and lymphoid tissues). 
Each mature B lymphocyte makes a specific antibody targeted against 
a specific triggering antigen by rearranging its immunoglobulin genes. 
They also can concentrate and present antigens to T cells and are the 
precursors of immunoglobulin-secreting plasma cells. The NK cell is 
a form of cytotoxic lymphocyte that functions as part of the innate 
immune system. NK cells play a key role in the cytolysis of both tumor 
and pathogen-infected cells. They do not rearrange or express T-cell 
receptor genes or B-cell immunoglobulin genes and thus do not 
express antigen-specific receptors.

Describe the subsets of T cells and B cells derived from 
the CLP.

CheCkpoint 8-1

Lineage DiFFerentiatiOn
The cells of the innate immune system (neutrophils, monocytes, mac-
rophages) recognize pathogens using a limited number of receptors 
called pattern recognition receptors (PRRs). PRRs are the protein 
products of inherited genes and function to recognize molecules 
unique to human pathogens (pathogen-associated molecular pat-
terns [PAMPs]) (Chapter 7). In contrast, in the adaptive immune 
response lymphocytes recognize pathogens using receptors (BCRs/
TCRs) that are not inherited as functional genes but are made dur-
ing lymphopoiesis. It has been estimated that an individual has Ú107 
different B-cell and T-cell receptors, each expressed by a small subset 
of lymphocytes.2 Only those cells bearing receptors that recognize a 
particular pathogen will be activated to effector cells when encounter-
ing that particular pathogen. The molecule, virus particle, or cell struc-
ture that is recognized by the BCR/TCR is called its corresponding 
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Each heavy and light Ig chain consists of a variable region and 
a constant region. The constant region is the same for all antibod-
ies within a given class or subclass, but the variable region in each Ig 
molecule differs. The constant region mediates effector functions such 
as complement activation. Together, the variable regions of the light 
(VL) and heavy (VH) chains determine the antibody-combining site. 
Somatic recombination (or gene rearrangement) of gene segments of 
the heavy chain and light chain variable regions allows a diverse rep-
ertoire of Ig specificity for antigens.

immunoglobulin gene rearrangement
The Ig molecule that will eventually be produced by mature B cells 
and plasma cells serves as part of the BCR of B cells and undergoes 
the VDJ rearrangement discussed previously. The initiation of Ig gene 
rearrangement is one of the earliest features allowing the cell to be 
recognized as a B-cell precursor and is a marker of commitment to 
the B-cell lineage. Heavy chain and light chain gene rearrangement 
occurs at different stages of B-cell development (see section “B Lym-
phocyte Developmental Stages”). Rearrangement of the heavy chain 
locus involves random selection of a coding sequence from each of 
three groups of DNA segments (V, D, J) and recombination to form a 
variety of unique antibody specificities. The first step is splicing a D 
and J segment (DJ); subsequently a V segment is added to the fused 
DJ, forming the VDJ sequence that codes for the variable region of the 
heavy chain (Figure 8-5 ■). The k and l light chain also rearrange 
gene segments, but light chain–variable gene segments include only a 
V and J region (no D region).

B Lymphocyte antigen receptor (Bcr)
B cells recognize and interact with specific antigens via their 
antigen-specific BCR (Figure 8-3a ■). The BCR consists of an 
immunoglobulin (Ig) molecule identical to that produced by the 
mature B  lymphocyte/plasma cell. The complete BCR includes 
the immunoglobulin molecule with two accessory molecules, 
Iga and Igb, which function as signaling molecules during B-cell 
activation.2

immunoglobulin
Immunoglobulin (Ig) is a unique molecule produced by B lym-
phocytes and plasma cells. Ig, also known as antibody, consists of 
two pairs of polypeptide chains: two heavy and two light chains 
linked together by disulfide bonds (Figure 8-4 ■). The number and 
arrangement of these bonds are specific for the various Ig classes 
and subclasses. There are five types of heavy chains, a, d, P, g, and 
m, which determine the class of the antibody (IgA, IgD, IgE, IgG, 
IgM, respectively). Although each B-cell precursor has two sets of 
heavy chain genes (one on each chromosome 14), only one encodes 
the heavy chain protein in any given cell. Thus, within a given Ig 
molecule, the two heavy chains are always identical. There are two 
types of light chains, k and l, and as with the heavy chains, the two 
light chains within an Ig molecule are always identical. Either k@ or 
l@chain can be found in association with any of the various heavy 
chains, forming the five classes of antibodies. Each of the classes 
and subclasses of Ig has distinct physical and biologic properties 
(Web Table 8-1).

■  Figure 8-2 Immunologic maturation of the B lymphocyte from the pluripotential 
hematopoietic stem cell (HSC) to the plasma cell. Specific antigens (CD) that appear 
sequentially on the developing cell can define each maturation stage. The drawing 
shows selected differentiation antigens. Stem cells, pro-B lymphocytes, and pre-B 
lymphocytes are normally found in the bone marrow. The mature B lymphocyte is found 
in the peripheral blood. When stimulated by antigens, the B lymphocytes undergo 
maturation to plasma cells in the lymph nodes or bone marrow.
Cm = cytoplasmic m chains; sIg = surface membrane immunoglobulin; cIg = cytoplasmic immunoglobulin; 
CD = cluster of differentiation; BCR = B@cell receptor; c@Kit = stem cell factor receptor, also called CD117.
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Early antigen-independent stages of B lymphopoiesis occur in 
the bone marrow where marrow stromal cells provide a specialized 
microenvironment for B cells at various stages of maturation. Cyto-
kines important in the early phases of B-cell development include SCF, 
Flt-3 ligand (FL), and SDF-1.4

The earliest committed B-cell precursor is the pro-B cell 
 (Figure 8-1).5 It is characterized by the presence of CD34 (an early 
hematopoietic cell marker), CD19 (pan-B marker), CD10 (CALLA), 
and TdT. During the pro-B stage, heavy chain rearrangement of the m 
heavy chain of IgM takes place. Only about half of the total number of 
pro-B cells successfully makes a functional heavy chain; the other half 
dies of apoptosis in the marrow. When a successful m heavy chain rear-
rangement has been completed, free cytoplasmic m chains (Cm) can 
be found and the cell becomes an early (large) pre-B cell. Pre-B cells 
are characterized by the loss of CD34, persistence of CD19 and CD10 
(CALLA), and the appearance of CD20 and CD24. Pre-B cells pro-
duce a “pre-BCR” on the cell surface consisting of the m heavy chain 
complexed with a surrogate light chain (because true light chains are 
not yet being produced), and the accessory molecules Iga and Igb 
(Figure 8-3b). Once formed, the pre-BCR delivers to the cell signals 
that promote survival, proliferation, and continued maturation.2 
Toward the end of the pre-B-cell stage, light chain gene rearrangement 
occurs; it is characterized by loss of TdT and persistence of CD-19, -20, 
and -24. About 85% of the pre-B-cell population makes a successful 
rearrangement of the light chain.6

B Lymphocyte Developmental stages
Differentiation of the developmental stages for both B and T lympho-
cytes is based on the appearance of specific molecular changes as well 
as membrane molecules. Distinct stages of B cells are defined using 
monoclonal antibodies to identify the presence of CD markers on the 
cell surface as well as molecular evidence of Ig gene rearrangement. 
Some CD markers appear at a very early developmental stage of the 
cell and disappear with maturity; other CD markers appear on more 
mature cells (Figure 8-2).

■  Figure 8-3 (a) BCR. The B-cell receptor (BCR) consists 
of an immunoglobulin molecule with two heavy chains 
(HC) and two light chains (LC) complexed with accessory 
molecules Iga and Igb, needed for cell signaling. (b) Pre-
BCR. During development, before the cells are fully 
mature, a “pre-BCR” is made, using a surrogate LC 
composed of two molecules (Vpre B and l-5) complexed 
with a m HC and the Igα and Igb accessory molecules.

BCR

Pre-BCR

m Heavy
chain

m Heavy
chain

k or l Light
chain

l-5

Cell
membrane

a

b

Cell
membrane

Surrogate
light chain
(cLC)

Vpre B

lga lgb

lga lgb

■  Figure 8-4 Schematic drawing of an IgG molecule. 
The four peptide chains include two light and two 
heavy chains. Disulfide bonds between the chains are 
indicated by -s-s-. The variable domains are indicated by 
V and the constant regions by C. The variable regions 
have variable amino acid sequences depending on the 
antibody specificity, and the constant regions have a 
constant sequence among immunoglobulins of the same 
class. The two heavy chains (H) determine the class of 
immunoglobulin, in this case for IgG. The two light chains 
can be either k or l.
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128 seCtIoN II   •   the hematopoIetIC system

tissue where they can undergo further differentiation into effector B 
cells (plasma cells) in response to encounters with specific antigens.

When successful rearrangement of the light chain locus is com-
plete and the cell expresses either a km or a lm IgM, the molecule is 
transported to the cell surface to form a functional BCR (surface IgM 
[sIgM] plus Iga and Igb). The cell is now an immature B cell; it is 
positive for CD-19, -20, -21, -22, and -24. The immunocompetent but 
naïve mature B cell is characterized by the dual expression of both 
m (IgM) and d (IgD) BCR on the cell surface. If immature or mature 
B cells recognize and bind self-antigen in the bone marrow with high 
avidity, the cells either undergo a process called receptor editing (in 
which B cells alter their light chain to eliminate self-reactivity), or cell 
death (apoptosis) occurs. During antigen-independent lymphopoiesis 
in the marrow, the processes of both proliferation and apoptotic cell 
death are significant. This eliminates those cells with unsuccessful or 
nonfunctional Ig gene rearrangement as well as those that produce 
autoreactive antigen receptors.

B lymphocytes are not capable of reacting with antigens until 
they develop both IgM and IgD on their surface (i.e., mature B-cell 
stage). The immunocompetent but naïve cells leave the marrow, cir-
culate through the blood, and enter the peripheral lymphoid tissues 
where the antigen-dependent phase of B-cell development occurs. 
Mature B cells enter the germinal centers (follicles) of lymph nodes, 
the germinal centers of the spleen, and other secondary lymphoid 

■  Figure 8-5 During B-cell differentiation, the immunoglobulin heavy chain (HC) gene 
rearranges to produce a unique coding sequence that determines antibody specificity. This 
occurs through a process of splicing and deletion whereby 1 of 23 diversity (D) regions is 
juxtaposed with 1 of 6 joining (J) regions and then with 1 of ∙100 variable (V) regions. Finally, 
constant (C) region splicing determines antibody isotype (IgM, IgD, IgG, or IgA). In this 
example, V, D, J, and Cμ segments are sequentially spliced together to generate a nucleic 
acid sequence that encodes IgM HC proteins. These HC proteins complex with k or l light 
chain proteins (that are also encoded by rearranged genes) to produce a functional antibody 
molecule. Each developing B cell has different Ig gene rearrangements, so a population of 
normal B cells is characterized by polyclonal Ig genes. The diversity of these genes and their 
encoded antibodies permits immune recognition of many different antigens.

D-J joining

RNA transcription 
and splicing

Translation

IgM heavy chain protein

V1 V2 V3... D1... ...D8 J3 J4 J5 J6 C� C� C� ....

V16 D8 J3 C�

V1... ...V15 V16 D8 J3 J4 J5 J6 C� C� C� ....

V1 V2 V3... VN D1 D2... ...D22 D23 J1 J2 J3 J4 J5 J6 C� C� C� ....

V-D joining

N = ~100

VN
N = ~100

What characteristics differentiate an immature and a 
mature B lymphocyte?

CheCkpoint 8-2

After encountering the antigen recognized by the specific BCR, 
some activated B cells undergo isotype switching of the constant 
region of the heavy chain gene, converting to IgG, IgA, or IgE BCR. 
Most mature B lymphocytes possess only one class of immunoglobu-
lin on their membrane.

If B cells fail either to enter a lymphoid follicle or to encounter and 
be stimulated by specific antigens, the cells die (by apoptosis) within 
several days to several weeks. However, encounter with specific anti-
gen causes the naïve B cell to undergo proliferation (clonal expansion) 
and differentiation into plasmacytoid lymphocytes and finally into 
antibody-secreting plasma cells. Some of the progeny of this clonal 
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proteins, the major histocompatibility complex (MHC) molecules or 
antigens. The MHC antigens in humans are called the human leuko-
cyte antigens (HLAs) (Table 8-1 ★). The MHC locus on chromosome 
6 contains two types of HLA genes important for T-cell function, Class 
I and Class II, which encode two groups of structurally distinct proteins. 
There are three major Class I gene loci—HLA-A, HLA-B, HLA-C—
and three Class II gene loci—HLA-DP, HLA-DQ, and HLA-DR. Class I 
MHC molecules (HLA-A, HLA-B, HLA-C proteins) are found on essen-
tially all nucleated cells. MHC Class II molecules (DP, DQ, DR proteins) 
are found on B lymphocytes, dendritic cells, macrophages, and activated 
T lymphocytes. The HLA molecules function to present antigens to T 
lymphocytes and must be recognized by the T cell (i.e., “histocompat-
ible”) to elicit an immune response (see “Lymphocyte Function”). The 
MHC Class III genes code for components of the complement system 
and some selected cytokines.

t Lymphocyte membrane markers
T lymphocytes possess receptors for the Fc portion of IgG (CD16). 
Additionally, CD surface markers used to differentiate developmental 
stages of T precursor cells include CD2, CD3, CD5, CD7, CD25, and 
CD4 and/or CD8.

t Lymphocyte antigen receptor
The T lymphocyte antigen receptor, also called the T-cell receptor 
(TCR), differs from the BCR in that it is a heterodimer of two peptide 
chains linked by a disulfide bond (Figure 8-6 ■). Two subsets of T cells 
are defined by expression of distinct TCR polypeptides: TCR with g 
and d chains (gd T cells) and TCR with a and b chains (ab T cells). 
More than 90% of T lymphocytes are ab T cells.9,10 The organiza-
tion of the TCR chains is similar to that of the BCR immunoglobulin 
chains. Each TCR chain is composed of a variable region that rec-
ognizes and binds an antigen and a constant region that anchors the 
TCR to the cell membrane. Similar to the H and L chains of the BCR, 
the variable (V) region is made from three DNA segments—V, D, and 
J in the b and d chains and V and J segments in the a and g chains. A 
complete V region (i.e., VDJ or VJ) is joined to a constant (C) segment 
to form the individual TCR chains. The random rearrangement and 
recombination of various V, D, and J segments and subsequent joining 
with a C segment provide the antigenic diversity of TCR, allowing the 
T lymphocyte to recognize many different antigens.

The ab and gd TCR are expressed in the T-cell membrane as 
a molecular complex with several other transmembrane molecules, 
including the CD3 complex (consisting of three polypeptides, g, d, 
and P, in the form of d:P and g:P heterodimers) and a z@chain 
homodimer (CD247) (Figure 8-6). These auxiliary molecules (CD3 
and CD247) with the gdTCR or abTCR mediate intracellular signal-
ing when antigen binds to the TCR.11

expansion will become long-lived memory cells, which have the capac-
ity to rapidly respond to subsequent exposures to the same antigen.

B-cell subclasses
Two subclasses of B lymphocytes are detectable in adults. B-1 lympho-
cytes represent a minority subset of B cells (only ∙5% of the total B cells) 
and are produced from the HSCs that are primarily active in the fetal 
liver during prenatal hematopoiesis. B-1 lymphocytes are distinguished 
from other B cells by a number of characteristics: (1) they have a limited 
diversity of antigen receptors, (2) they are found primarily in pleural, 
peritoneal, and mucosal sites, and (3) they recognize common bacte-
rial polysaccharides and other carbohydrate antigens, and are thought 
to provide defense against environmental flora. They are the primary 
source of the “naturally occurring” anti-A and anti-B antibodies char-
acteristic of the ABO blood group system. The population of B-1 cells is 
maintained in adults largely by the division of existing B-1 cells.

The majority of B lymphocytes are sometimes called B-2 cells. 
B-2 lymphocytes are the major B cells produced after birth and are 
found primarily in the circulation and secondary lymphoid tissues.

What cells produce immunoglobulin? Describe the struc-
ture of an immunoglobulin molecule.

CheCkpoint 8-3

T Lymphocytes
Bone marrow lymphoid precursor cells migrate to the thymus (pri-
mary lymphoid organ) where they proliferate and differentiate to 
acquire cellular characteristics of T lymphocytes. The thymic environ-
ment provides stimuli required for the proliferation and maturation 
of developing T cells. These stimuli include direct physical interaction 
with cortical and medullary epithelial cells and dendritic cells as well 
as cytokines including IL-7, SCF, FL, and SDF-1.4 Developing T cells in 
the thymus are called thymocytes. Lymphopoiesis at this stage corre-
lates to the antigen-independent stage of T lymphocyte development.

The historic viewpoint was that the thymus functions in T lym-
phopoiesis primarily during fetal life and the first few years after birth 
and that the T lymphoid system was considered to be nearly fully 
developed at birth. If the thymus does not properly develop in the 
fetus (DiGeorge syndrome; Chapter 22), the result is the absence of 
T lymphocytes as well as severe impairment of adaptive immunity. 
Surgical removal of the thymus after birth, however, does not sig-
nificantly impair immunologic defense. By one year after birth, the 
lymphoid tissue in the thymus begins to be gradually replaced by 
fat (called involution of the thymus).2,7 Although thymic function 
declines significantly with age (by 5-fold at age 35 years), the T lym-
phocyte pool continues to be replenished by the residual functioning 
thymus throughout life.8

major histocompatibility complex
Effective functioning of T lymphocytes in the adaptive IR requires 
interaction with “histocompatible” macrophages, dendritic cells, B lym-
phocytes, and other infected host cells. This recognition and interaction 
between T cells and other cells of the body is achieved via specialized 

class i class ii (ia antigens) class iii

HLA-A HLA-DP Complement components

HLA-B HLA-DQ Cytokines

HLA-C HLA-DR

★  taBLe 8-1 Major Histocompatibility Complex 
Antigens
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developmental stages are pro-T cell, pre-T cell (double negative/DN), 
double positive (DP) and single positive (SP) thymocyte, and T cell.

The earliest committed T-cell precursor, a pro-T cell, is CD34+  
and contains germline configuration of the TCR a@, b@, g@, and 
d@gene loci. These cells are also CD25+  (IL-2 receptor a@chain), 
CD44+  (thymic homing receptor), TdT+ , and lack CD4 and CD8 
(i.e., “double negative” cells). During the pro-T stage, rearrangement 
of the b@chain locus occurs. If the rearrangement is successful, the 
b@chain is expressed in the cytoplasm (cb) toward the end of the 
pro-T stage. These immature thymocytes are found in the cortex of 
the thymus and migrate through the cortex to the medulla as matura-
tion proceeds.

During the pre-T-cell stage, the TCR b@chain appears on the cell 
surface and is linked with a surrogate a@chain (preTa), the CD3 com-
plex, and z chains to form the pre-TCR. Signals from the pre-TCR 
support survival and proliferation (clonal expansion) of the pre-T 
thymocytes, initiate recombination of the TCR a@chain, and induce 
expression of both CD4 and CD8 forming double positive (DP) thy-
mocytes (late pre-T cell).

When a functional a@chain has been produced, it replaces the 
surrogate a@chain and pairs with the b@chain to form the abTCR 
that associates with the CD3 complex and ζ@chains. Subsequently, 
the DP thymocyte that successfully undergoes selection pro-
ceeds to differentiate into either single positive CD4+  CD8-  or 
CD4-  CD8+  T cells. At this point, the cells are immunocompetent 
but naïve T cells.

Thymocytes must survive two selection processes during devel-
opment in the thymus. Mature T cells must be able to recognize for-
eign peptides presented by “self ” MHC molecules. DP thymocytes 
expressing abTCR encounter self-peptides displayed by self-MHC 
molecules on cortical epithelial cells (the only peptides normally pres-
ent in the thymic cortex). Thymocytes with TCR that recognize and 
bind weakly to self-antigens presented by self-MHC are stimulated to 
survive (positive selection). Cells whose TCRs fail to recognize self-
MHC molecules die by apoptosis. Thymocytes whose TCRs bind 
strongly to self-antigens are deleted by apoptosis (negative selection) 
or differentiate into TReg cells (which function to prevent autoim-
mune reactions). Positive selection ensures that T cells are self-MHC 
restricted whereas negative selection ensures that they are tolerant 
(e.g., do not respond) to most self-antigens. Intrathymic proliferation 
and death for potential T lymphocytes is high with about 95% of the 
cells produced undergoing apoptosis. Consequently, only a small por-
tion of T precursor cells developing in the thymus leave as immuno-
competent, naïve T lymphocytes.

The differentiation into single positive CD4+  or CD8+  thymo-
cytes is determined by whether an individual thymocyte’s TCR rec-
ognizes antigen bound to MHC Class II or MHC Class I molecules, 
respectively. This is primarily mediated by medullary epithelial cells 
as well as macrophages and dendritic cells.

Single positive cells leave the thymus and enter the circulation 
to complete final maturation. In the periphery, encounters with the 
antigen specifically recognized by the unique TCR result in activation 
and generation of appropriate effector T lymphocytes and memory 
T cells (antigen-dependent phase of lymphopoiesis). CD4+  CD8-  
cells become helper T cells (TH), and CD4-  CD8+  cells become cyto-
toxic T cells (CTCs).

t Lymphocyte Developmental stages
Commitment to the T-cell lineage depends on cytokines produced 
by the thymic microenvironment including IL-7 and tumor necro-
sis factor@a (TNF@a). Although the exact lymphoid progenitor cell 
that migrates to the thymus is unclear, acquisition of the cell surface 
marker CD1 identifies a precursor cell committed to T lineage dif-
ferentiation.12,13 Differentiation of the various developmental stages 
for T lymphocytes parallels that for B lymphocytes and is defined by 
the presence of CD markers on the cell surface as well as molecu-
lar evidence of TCR gene rearrangement (Figure 8-7 ■).The major 

■  Figure 8-6 The T lymphocyte has an antigen receptor 
(TCR) on its surface that is composed of two peptide 
chains linked by a disulfide bond. This receptor is 
expressed in a complex with CD3 (gP and dP polypeptide 
dimers) and a z polypeptide dimer. This TCR is in close 
proximity to a major histocompatibility complex (MHC)–
restricted co-receptor (CD4 or CD8) that recognizes the 
appropriate MHC molecule on antigen-presenting cells 
(APCs). The helper T lymphocyte co-receptor (CD4) shown 
here recognizes Class II MHC molecules, and the cytotoxic 
T lymphocytes co-receptor (CD8) recognizes Class I MHC 
molecules.
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132 seCtIoN II   •   the hematopoIetIC system

5–15% of the circulating lymphocytes in the blood and spleen. Most 
NK cells are short lived with life spans from a few days to a few weeks.14

Natural Killer T (NKT) Cells
Natural killer T (NKT) cells possess characteristics of both NK 
and T cells. Their cytotoxic activities are not MHC-restricted, and they 
do not recognize peptides presented by antigen-presenting cells, both 
characteristics of cytotoxic T cells. However, they express abTCRs 
and carry NK surface markers. 2,15

t Lymphocytes
T lymphocytes constitute about 70% of total peripheral blood lympho-
cytes, and about 60–80% of peripheral blood T lymphocytes are CD4 
cells (T4). CD4 cells are also the predominant T lymphocytes found 
in the lymph nodes. CD8 cells (T8) make up only 35% of peripheral 
blood T lymphocytes but are the predominant T lymphocyte found 
in the bone marrow. The normal T4@to@T8 ratio in circulating blood is 
thus ∙2:1. The balance between T4 and T8 is critical for normal activity 
of the immune system. This ratio can be decreased in viral infections, 
immune deficiency states, and acquired immune deficiency syndrome 
(AIDS) and can be increased in disorders such as acute graft versus 
host disease, scleroderma, and multiple sclerosis.

GDT Lymphocytes
In the fetal thymus, the first TCR gene rearrangement involves the 
g and d loci. Only ∙10% of double negative thymocytes mature to 
gdTCR T cells after birth.

Natural Killer Cells
The third population of lymphoid cells, natural killer (NK) cells, 
are actually effector cells of innate immunity, not adaptive immunity. 
Their CD markers are not characteristic of either T or B cells, and they 
do not rearrange either the BCR or TCR gene loci. However, they do 
have a diversity of receptors that allow them to recognize appropriate 
target cells and destroy them. NK cells possess CD56 and CD16 (the 
Fcg receptor III for IgG). The CD16 marker is also found on neutro-
phils and some macrophages. NK cells express some T-cell markers on 
their cell membranes (up to 50% of NK cells can have weak expression 
of CD8 and CD2), but they lack CD3, CD4, and the TCR.14

NK cells originate in the bone marrow from the CLP 
(Figure 8-8 ■). NK cells and T cells have a close developmental 
relationship with evidence that the immediate precursor of an NK-
committed progenitor is a bipotential CFU-T/NK.12 IL-15, Flt-3 
ligand, SCF, IL7, and IL3 are the major cytokines regulating NK cell 
differentiation and development (Figure 8-8). NK cells constitute 

■  Figure 8-8 Natural killer (NK) cell maturation pathway. Immunologic maturation of NK cells 
from the pluripotential hematopoietic stem cell (HSC) and common lymphoid progenitor cell 
(CLP) to the mature NK cell. Each stage of maturation can be defined by specific antigens (CD) 
and/or the presence of cytokine receptors that appear on the developing cell. NK progenitors 
and immature cells are found in the bone marrow, and mature NK cells are found in the 
peripheral blood.
CD = cluster of differentiation; IL@7R = IL@7 receptor; c@Kit = stem cell factor receptor, also referred to as CD117
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1. What class of lymphocytes would you expect to 
make up the majority of peripheral blood lympho-
cytes in this child and which subclass CD marker is 
present on the majority of these cells?

2. Where does this class of lymphocytes differentiate?

case stuDy (continued from page 123)

LymphOcyte iDentiFicatiOn 
anD mOrphOLOgy
Morphologic criteria cannot be used to differentiate between T, B, and 
NK lymphocytes. When there is a need to distinguish between them, 
monoclonal antibodies and flow cytometry for specific CD mole-
cules are most often used. Other phenotypic features of lymphocytes 
that allow them to be identified as T lymphocytes or B lymphocytes 
include cytochemical staining properties and gene rearrangement of 
the TCR and BCR gene loci. T lymphoblasts contain nonspecific ester-
ase, b@glucuronidase, and N-acetyl b@glucosamidase and a punctuate 
pattern of acid phosphatase positivity. The esterase and acid phospha-
tase stains for B lymphoblasts are either negative or have a scattered 
granular pattern of positivity.
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CD markers identify lymphocytes. What are the CD mark-
ers for B-cell precursors and T-cell precursors?

CheCkpoint 8-4

Morphology of Immature Lymphocytes
Three morphologic stages of lymphoid maturation are recognized: 
lymphoblast, prolymphocyte, and lymphocyte. The morphologic 
changes that occur during differentiation or activation are shared by 
the major lymphocyte subgroups; thus T, B, and NK lymphocytes and 
their precursors are indistinguishable by morphologic criteria.

Lymphoblast
The lymphoblast (Table 8-2 ★) is about 10–18 mcM (mm) in diam-
eter with a high N:C ratio. The nuclear chromatin is lacy and fine but 
appears more smudged or heavier than that of myeloblasts. One or two 
well-defined pale blue nucleoli are visible. The nuclear membrane is 
dense, and a perinuclear clear zone may be seen; it has less basophilic 

agranular cytoplasm than other white cell blasts. Whereas subtle mor-
phologic differences exist, lymphoblasts are usually morphologically 
indistinguishable from myeloblasts. Cytochemical stains can be used to 
help identify their lymphoid origin (Chapter 23). Unlike myeloblasts, 
lymphoblasts stain negative for peroxidase, lipid, and esterase but con-
tain acid phosphatase and sometimes deposits of glycogen (PAS+ ). 
Both T and B lymphoblasts contain the DNA polymeraseTdT.

prolymphocyte
The prolymphocyte is difficult to distinguish in normal bone marrow 
specimens (Table 8-2). The prolymphocyte is slightly smaller than the 
lymphoblast with a lower N:C ratio. The nuclear chromatin is clumped 
but more finely dispersed than that of the lymphocyte. Nucleoli are 
usually present, and the cytoplasm is light blue and agranular.

Lymphocyte
The mature lymphocyte has wide size variability, 7–16 mcM when 
flattened on a glass slide. Size primarily depends on the amount of 
cytoplasm present (Table 8-2). Small lymphocytes range in size from 

cell name shape/size/n:c ratio nucleus cytoplasm

Lymphoblasts shape

Round to oval

size

10–18 mcM

n:c ratio

6:1–4:1

shape

Round to ovoid, centrally located; can be 
slightly indented, clefted, or folded

nucleoli

One or more can be present

chromatin

Lacey or coarsely granular with distinct 
parachromatin

Scant amount, usually agranular

Occasional azurophilic granules and 
vacuoles

Prolymphocyte shape

Round to oval

size

12–20 mcM

n:c ratio

5:1–3:1

shape

Round to ovoid, centrally located

nucleoli

Single prominent

chromatin

Condensed with indistinct parachromatin

Moderate amount of cytoplasm, occa-
sional azurophilic granules

Small lymphocyte shape

Round to oval

size

7–10 mcM

n:c ratio

5:1–2:1

shape

Round to ovoid, slightly indented or notched

nucleoli

Generally not visible or can be inconspicuous

chromatin

Diffusely dense; blocks of heterochromatin

Scant amount of blue, agranular 
cytoplasm

Large lymphocyte shape

Round to oval

size

11–16 mcM

n:c ratio

4:1–2:1

shape

Round to ovoid, slightly indented or  
notched

nucleoli

Generally not visible, can be inconspicuous

chromatin

Diffusely dense; blocks of heterochromatin

Increased amount of blue cytoplasm 
with variable number of pink, coarse, 
azurophilic granules

★ taBLe 8-2 Lymphocyte Maturation

(Continued )

M08_MCKE6011_03_SE_C08.indd   133 01/08/14   11:40 am



134 seCtIoN II   •   the hematopoIetIC system

7–10 mcM. The nucleus is about the size of an erythrocyte and occu-
pies about 90% of the cell area; the chromatin is deeply condensed, 
staining a dark purple. Nucleoli, although always present, are rarely vis-
ible with the light microscope. If seen, they appear as small, light areas 
within the nucleus. A narrow rim of sky blue cytoplasm surrounds the 
nucleus. A few azurophilic granules and vacuoles can be present. Lym-
phocytes are motile and can show a peculiar hand mirror shape on 
stained blood smears with the nucleus in the rounded anterior portion 
(protopod) trailed by an elongated section of cytoplasm known as the 
uropod. Cells that are morphologically small lymphocytes represent a 
variety of functional subsets of lymphocytes including immunocom-
petent naïve cells, differentiated effector cells, and memory T and B 
lymphocytes. Functionally, small lymphocytes are “resting” cells in 
G0 of the cell cycle (i.e., they are not actively dividing). However, in 
response to binding antigen, these small lymphocytes can enter G1 
and initiate the proliferative cell cycle.

Large lymphocytes are heterogeneous in appearance and range 
in size from 11–16 mcM in diameter. The nucleus can be slightly 
larger than in the small lymphocyte, but the difference in cell size is 
mainly attributable to a larger amount of cytoplasm. The cytoplasm 
can be lighter blue with peripheral basophilia or darker than the 
cytoplasm of small lymphocytes. Azurophilic granules can be pres-
ent; if prominent, the cell is described as a large granular lymphocyte. 
These granules differ from those of the myelocytic cells in that they 
are peroxidase negative. The nuclear chromatin can appear similar 
to that of the small lymphocyte or more dispersed, and the nucleus 
can be slightly indented. Like small lymphocytes, these large cells 
probably represent a diversity of functional subsets. Large lympho-
cytes are T or B cells that have encountered antigen and have moved 
out of G0.

Normally ∙3% of blood lymphocytes are large granular 
lymphocytes (LGLs). These cells consist of a mixed population of 

cell name shape/size/n:c ratio nucleus cytoplasm

Reactive lymphocyte shape

Large and irregular

size

16–30 mcM

n:c ratio

3:1–2:1

shape

Round, ovoid, notched, or indented

nucleoli

Can be visible

chromatin

Variable

Dense as in a mature lymph but also can 
appear immature as in a blast

Variable amount, may be dark blue; 
periphery may be light blue; occa-
sional vacuole; azurophilic granules 
can be present

Immunoblast shape

Round to oval

size

12–25 mcM

n:c ratio

4:1–3:1

shape

Large, round, central

nucleoli

Prominent

chromatin

Fine

Moderate amount; deep blue

Plasmacytoid lymphocyte shape

Round to oval

size

15–20 mcM

n:c ratio

4:1–3:1

shape

Round, central, or slightly eccentric

nucleoli

Single visible

chromatin

Less clumped and coarse than in plasma cell

Moderate amount, deeply basophilic

Plasma cell shape

Round to oval

size

14–20 mcM

shape

Round, eccentrically placed

nucleoli

Not present

chromatin

Coarse, blocklike radial masses

Moderate to abundant, deeply baso-
philic; paranuclear Golgi complex 
stains poorly and appears as a lighter 
area

★ taBLe 8-2 Continued
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both NK cells (CD3-) and some activated cytotoxic T cells (CTC, 
CD3+ , CD8+ ).16 Most (but not all) NK cells have an LGL morphol-
ogy, but not all LGLs are NK cells.9,16 LGLs have a round or indented 
nucleus and abundant pale blue cytoplasm containing coarse pink 
granules (Table 8-2). The granules, thought to be related to the cells’ 
cytolytic capacity, contain the pore-forming proteolytic enzyme per-
forin and granzymes (serine proteases with pro-apoptotic activity).

Morphology of Activated Lymphocytes
During their development into immunocompetent T and B lympho-
cytes, the cells acquire specific TCRs and BCRs receptors that endow 
them with antigen specificity. During the antigen-dependent phase of 
lymphocyte development, contact and binding of this specific anti-
gen to receptors on immunocompetent T and B lymphocytes begin 
a complex sequence of cellular events known as blast transforma-
tion (blastogenesis). The end result is the clonal amplification of cells 
responsible for the expression of immunity to that specific antigen. 
Usually occurring within the lymph node, this series of events includes 
cell enlargement, an increase in the rough endoplasmic reticulum 
(RER), enlargement of the nucleolus, dispersal of chromatin, and an 
increase in DNA synthesis and mitosis. These transformed cells, called 
immunoblasts, have the option to differentiate into terminally dif-
ferentiated effector cells capable of mediating the immune response 
or long-lived memory cells. The morphologically identifiable forms of 
antigen-stimulated lymphocytes include the reactive lymphocyte, reac-
tive immunoblast, plasmacytoid lymphocyte, and plasma cell. Reac-
tive lymphocytes and immunoblasts can be either T or B lymphocytes, 
which can be determined only by cell marker studies (flow cytometry).

reactive Lymphocyte
The reactive lymphocyte (Table 8-2) can exhibit a variety of mor-
phologic features, including one or more of the following:

•	 It is increased in size (16–30 mcM) with a decreased N:C ratio.
•	 The nucleus can be round but is more frequently elongated, 

stretched, or irregular.
•	 The chromatin becomes more dispersed, staining lighter than the 

chromatin of a resting lymphocyte, and nucleoli can be seen.
•	 There usually is an increase in diffuse or localized basophilia of the 

cytoplasm, and azurophilic granules and/or vacuoles can be present.
•	 The cytoplasmic membrane can be indented by surrounding eryth-

rocytes, which gives the cell a scalloped edge.

The reactive lymphocyte has also been referred to as a stimu-
lated, transformed, atypical, activated, or variant lymphocyte. 
However, the word atypical carries the connotation of abnormal, and 
therefore some hematologists prefer not to use the term to describe 
normal lymphocytes in various stages of antigenic stimulation.

A few reactive lymphocytes can be seen in the blood of healthy 
individuals, but they are found in increased numbers during viral 
infections. For this reason, the reactive lymphocyte has also been 
called a virocyte.

immunoblast
The immunoblast (Table 8-2) is the next stage in blast transformation. 
The cell is large, 12–25 mcM in size, and is characterized by prominent 
nucleoli and a fine nuclear chromatin pattern (but coarser than that of 

other leukocyte blasts). The large nucleus is usually central and stains a 
purple-blue color. The abundant cytoplasm stains an intense blue color 
due to the high density of polyribosomes. These are cells that are prepar-
ing for or engaged in mitosis. The immunoblast proliferates, increasing 
the pool of cells programmed to respond to the initial stimulating anti-
gen. These antigen-specific daughter cells (effector lymphocytes) mature 
into cells that mediate the effector functions of the immune response.

The daughter cells of B immunoblasts, which mediate humoral 
immunity, are plasmacytoid lymphocytes and plasma cells (Table 8-2). 
Humoral immunity is the production of antibodies by activated B 
lymphocytes stimulated by antigen.

A young adult patient has a WBC count of 10 * 109/L 
with 80% lymphocytes. The blood smear reveals 70% 
reactive lymphocytes and 10% nonreactive lymphocytes. 
What is the absolute concentration of total lymphocytes 
and reactive lymphocytes? What is a probable cause of 
these findings?

CheCkpoint 8-5

plasmacytoid Lymphocyte
The plasmacytoid lymphocyte (also referred to as lymphocytoid 
plasma cell) (Table 8-2) is believed to be an intermediate cell between 
the B lymphocyte and the plasma cell. It gains its descriptive name 
from its morphologic similarity to the lymphocyte but has marked 
cytoplasmic basophilia similar to that of plasma cells. The plasmacy-
toid lymphocyte ranges in size from 15–20 mcM. The nuclear chro-
matin is less clumped (more immature) than that of a plasma cell, 
and it may have a single visible nucleolus. The nucleus is central or 
slightly eccentric, and the cytoplasm is deeply basophilic. The cell has 
some cytoplasmic immunoglobulin (cIg) as well as surface membrane 
immunoglobulin (sIg). This cell is occasionally seen in the peripheral 
blood of patients with viral infections.

plasma cells
Plasma cells (Table  8-2) are round or slightly oval with a 14–20 
mcM diameter. The nucleus is eccentrically placed and contains 
coarse blocklike radial masses of chromatin, often referred to as 
the cartwheel or spoke wheel arrangement. Nucleoli are not pres-
ent. The paranuclear Golgi complex is obvious and surrounded by 
deeply basophilic cytoplasm. The cytoplasm stains red with pyronine 
(pyroninophilic) because of the high RNA content. The RER is well 
developed, and the cytoplasm enlarges because of the production of 
large amounts of immunoglobulin. Membrane sIg is usually absent, 
but azurophilic granules and rodlike crystal inclusions of cytoplasmic 
Ig can be present.

The reactive lymphocyte is commonly found in the blood dur-
ing viral infection; the immunoblast, plasmacytoid lymphocyte, and 
plasma cell usually are found only in lymph nodes and other second-
ary lymphoid tissue. During intense stimulation of the immune sys-
tem, however, these transformed cells can be found in the peripheral 
blood due to lymphocyte recirculation.
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LymphOcyte FunctiOn
T lymphocytes, B lymphocytes, and macrophages interact in a series 
of events (the adaptive immune response) that allows the body to attack 
and eliminate foreign pathogens. Cytokines play an important role in 
activation and regulation of the immune response. Cytokines are pro-
duced by a variety of cell types including T lymphocytes, macrophages, 
dendritic cells, NK cells, and B lymphocytes. These cytokines influence 
the function of all of the cellular components involved in the innate 
and adaptive immune responses (Table 8-3 ★). Most cytokines work 
synergistically in inducing their physiologic response (Chapter 4).

B Lymphocytes (Humoral Immunity)
When naïve B cells encounter antigen in the secondary lymphoid 
tissues, they are induced to proliferate, resulting in clonal expansion 
producing large numbers of B cells with the same BCR capable of 
recognizing that particular antigen. This process is followed by dif-
ferentiation of the antigen-activated B cell into memory B cells and 
antibody-secreting plasma cells (the antigen-dependent phase of B 
lymphopoiesis).

Antigen binding to and activation of naïve B cells results in a 
primary antibody response, whereas antibody activation of mem-
ory B cells results in a secondary antibody response. The secondary 
response develops more rapidly than does the primary and is associated 
with predominantly IgG antibody production, whereas the primary 
response is associated with primarily production of IgM antibodies.

B-cell activation and production of antibodies functions pri-
marily to defend against extracellular bacteria, fungi, and intracel-
lular microbes (before they infect cells). The antibodies function to 
neutralize and eliminate infectious microbes and microbial toxins. 
Antibodies are generally produced by plasma cells in the lymphoid 
organs as well as bone marrow and circulate throughout the body. 
IgG antibodies coat microbes and promote phagocytosis (opsoniza-
tion) by binding the Ig Fc region to Fcg receptors (FcgR@I, -II, -III) on 
phagocytes. IgG, IgM, and IgA can activate complement, which also 
generates opsonizing molecules capable of promoting phagocytosis 
by binding to complement receptors (CR1-4). IgE binds antigen and 
triggers mast cell degranulation, evoking immediate hypersensitivity 
reactions (Chapter 7).

In contrast to the progeny of the B immunoblast, effector cells 
produced from the T immunoblast, cytotoxic T cells, or T helper cells 
are morphologically indistinguishable from the original unstimulated 
lymphocytes or appear as LGL.

memory cells
A number of the T and B immunoblast daughter cells alternatively 
form T and B memory cells. Memory cells are morphologically simi-
lar to the resting small lymphocytes, retain the ability to react with 
the stimulating antigen, and are capable of eliciting a rapid secondary 
immune response when challenged again by the same antigen.

How would you morphologically differentiate a reactive 
lymphocyte from a plasma cell on a peripheral blood 
smear?

CheCkpoint 8-6

LymphOcyte DistriButiOn, 
cOncentratiOn, anD Kinetics
Lymphocytes have a peripheral blood concentration in adults rang-
ing from 1.094.8 * 109/L. At birth, the mean lymphocyte count is 
5.5 * 109/L. This value rises to a mean of 7 * 109/L in the next 
6 months and remains at that level until approximately age 4. A grad-
ual decrease in lymphocytes is noted from 4 years of age until reaching 
adult reference interval values in the second decade of life. Lympho-
cytosis, an increase in lymphocytes, occurs in adults when the abso-
lute number of lymphocytes is 74.8 * 109/L.

Lymphocytopenia, a decrease in lymphocytes, occurs in adults 
when the absolute number of lymphocytes is 61.0 * 109/L. Lym-
phocytes are the second most numerous intravascular leukocyte in 
adults. However, peripheral blood lymphocytes comprise only ∙5% 
of the total body lymphocyte pool; 95% are located in extravascular 
tissue of the lymph nodes and spleen. Movement of lymphocytes 
between the intravascular and extravascular compartments is con-
tinuous. Lymphocytes from lymph nodes enter the lymphatic chan-
nels and gain entry to the blood as the lymph drains into the right 
lymphatic duct and the thoracic duct. When stimulated by antigen, 
lymphocytes migrate to specific areas of lymphoid tissue where they 
undergo proliferation and transformation into effector cells. To reach 
extravascular tissue, lymphocytes most often transmigrate between 
the borders of endothelial cells lining the vessels (paracellular trans-
migration). Less often, lymphocytes move through endothelial cells 
(transcellular migration) rather than between them.1

Lymphocytes leave and re-enter the blood (recirculate) many 
times during their life spans. About 80% of lymphocytes in the periph-
eral blood are “long lived” with a life span ranging from a few months 
to many years. These cells spend most of their lives in a prolonged, 
intermitotic, G0 phase. The remaining 20% of the lymphocytes live 
from a few hours to ∙5 days. The majority of these short-lived, rap-
idly turning over lymphocytes are immunocompetent, naïve B and 
T lymphocytes.

3. Calculate the absolute concentration of lympho-
cytes. Is this increased, decreased, or within the 
reference interval?

4. If this were a 30-year-old male, would this be con-
sidered normal or abnormal? Explain.

case stuDy (continued from 132)

Describe the process of lymphocyte recirculation.

CheCkpoint 8-7
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cell Development
Antigen activation of B lymphocytes results in the morphologic trans-
formation from reactive lymphocytes to immunoblasts, to plasma-
cytoid lymphocytes, and finally to plasma cells in the lymph nodes. 
Plasma cells are thus the fully activated terminal effector cell of the 
B lymphocyte lineage. Their primary function is synthesis and secre-
tion of antibody of the same isotype (Ig class) and idiotype (antigen 
specificity) as the BCR of its precursor B cell. Plasma cells have large 
quantities of cytoplasmic immunoglobulin (cIg) but contain little or 
no surface immunoglobulin (sIg). In contrast, the B cells from which 
plasma cells are derived are sIg+ but cIg-.

Plasma cells are not normally present in the peripheral blood 
or lymph and constitute 64% of the cells in the bone marrow. Most 
plasma cells are found in the medullary cords of lymph nodes 
although intense stimulation of the immune system (e.g., in rube-
ola, infectious mononucleosis, toxoplasmosis, syphilis, tuberculosis, 
multiple myeloma) can cause them to be found in the peripheral 
blood.

Alterations in Ig production are classified as hypogammaglobu-
linemia, polyclonal gammopathy, and monoclonal gammopathy. 
Each class of Ig has a specific electrical charge that permits migra-
tion in an electrical field. Thus, alterations of Ig production can be 
detected by serum protein electrophoresis. Hypogammaglobulinemia 
is a decrease in the total concentration of Ig. Polyclonal gammopathies 
result in an increase in Ig of more than one class (polyclonal antibod-
ies) and are frequently seen in viral or bacterial infections. Monoclonal 
gammopathies arise from one clone of cells and are characterized by 
an increase in one specific class of Ig with identical heavy and light 
chains. This type of alteration is usually the result of unregulated pro-
liferation (neoplastic) of a clone of plasma cells (Chapter 28). A bal-
ance between production of heavy and light chains normally ensures 
no excess of one or the other. Neoplastic diseases of plasma cells, how-
ever, can upset the balance; excesses of light chains or heavy chains can 
sometimes be found in both serum and urine.

cytokine action

MIF Prevents migration of macrophages from site of 
inflammation

SCF, Flt3 
ligand (FL)

Synergizes with other cytokines to promote prolifera-
tion and differentiation of early HSC/HPC; early T- and 
B-cell development

INFg Inhibits intracellular viral multiplication; inhibits prolif-
eration of TH2 cells; activates macrophages

IL-2 Induces proliferation and activation of lymphocytes  
(T cells, NK cells)

IL-3 Multilineage colony-stimulating factor; acts in syn-
ergy with other cytokines to stimulate proliferation of 
hematopoietic cells; has a negative effect on lymphoid 
progenitors

IL-4 Stimulates proliferation of B lymphocytes

IL-5 Stimulates proliferation/differentiation of B  
lymphocytes and eosinophils

IL-6 Stimulates proliferation/differentiation of B 
lymphocytes

IL-7 Stimulates proliferation/differentiation of both B- and 
T-cell progenitors; stimulates proliferation, survival of 
naïve T cells

IL-9 Stimulates proliferation of TH cells; potentiates anti-
body production by B cells; activates mast cells

IL-10 Inhibits production of IL2 and IFNg by TH1 cells; sup-
presses macrophage function

IL-12 Stimulates T cells and NK cells; promotes development 
of TH1 cells

IL-13 Stimulates B-cell growth and differentiation; inhibits 
production of proinflammatory cytokines

IL-14 Stimulates proliferation of activated B cells

IL-15 Activates T cells, NK cells

IL-16 Serves as a chemoattractant of CD4+  lymphocytes

IL-17 Induces endothelial cells, epithelial cells, fibroblasts to 
secrete other cytokines, including IL-6, IL-8, GM-CSF, 
EPO, IL-1

IFN@a, @ß Activate macrophages, granulocytes, CTL

MIP@1a Responsible for chemotaxis, respiratory burst

TNF@a Inhibits hematopoiesis

HSC = hematopoietic stem cell; HPC = hematopoietic progenitor 
cell; IFN = interferon; MIF = macrophage migration inhibitory fac-
tor; MIP = macrophage inflammatory protein; SCF = stem cell factor; 
TNF = tumor necrosis factor

★  taBLe 8-3 Soluble Mediators with Effects  
on Immune System Cells

Where are the majority of plasma cells found, and what 
is their function?

CheCkpoint 8-8

T Lymphocytes (Cell-Mediated Immunity)
T lymphocytes confer protection against intracellular pathogens that 
have the ability to avoid contact with antibodies. In addition to eradi-
cating microbes, T cells secrete cytokines, which activate other cells 
such as macrophages and B lymphocytes. Unlike B cells, which can 
recognize and interact with intact pathogens/antigens, T cells recog-
nize only short peptide fragments derived from protein antigens that 
are bound by MHC molecules on the surface of the individual’s own 
cells. Thus, T lymphocytes are said to be “MHC-restricted” in terms of 
their immune response. Some T cells must interact with other cells of 
the immune system, such as macrophages, dendritic cells, and B lym-
phocytes. Other T cells must be able to interact with any infected host 
cell. In both instances, the TCR will recognize only antigens presented 
by self-MHC molecules.

Recognition of and binding to a target cell requires the TCR and 
the T-cell coreceptor (CD4 or CD8) to bind with the antigen/MHC. 
MHC Class I molecules (found on all cells of the body) form a com-
plex with peptides derived from intracellular pathogens and present 
these antigens to CD8+  T cells (i.e., CD8+  cells are MHC Class I 
restricted). Class II MHC molecules complex with peptides derived 
from phagocytosed extracellular pathogens and present them to 
CD4+  T cells (CD4+  cells are MHC Class II restricted).
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belonging to a unique subset of lymphocytes, the TReg cells. TReg cells 
are generated when developing thymocytes recognize and strongly 
bind self-antigens in the thymus and when self- and foreign antigens 
are recognized in peripheral lymphoid organs. See Table 8-4 ★ for a 
summary of the CD4+  T-cell functions.

cD8+ t cells
Activation of naïve CD8+  cells and differentiation into CTLs requires 
both antigen presentation by MHC Class I molecules and secondary 
signals, sometimes provided by CD4+  TH cells.21 As CD8+  T cells 
differentiate into effector CTLs, they acquire the machinery to per-
form target cell killing and develop cytoplasmic granules containing 
perforin and granzymes that function to kill other cells. On contact 
with their target, perforin released from the granules introduces a hole 
in the target cell membrane, allowing activated granzymes and other 
granule contents to enter. Granzymes activate the target cell apoptotic 
pathway, inducing target cell death. Fas ligand and other apoptosis-
inducing cytokines can also contribute to cytotoxicity through activa-
tion of Fas death-receptors on target cells (Chapter 2).

memory t cells
In addition to generation of various effector cell subsets, T-cell–
mediated immune responses generate memory T cells specific for that 
antigen that can persist for years.17 Memory cells survive in a quies-
cent state (G0) after antigen is eliminated yet can produce a larger and 
more rapid response to an antigen than naïve cells on re-exposure. The 
ability to survive for extended periods of time is due to the upregula-
tion of antiapoptotic proteins in memory cells, including Bcl-2 and 
Bcl@XL (Chapter 2).

Natural Killer Cells
NK cells are effector cells of innate immunity whose main function is 
to kill infected cells and to activate macrophages to destroy phagocy-
tosed microbes.2,22 NK cells are capable of spontaneous (direct) cyto-
toxicity for various target cells, primarily cells infected with viruses 
and intracellular microbes and some tumor cells. They have similar 
effector functions as CD8+  CTLs, but their cytotoxicity is non-MHC 
restricted (they do not require interaction with self-MHC molecules 
on the target cells).22

NK cells can recognize and attack pathogens with attached IgG 
via their IgG receptor (CD16) (antibody-dependent cellular cyto-
toxicity [ADCC]). In addition, they express a variety of receptors that 
recognize cell surface proteins that are altered when a cell is infected 

antigen-presenting cells
The term antigen-presenting cell (APC) is used to identify spe-
cialized cells that process and display antigens to CD4+  T lympho-
cytes. The most effective APC for activating naïve T cells are dendritic 
cells (DC). Macrophages and B cells primarily function as APCs for 
memory CD4+  cells.15 The APC also provide costimulatory signals 
and cytokines required for T-cell differentiation into effector cells. In 
return, the T cells secrete cytokines (e.g., IFNg) that activate the APCs. 
This positive feedback loop maximizes the immune response.15

DCs are found in skin, respiratory and gastrointestinal epithe-
lia, and connective tissues, the usual portals of entry to the body for 
pathogens. DCs arise from bone marrow precursors, and the majority 
of DC are related to mononuclear phagocytes (conventional DC or 
myeloid DC). They are distinguished by their extensive membranous 
spiny projections. A minor subset of DCs is referred to as plasmacy-
toid DCs, which resemble plasma cells morphologically but acquire 
the morphology and functional properties of DCs when activated.

Other types of cells can function as APC. Macrophages can pres-
ent antigens derived from phagocytosed microbes to effector TH cells. 
B lymphocytes can internalize protein antigens, degrade them, and pres-
ent peptides to CD4+TH cells. All nucleated cells can become infected 
with intracellular pathogens and can present peptides derived from 
pathogen antigens to CD8+  cells, activating a cytolytic response (CTL).

cD4+ t cells
The three types of CD4+  effector cells, TH1, TH2, and TH17, produce 
different cytokines when activated and are effective against different 
types of infectious pathogens.17 Different cytokines that are produced 
by immune cells (APCs, NK cells, mast cells) at the site of the immune 
response drive the development of these CD4+  subsets. Differentia-
tion of activated CD4+  T cells to TH1 effectors occurs in response 
to intracellular bacteria (e.g., Listeria, mycobacteria), whereas TH2 
differentiation occurs in response to helminthes and allergens. Acti-
vated TH17 cells provide protection against pathogens by attracting 
neutrophils and other inflammatory cells to the site of infection.18,19 
Each subset of differentiated effector cells produces cytokines that 
promote its own development and can suppress the development of 
the other subsets.

A fourth subset of CD4+  T cells are TREG, which are important 
in suppressing immune responses and maintaining self-tolerance.20 In 
the past, lymphocytes capable of regulating the immune response were 
described as T suppressor cells (Ts) and were thought to be CD8+  
cells. More recently, this suppressor function has been recognized as 

type
stimulating 
cytokine effector cytokines Functions Detrimental effects

TH1 IL-12 
IFNg

INFg IL-2, 
TNFa, TNFb

Targets intracellular pathogens, activates macrophages, promotes 
production of IgG2

Autoimmunity, organ transplant 
rejection, DTH

TH2 IL-4 IL-4, IL-5, IL-13, 
TGFb

Targets extracellular pathogens, activates eosinophils and mast cells, 
promotes B cell production of IgE

IgE-mediated allergies and 
asthma

TH17 IL-1, IL-6 IL-17, IL-21 IL-22 Combats extracellular microbes; recruits neutrophils Arthritis Encephalomyelitis

TReg IL2, TGFb IL10, TGFb Inhibits immune response; promotes self-tolerance Systemic inflammatory disease

★ taBLe 8-4 CD4+  T-Cell Functions
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significantly, the number of naïve T cells does, resulting in an immune 
system that does not respond as quickly or as efficiently to a new anti-
genic challenge. As the naïve T-cell population declines, there is a 
higher proportion of memory T cells, many of which gradually reach 
replicative senescence (the inability to proliferate) as one ages. As a 
result, one’s ability to fight off infections declines. Other observations 
include an increase in cancers associated with aging, which may be 
partly explained by a declining ability to detect and correct defective 
cells. Also the aging immune system is less able to distinguish self from 
nonself, which results in a higher frequency of autoantibody produc-
tion with age.

Lymphocyte Metabolism
Lymphocytes contain all enzymes of the glycolytic and tricarboxylic 
acid cycle. Glucose enters the cell through facilitated diffusion and is 
catabolized to produce ATP through oxidative phosphorylation. The 
ATP is used for recirculation and locomotion as well as replacement 
of lipids and proteins and the maintenance of ionic equilibrium. The 
HMP shunt provides only a fraction of the needed energy, but it is 
important for purine and pyrimidine synthesis required for DNA 
replication and mitosis as well as reducing capability associated with 
production of NADPH.

(“activating receptors”). They also contain “inhibitory receptors” which 
recognize MHC Class I molecules of autologous cells and block NK 
cell activation, thus protecting healthy self-cells from an NK attack. 
The activity of NK cells is carefully regulated and is activated by signals 
from these various receptors, listed in Table 8-5 ★.

Like CTLs, NK cells rely primarily on the perforin–granzyme sys-
tem and Fas-Fas-ligand to kill their targets.22 Because NK cytotoxicity 
is spontaneous (does not require clonal expansion and activation as 
do CTLs), NK cells can kill viral-infected cells before antigen-specific 
CTLs are fully active, early in the viral infection.

A number of cytokines, including IL-2, IL-15, IL-12, and IL-18, acti-
vate NK cells. These cytokine-activated NK cells are called lymphokine-
activated killer (LAK) cells. NK cells produce a variety of cytokines, 
including G-CSF, GM-CSF, IL-5, TNF, IFNg, and TGFb. Thus they are 
able to stimulate and inhibit hematopoiesis, and activate cells of both the 
innate and adaptive immune systems14,23 (Chapter 4).

Adhesion Molecules of the 
Adaptive Immune Response
Adhesion receptors are important in the migration of lymphocytes 
between the blood and lymphoid tissues and for the interaction 
between immune cells during an immune response (Table 8-6 ★). 
Most adhesion molecules important for adaptive immune system 
function belong to either the integrin or immunoglobulin-like fami-
lies of cytoadhesion molecules.

Aging and Lymphocyte Function
It is now fairly well established that immunocompetence declines 
with age.24 By middle age, the thymus has atrophied to ∙15% of its 
maximum size. Although the total number of T cells does not decline 

source of activating signal activating signal mode of action

Cytokines IFNa/b Use stress molecules that serve to signal NK cells in the presence 
of viral pathogens

IL12

IL-15

Are produced by macrophages for NK cell stimulation

Fcg receptor

(CD16)

Molecule that binds Fc portion of IgG Allows NK cells to target cells against which a humoral response 
has been mounted and lyse the cells by antibody-dependent cel-
lular cytotoxicity (ADCC)

Activating and inhibitory 
receptors

Variety of receptors that bind ligands on both 
endogenous and exogenous target cells

Either activate or suppress NK cell cytolytic activity

Activating
KIR: 3DS1, 2DS1, 2DS2

CD94/NKG2-B,-C,-D,-E,-F

NKRp-30,-44,-46

CD2 or DNAM

Inhibiting
KIR-2DL1, -2DL2, -2DL3

-2DL4,-3DL1

CD94/NKG2A

KIR = killer cell immunoglobulin-like receptor

★ taBLe 8-5 Regulation of NK Activity

5. Is there a need for concern regarding the infant’s 
results? Explain your answer.

case stuDy (continued from page 136)
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adhesion molecule cD Designation expressed By Ligand Function

LFA-1

aL/b2

CD11a/CD18 Activated leukocytes ICAM-1, -2, -3 on EC; APC Mediates interaction of lymphocytes with 
other cells and with endothelium; provides co- 
stimulatory signal for cell activation

adb2 CD11d/CD18 Activated lymphocytes VCAM-1, ICAM-3 Promotes adhesion to leukocytes and to EC

CD2

(LFA-2)

CD2 T lymphocytes, monocytes LFA-3 (CD58) on EC; APC Promotes adherence to EC and APC; mediates 
activation of T lymphocytes

CD4 CD4 TH lymphocytes Class II MHC Enhances adhesion of TH lymphocytes to APC, 
mediates activation of TH lymphocytes

CD8 CD8 CTL Class I MHC Enhances adhesion and activation of CTL to 
APC

VLA1, VLA2, VLA3 
VLA4, VLA5, VLA6

CD49a, CD49b, 
CD49c, CD49d, 
CD49e, CD49f

Lymphocytes (VLA-4 also on 
monocytes)

VLA4 ligand; VCAM-1 on 
EC; ECM proteins

Increases adhesion of cells in area of 
inflammation

APC = antigen@presenting cell; EC = endothelial cell; CD = cluster of differentiation; EM = extracellular matrix; LFA = leukocyte function-related antigen; 
ICAM = intercellular cytoadhesion molecule; MHC = major histocompatibility complex antigens; VCAM = vascular cell adhesion; VLA = very late appearing 
antigen

★  taBLe 8-6 Adhesion Molecules Involved in the Interaction of Lymphocytes with Other Cells  
in the Immune Response

Summary
The three major types of lymphocytes are T, B, and NK cells. 
The lymphoid precursor cell from the bone marrow matures and 
acquires cellular and molecular characteristics of a T, B, or NK 
lymphocyte. T and B lymphocytes have antigen-independent 
and antigen-dependent phases of maturation. In the antigen-
independent maturation process, immunocompetent B lympho-
cytes develop in the bone marrow and T lymphocytes develop 
in the thymus. In the antigen-dependent maturation process, 
these lymphocytes mature into effector T and B lymphocytes. 
The immunocompetent cells undergo a series of cellular events 
in response to encounters with antigens known as blast trans-
formation. The end result is a clonal amplification of lymphocyte 
effector cells responsible for immunity to the specific antigen 
that stimulated transformation as well as the generation of long-
lived memory cells. Reactive lymphocytes are the most com-
mon morphologically identifiable form of antigen-stimulated 
lymphocyte found in the peripheral blood.

T and B lymphocytes have separate but related functions in 
the immune response. Monocytes/macrophages and dendritic 

cells phagocytize antigens, generating critical antigenic frag-
ments that are presented to T lymphocytes in a complex with 
MHC molecules. The T lymphocytes bind to the antigens and 
the MHC molecules on the surface of the macrophage by 
means of the TCR and either CD4 or CD8. Cytokines released 
by the macrophage and the T lymphocyte activate each other 
reciprocally. There are at least three major types of T lympho-
cytes: CD4+  helper T lymphocytes (TH), TReg, and CD8+  CTLs. 
The B lymphocyte’s functional activity includes differentiation 
into effector plasma cells and the synthesis and secretion of 
antibodies. Surface immunoglobulin serves as the B lymphocyte 
receptor.

NK cells appear morphologically as LGLs and are cytotoxic 
lymphocytes that function in the innate immune response. 
Cells morphologically identified as LGLs consist of two dis-
tinct populations categorized by the presence or absence of 
CD3. Natural killer cells are CD3-  (NK-LGL), and activated 
CTLs are CD3+  (T-LGL). The cytotoxicity of NK cells is not 
MHC restricted.
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Review Questions
Level i

 1. The function of the lymphocyte is: (Objective 1)

 A. phagocytosis

 B. antigen recognition

 C. hypersensitivity

 D. allergic response

 2. Which description best fits the plasma cell? (Objectives 5, 6)

 A. high N:C ratio, nuclear chromatin lacy and fine, 
 nucleoli present, agranular cytoplasm

 B. nucleus eccentric, chromatin in a cartwheel 
 arrangement, deeply basophilic cytoplasm

 C. decreased N:C ratio, nucleus irregular, abundant 
 cytoplasm indented by erythrocytes

 D. round nucleus, abundant cytoplasm, cytoplasm 
 contains large pink granules

 3. Lymphocytes can be differentiated from monocytes 
because lymphocytes have: (Objective 5)

 A. cytoplasm with fine granules and a lobulated nucleus

 B. lacey chromatin pattern with a low N:C ratio

 C. low N:C ratio with intense cytoplasmic basophilia

 D. round dense chromatin nuclear pattern and sky blue 
cytoplasm

 4. A cell on a Wright’s stain peripheral blood smear was 
observed with a stretched or irregular nucleus; occasional 
nucleoli were present. The cytoplasm was abundant and 
scalloped around the erythrocytes. This description best 
fits the: (Objective 6)

 A. plasma cell

 B. lymphoblast

 C. reactive lymph

 D. monocyte

 5. The first immunoglobulin heavy chain produced in the 
maturing B lymphocyte is: (Objective 5)

 A. a

 B. b

 C. m

 D. g

 6. The adult reference interval for peripheral blood lympho-
cytes is: (Objective 3)

 A. 0.290.8 * 109/L

 B. 1.094.8 * 109/L

 C. 2.097.0 * 109/L

 D. 3.9910.6 * 109/L

 7. An 80% lymphocyte count with a total WBC count of 
4.4 * 109/L on an adult indicates a: (Objectives 2, 3)

 A. relative and absolute decrease in lymphocytes

 B. relative decrease in lymphocytes but an absolute 
 number within the reference interval

 C. relative increase in lymphocytes but an absolute 
 number within the reference interval

 D. relative and absolute increase in lymphocytes

 8. Lymphocyte concentrations in the peripheral blood are 
highest at what age level? (Objectives 2, 3)

 A. 6 months

 B. 5 years

 C. 25 years

 D. 75 years

 9. Which of the following is a characteristic of B lymphocytes? 
(Objective 1)

 A. regulate immune response

 B. synthesize antibody

 C. secrete cytokines

 D. are majority of peripheral blood lymphocytes

 10. Which of the following are cells of the innate immune sys-
tem? (Objective 1)

 A. plasma cells

 B. natural killer cells

 C. B lymphocytes

 D. T lymphocytes

Level ii

 1. Pre-B cells are characterized by the presence of: (Objective 3)

 A. CD4 antigen

 B. CD8 antigen

 C. CD19

 D. CD3

 2. A major function of CD4+  lymphocytes is: (Objective 4)

 A. to produce immunoglobulin

 B. cellular immunity

 C. to phagocytize microbes

 D. nonspecific cytotoxic function

 3. Natural killer cells are: (Objective 4)

 A. T lymphocytes

 B. B lymphocytes

 C. plasma cells

 D. non-T, non-B lymphocytes
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 7. A patient who is immunosuppressed would most likely 
have: (Objective 4)

 A. an increase in CD4+  lymphocytes

 B. lymphocytosis and eosinophilia

 C. a decrease in CD4+  lymphs

 D. an increase in the T-cell to B-cell ratio

 8. Interleukin 4 plays a role in: (Objectives 2, 3)

 A. inducing proliferation and activation of lymphocytes

 B. enhancing T lymphocytes cell survival

 C. stimulating proliferation of B lymphocytes

 D. activating macrophages and granulocytes

 9. KIR molecules are found on which type of lymphocyte? 
(Objective 4)

 A. B lymphocytes

 B. T lymphocytes

 C. TReg cells

 D. NK cells

 10. CD surface markers including CD2, CD3, CD5, and CD7 are 
associated with which subclass of lymphocytes?: (Objec-
tive 5)

 A. B lymphocytes

 B. T lymphocytes

 C. TReg cells

 D. NK cells

 4. The most likely explanation for a patient who has a WBC 
count of 16 * 109/L with many reactive lymphocytes and 
a few immunoblasts present is: (Objective 4)

 A. a heightened immune response

 B. early leukemia or lymphoma

 C. the presence of immunodeficiency

 D. qualitatively abnormal lymphocytes

 5. A patient has lymphocytic leukemia with 60% lymphoblasts 
in the peripheral blood. The best way for the clinical labo-
raty professional to determine whether these are T or B 
lymphoblasts is to: (Objective 5)

 A. do a TdT stain on the blood

 B. determine the CD surface markers on the blasts by 
flow cytometry

 C. do a molecular analysis to find oncogenes

 D. send the peripheral blood specimen to  
cytogenetics

 6. A patient diagnosed with infectious mononucleosis would 
most likely produce: (Objective 7)

 A. monoclonal antibody

 B. paraprotein

 C. polyclonal antibody

 D. M protein

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the normal morphology and number of platelets on a periph-

eral blood smear and state the normal life span and concentration of 
platelets in the blood.

 2. Name and describe the cell that is the precursor of platelets in the 
bone marrow.

 3. Define endomitosis and polyploidy.
 4. Identify the major cytokines regulating platelet production.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Define MPV and PDW and explain their significance in the clinical eval-

uation of patients.
 2. Describe the development of megakaryocytes in the bone marrow to 

include the stem cell and progenitor cell compartment and the recog-
nizable morphologic stages.

 3. Define proplatelet and describe the mechanism of platelet release from 
the marrow to peripheral blood.

 4. Explain the significance of megathrombocytes (giant platelets) and 
reticulated platelets.

 5. Describe the effect of thrombopoietin (TPO) on megakaryocytic cells.
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megakaryocytes. Platelets circulate in the peripheral blood for 7–10 
days; nonviable or aged platelets are removed by the spleen and liver.

Platelet Morphology
On a Romanowsky-stained peripheral blood smear, platelets appear 
as small, lavender-blue or colorless bodies with reddish-purple (azu-
rophilic) granules (Figure 9-1 ■). They are generally 2–3 mcM (mm) 
in diameter, ∼0.5 mcM thick, and round to oval in shape. Ultrastruc-
turally, mature platelets lack nuclear material and contain only rem-
nants of a Golgi complex, a relatively small number of ribosomes, 
and a small amount of mRNA.2 Newly released platelets, however, 
contain measurable RNA as do newly released erythrocytes (reticu-
locytes) (Chapter 5). These immature platelets containing RNA are 
called reticulated platelets, and can be quantitated by some auto-
mated hematology instruments using RNA-binding fluorescent dyes. 
Normal healthy individuals have 5–10% reticulated platelets.3 It has 
been proposed that quantitation of reticulated platelets can be used 
to evaluate marrow megakaryocytopoiesis and to differentiate causes 
of thrombocytopenia. Thrombocytopenias due to increased destruc-
tion of platelets are associated with an increase in reticulated platelets, 
whereas those due to decreased production have reticulated platelet 
percentages within the reference interval.2 An increase in reticulated 
platelets also correlates with platelet recovery after chemotherapy.4,5

OvervieW
This chapter is an introduction to platelets and provides information 
essential for the performance and interpretation of a complete blood 
count (CBC). It describes the evaluation of peripheral blood platelets, 
including normal physiologic and pathologic alterations that can be 
seen. In addition, the chapter details the formation of platelets from 
bone marrow megakaryocytes and their release from the marrow to 
the peripheral blood. The regulation of megakaryocyte and platelet 
production, including the effects of cytokines and the marrow micro-
environment, is included. A complete description of platelet function 
is detailed in the section “Hemostasis” (Chapter 31).

intrODuctiOn
Platelets were once simply considered “blood dust.”1 Studies over the past 
150 years have now shown them to play an essential role in hemostasis 
(the physiology of maintaining blood as a fluid within the circulatory 
system, and the capacity of blood to clot in the event of vascular injury;  
Chapter 31). In addition, platelets play an essential role in maintaining 
vascular endothelial cell integrity and wound healing. Disorders asso-
ciated with low circulating blood platelets (thrombocytopenia) can be 
associated with significant morbidity and mortality. Platelets are derived 
from precursor cells, megakaryocytes, in the bone marrow through a 
complex biologic process unique to this hematopoietic lineage.

PeriPheraL BLOOD PLateLets
Platelets are the smallest of the circulating hematologic elements. They 
are not truly “cells” but are membrane-bound anucleate fragments of 
cytoplasm derived from precursor cells in the bone marrow called 

Key Terms
a-granule (aG)
Demarcation membrane 

system (DMS)
Dense granule (DG)
Dense tubular system (DTS)
Endomitosis
Mean platelet volume (MPV)
Megakaryoblast

Megakaryocyte
Platelet distribution width 

(PDW)
Polyploid
Proplatelet
Reticulated platelet
Thrombopoietin (TPO)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

Level i
• Describe the bone marrow production of blood cells.  

(Chapters  3, 4)

Level ii
• Summarize the hierarchy of stem and progenitor cells in the 

bone marrow and the growth factors that direct the prolifera-
tion and maturation of blood cells. (Chapter 4)

We will refer to this case study throughout the chapter.

A 70-year-old female saw her physician for symptoms of diz-
ziness and headache. She also had tingling in the hands and 
feet. Physical exam revealed an enlarged spleen. A CBC 
was ordered. The hemoglobin was 11.5 g/dL, WBC count 
was 10 * 109/L, and platelet count was 950 * 109/L. 
Compare these results to reference intervals.

case stuDy

■  Figure 9-1 Peripheral blood smear. The arrows point 
to platelets (Wright-Giemsa stain; 1000  * magnification).
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the former.12 The reference interval for PDW is ∼9915 fL. Reference 
intervals for both MPV and PDW vary with the instrumentation and 
methodology used and the population being evaluated. (The PDW is 
not a Food and Drug Administration–approved parameter for any of 
the hematology analyzers at the time of printing this book.)

Occasionally, a platelet overlies an erythrocyte on a peripheral 
blood smear and can be mistaken for an erythrocyte inclusion. Differ-
entiation is usually relatively easy because the superimposed platelet 
has a halo surrounding it and displays the classic morphologic charac-
teristics of a normal platelet (e.g., azurophilic granules). In improperly 
prepared smears, platelets can appear in aggregates in some areas and 
appear decreased or absent in others. These aggregates of platelets 
are typically seen in the “feathered edge” of the blood smear. Aggre-
gated platelets can be seen when the blood is not mixed well with 
the anticoagulant after collecting the sample, and platelet activation 
is initiated in vitro. Platelets can also appear decreased due to plate-
let satellitosis (platelet satellitism) when they adhere to neutrophils 
(Chapter 10). Unusually large platelets—megathrombocytes or giant 
platelets ( 75 mcM diameter)—are sometimes seen, particularly in 
myeloproliferative disorders (Chapter 24) or during recovery from 
severe thrombocytopenias.

Quantitative Platelet Evaluation
Platelets circulate at a concentration of 1509400 * 109/L. This num-
ber is an under-representation of the total number of platelets because 
normally only two-thirds of peripheral blood platelets circulate and 
one-third is sequestered in the spleen. These two pools of platelets are 
in constant equilibrium. In the presence of hypersplenism or spleno-
megaly, the percentage of sequestered platelets can increase substan-
tially, causing peripheral blood thrombocytopenia. Platelet counts tend 
to be higher in women than men and decline in both sexes after age 60.6

The platelet count was more difficult to automate than either 
erythrocyte or leukocyte counts because of their small size (poten-
tially difficult to differentiate from cellular debris) and their tendency 
to aggregate (size of aggregated platelets can overlap size parameter 
for erythrocytes).7 However, automated platelet counting by current 
instrumentation is considered accurate and more precise than manual 
methods.8

A rough estimate of a platelet count can be made by evaluating a 
peripheral blood smear. With a normal platelet count, there should be 
8–20 platelets per oil-immersion field (  *   1000),  or one platelet pres-
ent for every ∼20 erythrocytes.

A useful parameter available with many of the current automated 
hematology instruments is the mean platelet volume (MPV) whose 
reference interval is ∼8912 fL. Normally, an inverse correlation exists 
between platelet count and MPV. As a result, there is a relatively stable 
platelet mass (platelet count * MPV) across a wide range of normal 
platelet counts.9 Originally MPV was believed to be related to plate-
let age with younger platelets having a larger MPV. Currently, MPV is 
thought to be related to thrombopoietic stimuli that affect megakaryo-
cyte ploidy.10,11 An increased MPV can be seen in clinical conditions 
associated with an increase in thrombopoiesis secondary to thrombo-
cytopenia and in certain pathologic conditions associated with abnor-
mal platelet production such as myelodysplasia. The MPV is artificially 
increased in samples in which platelet clumping is occurring.

The variation in platelet size seen in the peripheral blood can be 
described by the platelet distribution width (PDW), a parameter 
analogous to the red cell distribution width (RDW) (Chapter 10). It 
has been suggested that the PDW may be useful for distinguishing 
between reactive thrombocytosis and thrombocytosis associated with 
myeloproliferative disorders with the latter having a larger PDW than 

1. Is the patient’s platelet count normal or abnormal?

2. Why do you think the spleen is enlarged?

case stuDy (continued from page 145)

A patient receiving chemotherapy has a postchemotherapy 
platelet count of 75 * 109/L, with 24% reticulated platelets. 
Should the clinician be concerned about the low platelet 
count?

CheCkpoint 9-1

megakaryOcyte BiOLOgy
In healthy adults, the bone marrow produces ∼1 * 1011 platelets per 
day. This baseline platelet production can increase 10- to 20-fold in 
times of increased demand and even further under the stimulation of 
exogenous thrombopoiesis-stimulating drugs.13 Platelet production 
depends on the proliferation and maturation of precursor megakaryo-
cytes in the marrow, a complex process of megakaryopoiesis (mega-
karyocyte production) and thrombopoiesis (platelet production). 
Megakaryocytes are rare cells within the bone marrow and comprise 
only ∼0.1% of the total nucleated cells.

Megakaryopoiesis
Platelets are produced in the bone marrow from the same progeni-
tor cell as the erythroid and myeloid lineages (CMP/CFU-GEMM) 
(Chapter 4). The bipotential myeloid-erythroid progenitor cell (MEP) 
ultimately gives rise to precursor cells committed to megakaryocytic 
development (Figure 9-2 ■). The morphologically identifiable platelet 
precursor cell is called a megakaryocyte. Platelets are fragments of the 
cytoplasm of mature megakaryocytes. The cells of the megakaryocytic 
lineage include actively proliferating progenitor cells and postmitotic 
megakaryocytes undergoing maturational development.

megakaryocyte Progenitor cell compartment
Megakaryocyte progenitor cells are responsible for expanding the 
megakaryocyte numbers and proliferating in response to several 
hematopoietic cytokines. They are actively proliferating cells and 
contain the normal 2N/4N DNA content.

The MEP differentiates into a committed megakaryocyte pro-
genitor cell (Chapter  4). Morphologically, early progenitor cells 
appear as small indistinguishable lymphoid-like cells. They are iden-
tified, however, by their growth characteristics in vitro. Using cell cul-
ture techniques to grow human adult bone marrow precursor cells, 
researchers have defined a hierarchy of progenitor cells that develop 
through stages identified as BFU-Mk and CFU-Mk.1,14 Surface 
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other cytokines.17 TPO also plays an important role in hematopoietic 
stem cell survival, self-renewal, and expansion (Chapter 4).

Support for TPO as the primary regulator of thrombopoiesis 
can be seen in humans with congenital amegakaryocytic thrombocy-
topenia (CAMT) who have inactivating mutations of the thrombo-
poietin receptor c-Mpl (Chapter 33). Children with CAMT present 
with profound thrombocytopenia and megakaryocytopenia, and 
most develop aplastic anemia within 5 years of birth.18,19 Conversely, 
activating mutations of the TPO or TPO-receptor genes have been 
identified in cases of familial thrombocytosis.1 An acquired mutation 
of proteins involved in the TPO receptor signaling pathway have been 
found in patients with essential thrombocythemia, a chronic myelo-
proliferative disorder associated with megakaryocyte hyperprolifera-
tion and thrombocytosis (Chapter 24).

The presence of TPO had been suspected since the 1950s, but 
it was not until 1994 that several research groups first isolated it.20 
The gene for TPO was cloned shortly after its discovery.21 By 1997, 
TPO was made by recombinant DNA techniques, and its effects have 
been studied in vitro and in clinical trials to treat patients with certain 
platelet disorders.13 TPO is produced in the liver, kidneys, and spleen 
and possibly in the bone marrow in patients who have low platelet 
counts.22 Thrombopoietin is structurally related to the erythrocyte 
growth factor, erythropoietin.

In most individuals, plasma TPO levels vary inversely with plate-
let counts. TPO is thought to maintain a constant baseline number 
of platelets in the peripheral blood via a unique mechanism called 
the sponge model. Cellular production of TPO is relatively consistent 
from day to day. TPO binds to its receptor, c-Mpl (CD110), on circu-
lating platelets and bone marrow megakaryocytes and progenitors.16 
TPO bound to circulating platelets is internalized and degraded and 

antigens and growth characteristics differentiate the two stages. The 
BFU-Mk is CD34+, HLA@DR-, c@Kit+ (SCF receptor), whereas the 
CFU-Mk is positive for all three antigens. In culture, BFU-Mk pro-
duce multifocal colonies (bursts) of 100–500 megakaryocytes (6–9 
cell divisions) whereas the CFU-Mk produce single colonies of 4–32 
megakaryocytes (2–5 cell divisions). A progenitor cell that is more 
primitive than the BFU-Mk has been grown in cultures of fetal bone 
marrow called the high proliferative potential cell-megakaryocyte 
(HPPC-Mk).15 The transit time from megakaryocyte progenitor cell 
to release of platelets into the circulation is from 4–7 days.2

regulation of megakaryocyte Production
A regulatory process maintains an adequate number of platelets in 
the peripheral blood. The bone marrow’s production of platelets can 
increase or decrease according to the body’s needs. The major stimulus 
regulating production is the platelet mass in the circulating blood plus 
the megakaryocyte mass in the bone marrow.16

humoral regulation
Several cytokines and growth factors affect megakaryocyte develop-
ment. Similar to their action on other myeloid cell lineages, interleukin-3 
(IL-3), GM-CSF, stem cell factor, and Flt ligand influence the progenitor 
stages of megakaryocytes to proliferate.13,14 Interleukin-6 and -11 also 
affect megakaryocyte development, particularly the maturation phases, 
but only when they work in synergy and with other cytokines.13

The major humoral factor regulating megakaryocyte and platelet 
development is thrombopoietin (TPO), which influences all stages 
of megakaryocyte production from the HPPC-Mk level to the release 
of mature platelets from the bone marrow.13,16 TPO stimulates mega-
karyocyte survival and proliferation alone and in combination with 

■  Figure 9-2 Megakaryopoiesis. Progenitor cells become committed to the megakaryocyte 
lineage. Committed progenitor stages are BFU-Mk and CFU-Mk, which can undergo mitosis. 
Megakaryoblasts stop mitosis and undergo a series of endomitoses until nuclear maturation 
is complete at 8N to 64N ploidy levels. Cytoplasmic maturation occurs at ploidy levels of 8N 
or higher. Morphologic features of each stage of cytoplasmic maturation are described in the 
text. Growth factors Flt ligand, SCF, GM-CSF, and IL-3 influence proliferation of the stem and 
progenitor cells. Thrombopoietin influences all stages of megakaryocyte production. IL-6 and 
IL-11 also support megakaryocyte production, primarily maturation.
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and nuclear division do not take place.29 Repetitive cycles result 
in cells that become polyploid with the increased DNA content 
contained within a single nuclear envelope. Polyploid cells contain 
exact multiples of the normal DNA content (normally 2N) and can 
range from 4N to 64N or higher. Endomitosis begins in megakaryo-
blasts and is completed by the end of stage II megakaryocytes. The 
8N stage is generally the first morphologically recognizable stage 
on a bone marrow smear because by this stage, the megakaryocytes 
are becoming significantly larger than the other cells in the bone 
marrow. The 16N stage is the most common ploidy stage in adult 
humans.

Cytoplasmic maturation can be initiated at nuclear ploidy levels 
of 8N or more, but the stage at which maturation occurs varies from 
cell to cell. In general, nuclear maturation (ploidization) ceases when 
cytoplasmic maturation begins. The reason for variability in cytoplas-
mic maturation at different ploidy levels is not known. Clinical condi-
tions associated with the presence of large platelets on the peripheral 
blood smear are noted to have more megakaryocytes with lower 
ploidy (shifted left). These large platelets are sometimes called stress 
platelets analogous to stress reticulocytes seen in certain anemias. 
Increased ploidy of an individual megakaryocyte’s nucleus generally 
results in more cytoplasm and, thus, more platelets produced from that 
megakaryocyte.

Megakaryocyte development occurs as a continuum but is arbi-
trarily divided into four stages as described on Romanowsky-stained 
bone marrow smears. The major criteria differentiating these stages 
include the quantity and characteristics of the cytoplasm and the size, 
lobulation, and chromatin pattern of the nucleus. The four stages are 
described in Table 9-1 ★.

Figure 9-3 ■ shows an early (Stage II) megakaryocyte and a 
mature (Stage IV) megakaryocyte. The nucleus transforms from a 
 single (round) lobe with fine chromatin and visible nucleoli to lob-
ulated with coarse chromatin and no visible nucleoli. In general, as 
the megakaryocyte matures, the cytoplasm increases in volume and 
changes from basophilic, nongranular, and scant in the blast stage 
(Stage I) to completely granular and acidophilic in the mature stage. 
Developing megakaryocytes produce two types of platelet-specific 
secretory granules, A-granules (AGs) and dense granules (DGs). 
The cytoplasm in the early stages (Stage I and II) can have a few 
granules appearing in the region of the Golgi apparatus whereas the 
cytoplasm of the mature cell (Stage IV) appears completely filled with 
these azurophilic granules. (The differential morphology and content 
of these granules is detailed in Chapter 31.)

In addition to granules, the cytoplasm of a maturing megakaryo-
cyte develops an internal membrane system of channels called the 
demarcation membrane system (DMS). The DMS is not visible 
by light microscopy but is first seen in electron micrographs at the pro-
megakaryocyte stage. It is derived by invagination of the megakaryo-
cyte’s outer membrane and eventually develops into a highly branched, 
interconnected system of channels that maintain open communica-
tion with the extracellular space. Occasionally neutrophils can be 
seen transiting through the cytoplasm of a mature megakaryocyte via 
the DMS, a process described as emperipolesis.13 This observation 
is not thought to have pathologic significance. Megakaryocytes also 
produce a second extensive membranous system, the dense tubu-
lar system (DTS), which, unlike the DMS, does not communicate 

is not available to stimulate proliferation of bone marrow progeni-
tor cells.23,24 Therefore, the higher the peripheral platelet count, the 
more TPO is bound with less free TPO remaining in the plasma. This 
reduces both the stimulation of megakaryocyte progenitor cells in 
the bone marrow and platelet production. When the platelet count 
decreases, more TPO is free to bind to megakaryocyte progenitor cells 
in the bone marrow, increasing platelet production. However TPO 
synthesis can also be inducible, particularly in times of thrombocyto-
penia, when TPO mRNA levels can rise.25

The effects of TPO in patients with low platelet numbers are to 
increase the number of megakaryocytes in the bone marrow, the size and 
DNA content (ploidy level) of megakaryocytes, and the rate of matura-
tion of the megakaryocytes.13 The number of circulating platelets can 
increase from 3–10 times the baseline level by administration of TPO.

In addition to the positive regulators of megakaryopoiesis, sev-
eral substances downregulate megakaryocyte development. Trans-
forming growth factor@b (TGF@b) and a@interferon (IFN@a) both 
inhibit megakaryopoiesis.13

What would be the effect on the platelet count if a 
patient had a mutation in the gene for thrombopoietin 
that resulted in the gene’s inability to code for functional 
mRNA?

CheCkpoint 9-2

megakaryocyte microenvironment
Like cells of other hematopoietic lineages, megakaryocytes interact 
closely with marrow stromal cells. Megakaryocytes are found primar-
ily in the vascular niche (Chapters  3 and 4) where they physically 
attach to endothelial cells lining the sinusoidal vessels. Marrow stro-
mal cells produce both positive and negative regulators of megakaryo-
cyte growth. Stromal cells bear ligands for Notch proteins, which are 
thought to play a role in influencing the MEP’s lineage choice between 
erythropoiesis and megakaryopoiesis.26 Stromal cell-derived factor-1 
(SDF-1) also contributes to megakaryopoiesis by augmenting TPO-
induced megakaryocyte growth and endothelial adhesion within the 
marrow microenvironment.27,28

stages of megakaryocyte Development
When TPO and other growth factors stimulate progenitor cell recep-
tors, megakaryocyte differentiation results. The earliest identifiable 
cell of this lineage is the megakaryoblast. Although not easily rec-
ognizable morphologically, they can be identified cytochemically by 
their expression of megakaryocyte-specific markers, such as glycopro-
tein IIb/IIIa or platelet peroxidase.

The megakaryoblast undergoes a maturation sequence that 
differs from that of other marrow lineages in that nuclear matu-
ration takes place first and is largely complete before cytoplas-
mic maturation begins. Following an initial series of proliferative 
(mitotic) cell divisions during BFU-Mk and CFU-Mk development, 
the precursor cells begin a unique nuclear maturation process con-
sisting of a series of endomitoses. Endomitosis is a unique form 
of mitosis in which the cell’s DNA content doubles, but cell division 
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with the cell surface. As the DMS becomes extensive, small areas of the 
megakaryocyte cytoplasm are compartmentalized (Figure 9-4a ■). 
These areas eventually become the platelets, and the DMS is thought 
to provide the material for the formation of proplatelet processes (see 
“Thrombopoiesis”).30 The separated cytoplasmic areas can be seen on 
the edges of the cell pictured in Figure 9-3b.

In the practical day-to-day evaluation of bone marrow speci-
mens, distinguishing the maturation stages of megakaryocytes is not 
necessary. It is, however, important to recognize a cell as being of the 
megakaryocyte lineage.

■  Figure 9-3 (a) Early megakaryocyte. (b) Mature megakaryocyte (bone marrow; 
 Wright-Giemsa stain; 1000  * magnification).

a b

What is the relationship between megakaryocyte ploidy 
level and eventual number of platelets produced from 
that megakaryocyte?

CheCkpoint 9-3

name characteristics

Stage I Megakaryoblast 6–24 mcM diameter

Scant basophilic cytoplasm

No visible granules

Round nucleus

Visible nucleoli

Stage II  Promegakaryocyte 
(basophilic 
megakaryocyte)

14–30 mcM diameter

Increased cytoplasm, primarily  
basophilic

Few visible azurophilic cytoplasmic 
granules

Indented or bilobed nucleus

Beginning of demarcation membranes 
(visible with electron microscopy)

Stage III Granular 
megakaryocyte

25–50 mcM diameter

Numerous cytoplasmic granules

Abundant acidophilic cytoplasm

Large, multilobed nucleus

No visible nucleoli

Stage IV Mature 
megakaryocyte

40–100 mcM diameter

Abundant acidophilic, very granular 
cytoplasm

Demarcation zones present

Multilobulated nucleus

No visible nucleoli

★ taBLe 9-1 Developmental Stages  
of Megakaryocytes

Thrombopoiesis 
The primary site of megakaryocyte development (megakaryopoiesis) 
and platelet production (thrombopoiesis) is in the bone marrow. Mature 
megakaryocytes are typically situated near the abluminal surface of the 
marrow sinus endothelial cells and shed platelets directly into the mar-
row sinuses. Each megakaryocyte is estimated to give rise to 1000–3000 
platelets, depending on the ploidy of the parent megakaryocyte.31 Mega-
karyocytes of ploidy of 8N or higher can produce platelets (Figure 9-5 ■).

Platelets form by fragmentation of megakaryocyte cytoplasm. 
They appear to be released from membrane extensions of megakary-
ocytes in groups called proplatelets, which are long slender protru-
sions of megakaryocyte cytoplasm (Figure 9-4b). Each megakaryocyte 
extrudes multiple cytoplasmic extensions between endothelial cells 
into the marrow sinuses as proplatelets, which then break up into indi-
vidual platelets. The megakaryocyte nucleus remains in the marrow 
and is engulfed by the marrow macrophages. Localized apoptosis (cas-
pase activation) is thought to play a role in the final stages of platelet 
formation and release.32,33 Whole intact megakaryocytes occasionally 
are released from the marrow, circulate in the peripheral blood, and 
become trapped in capillary beds in the spleen and lungs. These cells 
also can release platelets to the peripheral blood, although their con-
tribution to total platelet production is thought to be only 7–15%.1

3. A bone marrow examination was ordered. What cells 
would you expect to see increased? Why? Would this 
affect the M:E ratio?

4. What cytokine normally stimulates the production of 
these cells? What is the receptor for this cytokine?

5. The patient was diagnosed with essential thrombocy-
themia. What is the pathophysiology of this disorder?

case stuDy (continued from page 146)
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■  Figure 9-5 Platelet production. Developing megakaryocytes generally undergo nuclear 
maturation (ploidization) prior to cytoplasmic development. Megakaryocytes at any ploidy 
level 8N or higher can undergo cytoplasmic maturation and platelet production. Platelets 
are first released between the endothelial cells of the marrow sinuses as proplatelets. 
proplatelets break into mature platelets and are released into the peripheral blood.
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■  Figure 9-4 (a) Mature megakaryocyte showing future platelets. (b) Platelet release 
from mature megakaryocyte. Outward extrusion of cytoplasm, eventually breaking up into 
individual platelets delineated by demarcation membrane system (arrow). Expelled nucleus is 
phagocytized by marrow macrophages.
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Summary
Peripheral blood platelets are produced by the pro-
cess of cytoplasmic fragmentation of precursor cells—the 
 megakaryocytes—in the bone marrow. A number of cytokines 
control megakaryocyte and platelet production; however, 
thrombopoietin appears to be the major regulator of these 
processes. A number of marrow microenvironmental factors 
play a role as well. Megakaryocyte development is character-
ized by a unique form of mitosis—endomitosis—in which DNA 
synthesis occurs in the absence of cell or nuclear division, result-
ing in large, polyploid cells. Four different maturation stages of 

developing megakaryocytes have been identified, but differen-
tiation and quantitation of these stages is generally not consid-
ered clinically significant. On average, 1000–3000 platelets are 
shed from a single megakaryocyte. One-third of the platelets 
entering the peripheral blood from the marrow are sequestered 
in the spleen, and two-thirds freely circulate. Platelet param-
eters thought to have clinical relevance in evaluating patients 
include the platelet count, the percentage of reticulated plate-
lets, the mean platelet volume, and the platelet distribution 
width.

Review Questions
Level i

 1. What bone marrow cell is the precursor of platelets? 
(Objective 2)

 A. myeloblast

 B. erythroblast

 C. endothelial cell

 D. megakaryocyte

 2. What is a reasonable reference interval for platelets in the 
peripheral blood? (Objective 1)

 A. 10920 * 109/L

 B. 1509200 * 1012/L

 C. 1509400 * 109/L

 D. 4009600 * 109/L

 3. Which of the following best describes the normal 
 morphology of platelets on a peripheral blood smear? 
(Objective 1)

 A. They are larger than erythrocytes.

 B. They are filled with azurophilic granules.

 C. They are light blue in color without granules.

 D. They have large nuclei.

 4. Which of the following best describe the appearance  
of mature megakaryocytes in the bone marrow?  
(Objective 2)

 A. They are large cells with scanty basophilic cytoplasm 
(high N:C ratio).

 B. They are large cells with multiple discrete nuclei, baso-
philic cytoplasm.

 C. They have abundant acidophilic cytoplasm filled with 
azurophilic granules and a single, large, lobulated 
nucleus.

 D. They are about the size of a marrow macrophage with 
a high N:C ratio and granular cytoplasm.

 5. The major cytokine responsible for regulating both mega-
karyocyte and platelet production is: (Objective 4)

 A. TPO

 B. IL-11

 C. SCF

 D. IL-6

 6. Endomitosis is defined as: (Objective 3)

 A. cell proliferation endogenous to the bone marrow

 B. fragmentation of megakaryocyte cytoplasm to pro-
duce platelets

 C. fusion of megakaryocyte progenitor cells to produce 
polyploidy megakaryocytes

 D. rounds of DNA synthesis without nuclear division or 
cellular division

 7. What is the normal life span of platelets in the peripheral 
blood? (Objective 1)

 A. 8 hours

 B. 1 day

 C. 10 days

 D. 100 days

Level ii

 1. Which of the following statements best describes the role 
of the platelet parameters MPV and PDW in evaluating 
patients? (Objective 1)

 A. They are theoretical constructs, and we do not yet 
have the capacity to measure either variable.

 B. They are measurable but not on current laboratory 
hematology instrumentation.

 C. Variations in both MPV and PDW can be measured, 
but their clinical significance is unknown.

 D. Variations in both MPV and PDW can be measured 
and can contribute to the differential diagnosis of 
platelet disorders.
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 5. What effect does thrombopoietin have on the megakaryo-
cyte? (Objective 2)

 A. It decreases the ploidy level and number of platelets 
formed.

 B. It increases size, DNA ploidy level, and rate of 
maturation.

 C. It induces the release of megakaryocytes to the 
peripheral blood.

 D. It decreases the rate of endomitosis and increases 
ploidy level.

 6. What is the effect of a significant number of giant platelets 
(megathrombocytes) resulting in an increased MPV on the 
peripheral blood platelet count? (Objective 4)

 A. It would have no effect on the platelet count.

 B. It would generally be associated with an increased 
platelet count.

 C. It would generally be associated with a decreased 
platelet count.

 D. It would result in an unreliable reading on the auto-
mated instrument and require a manual platelet count.

 2. Place the following megakaryocyte precursor cells in the 
correct developmental sequence: (Objective 2)

 A. BFU-Mk S  CFU-Mk S  megakaryoblast S  granular 
megakaryocyte

 B. CFU-Mk S  BFU-Mk S  basophilic megakaryocyte 
S  granular megakaryocyte

 C. BFU-Mk S  CFU-Mk S  basophilic megakaryocyte 
S  megakaryoblast

 D. CFU-Mk S  BFU-Mk S  megakaryoblast S  baso-
philic megakaryocyte

 3. Which of the following is believed to be the mechanism 
of platelet formation and release by megakaryocytes? 
(Objectives 2, 3)

 A. dissolution of the megakaryocyte cell membrane and 
release of preformed platelets

 B. release of individual reticulated platelets from the 
cytoplasm

 C. formation of proplatelet processes, which subse-
quently segment into individual platelets

 D. apoptotic cell death of the megakaryocyte and the 
disintegration of the cytoplasm as platelets

 4. A patient receiving chemotherapy experienced severe 
marrow suppression and anemia, leukopenia, and throm-
bopenia as a result. After about one week, the platelet 
count remained low, and the number of reticulated plate-
lets was above the reference interval for that parameter. 
This would likely indicate that the: (Objective 4)

 A. patient’s marrow is failing to initiate recovery of the 
thrombocytopenia

 B. patient is a candidate for erythropoietin

 C. patient should receive a blood transfusion

 D. the patient’s marrow is showing early signs of recovery 
of the thrombocytopenia

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/ 

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. List the assays typically included in the complete blood count (CBC).
 2. Describe how to properly identify a patient prior to blood collection.
 3. List the pre-examination precautions that must be observed to produce 

quality results when performing a CBC.
 4. List the typical units of measure for reporting the WBC, RBC, Hgb, Hct, 

and reticulocyte count.
 5. Define the terms MCV, MCH, MCHC, and RDW.
 6. Given the hemoglobin, hematocrit, and RBC count, demonstrate the 

ability to use the formulas to calculate the RBC indices.
 7. Describe the process of evaluating the peripheral blood smear 

 including macroscopically and microscopically using low and high 
power magnification microscopic settings.

 8. Define poikilocytosis and anisocytosis, and describe and identify 
 specific poikilocytes and anisocytes.

 9. Classify erythrocytes morphologically based on erythrocyte indices.
 10. Given the relative reticulocyte count and RBC count, calculate the 

absolute reticulocyte count.
 11. Identify erythrocyte inclusions; describe their composition and staining 

characteristics.
 12. Recognize abnormal variation in erythrocyte distribution on stained 

smears.
 13. Correlate polychromatophilia on a blood smear with other laboratory 

results of erythrocyte production and destruction.
 14. Describe the variations in the CBC reference intervals found in African 

Americans, newborns, and elderly people.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Interpret RDW results.
 2. Assess bone marrow response to anemia given CBC and reticulocyte 

results.
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 5. Select methods for differentiating erythrocyte inclusions.
 6. Evaluate distribution of erythrocytes on stained smears, 

and describe how the distribution could affect the CBC 
results.

 7. Correlate the age of a patient and the typical changes in 
CBC results compared with a normal adult CBC.

 3. Identify poikilocytes on a blood smear, describe their 
mechanism of formation, and correlate them with patho-
logical conditions.

 4. Correlate CBC and reticulocyte results with findings on a 
blood smear and troubleshoot any discrepancies.

Key Terms
Acanthocyte
Agglutination
Anisocytosis
Basophilic stippling
Cabot ring
Codocyte
Critical area
Critical limit
Dacryocyte/teardrop
Delta check
Drepanocyte
Echinocyte
Elliptocyte
Heinz body
Helmet cell
Hematocrit
Howell-Jolly body
Hypochromic cell
Keratocyte
Knizocyte
Leptocyte
macrocyte
mean cell hemoglobin (mCh)

mean cell hemoglobin 
concentration (mChC)

mean cell volume (mCv)
microcyte
normochromic
normocytic
Ovalocyte
Panic value
Pappenheimer body
Poikilocytosis
Red cell distribution width 

(RDW)
Reflex testing
Rouleaux
Rule of three
Schistocyte
Sickle cell
Sideroblast
Siderocyte
Spherocyte
Stomatocyte
Target cell
Teardrop/dacryocyte

Background Basics
The information in this chapter builds on the concepts learned in 
Chapters 4–9. In addition to the basics from previous chapters, 
it is helpful to have a basic understanding of algebra, the use of 
percentages, ratios and proportions, statistics, and the metric 
system. To maximize your learning experience, you should review 
these concepts before starting this unit of study:

Level i
• describe the basic concepts of cell differentiation and matura-

tion. (Chapter 4)
• identify the reference intervals for erythrocytes, reticulocytes, 

and hemoglobin. (Chapters 5, 6)
• identify the reference intervals for each subclass of leukocytes 

and for platelets. (Chapters 7–9)

Level ii
• Correlate the relationships between various infectious agents 

and absolute and relative leukocyte counts. (Chapters 7, 8)
• predict the effects of increased and decreased erythropoietin in 

the blood. (Chapters 5, 6)
• Summarize the role of thrombopoietin in platelet production. 

(Chapter 9)

We will refer to this case study throughout the chapter.

A 48-year-old woman was admitted to a hospital because 
of wheezing, cough, fatigue, and difficulty breathing. Her 
history included diabetes and hypertension. Her CBC 
data show a hemoglobin of 8.2 g/dL (82 g/L), RBC count 
of 1.73 * 1012/L, and mCV = 109.8 fL. Her WBC count 
and platelet count were within the reference interval.

Consider the actions that the clinical laboratory pro-
fessional should take.

Case study

Objectives—Level II (continued)

overview
This chapter unites the individual classes and characteristics of 
blood cells that were described in Chapters 4–9 into a clinically rel-
evant “blood picture” of those cells as they circulate in the peripheral 
blood. A brief discussion of the pre-examination steps that provide 
the foundation for any routine hematologic evaluation precedes a 

more in-depth examination of blood cell counts and composition 
and visual features on a prepared blood smear. Finally, a brief synop-
sis of the post-examination characterization of the complete blood 
count will be included. The classification of disease as it is determined 
from laboratory findings will be detailed in subsequent chapters of 
this book.

introduCtion
The performance of a complete blood count (CBC) has three phases: 
pre-examination (before testing), examination (testing), and post-
examination (reporting) (Table 10-1 ★). The pre-examination phase 
includes the proper identification of the patient and proper collection 
and handling of the specimen. The specimen is analyzed in examina-
tion phase. The CBC (sometimes referred to as the peripheral blood 
count [PBC]) is a primary screening test that provides information 
regarding the cellular components of the blood as they circulate in 
the peripheral blood. The concentration of leukocytes (white blood 
cell [WBC]), erythrocytes (red blood cell [RBC]), and platelets as well 
as a categorization of the different WBC subsets is included. Addi-
tional information regarding RBCs is also integrated into the CBC 
and includes, at minimum, the concentration of hemoglobin and the 
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156 SeCtion ii   •   the hematopoietiC SyStem

instrument’s manufacturer provides the recommended time points for 
performing the automated CBC to ensure that the analysis produces 
data for a patient of the highest quality. The information generated 
from manual and instrument analysis is only as good as the speci-
men that is tested. Therefore, the pre-examination stage of testing is of 
primary importance. Sources of error in sample collection and their 
effect on test outcome is detailed in Chapter 43, Table 43-2.

packed cell volume of RBCs, called the hematocrit. Finally, a CBC can 
also provide what are known as the RBC indices that are used to depict 
the volume and the total weight of each RBC and concentration of 
hemoglobin in it. The CBC can be determined by automated and/or 
manual methods, which are described in detail in Chapters 37 and 39.  
The post-examination phase includes reporting and interpreting the 
data. Based on the information collected from the CBC, the laboratory 
professional can provide diagnostic criteria or meaningful recommen-
dations for any follow-up testing (reflex testing) to the physician that 
support quality patient care.

Pre-exaMination Phase  
of the CBC
The pre-examination phase of the CBC encompasses patient identifi-
cation, blood collection, and specimen handling (Chapters 37 and 43). 
Briefly, patient identification includes the patient’s name and a second 
identifier that can be a hospital number but more commonly is the 
patient’s date of birth. This documentation must be available from the 
patient at the time of the blood collection.

Once the patient has been properly identified, the laboratory pro-
fessional performing the phlebotomy must be well acquainted with 
the various collection devices, their safety features and requirements, 
and the anticoagulants or additives within the sample collection tubes 
(Chapter 37). This individual should have a thorough knowledge of 
the phlebotomy procedure safety issues including methods to prevent 
exposure to blood-borne pathogens.

Although other blood collection tube additives can be used for 
hematologic analysis, almost all specimens for a routine CBC are 
collected in a purple-/lavender-top sample collection tube that con-
tains ethylenediaminetetraacetic acid (EDTA). Dipotassium (K2) 
EDTA provides the best morphologic preservation of blood cells and 
prevents coagulation of the blood specimen.1 The anticoagulated 
specimen allows a laboratory professional to generate multiple blood 
smears from one tube of blood, a technique that must be performed 
within 3 hours of blood collection.2

Proper transport is of great concern within a clinical facility and 
is even more important when samples are brought in from locations 
outside the facility. Samples from outside facilities must be delivered in 
a manner that complies with limited temperature variations and time 
restraints. Freezing or excessive heat will damage the blood cells and 
render analysis invalid. Although microscopic evaluation of a blood 
smear is best when the slide is prepared within 3 hours of collection, 
the instrument analysis can be delayed for 6–8 hours without deterio-
ration of the data.3 Some parameters are valid for up to 24 hours after 
sample collection if properly stored. Often, however, the hematology 

Pre-examination Patient identification

Specimen collection and handling

Examination Automated results

Evaluation and analysis of peripheral blood 
smear

Post-examination Interpretation of data

Reporting results

★ taBLe 10-1 Phases of the CBC

A courier service delivers a tube of blood from an outpa-
tient drawing station across town. The requisition for the 
sample is for a CBC. The blood is in a blue top vacutainer 
tube and was transported in an insulated box containing 
dry ice. What are the next steps in processing this sample?

CheCkpoint 10-1

exaMination Phase of the CBC
Automated Results
Laboratory professionals use automated instruments to determine the 
CBC information for the majority of patient samples (Chapter 39). 
Proper instrument preparation includes quality control and assess-
ment to confirm the normal function of the instrument. Commercial 
controls, patient controls, or moving averages are used to determine 
the analytical reliability of the automated instrument (Chapter 43). 
Once the analytical reliability of the instrument has been confirmed, 
examination of patient samples can begin. Throughout the exami-
nation phase, laboratory professionals must follow safety protocols 
designed to minimize risk of exposure to biohazards, chemical haz-
ards, and physical hazards and dispose of biological waste appropri-
ately (Chapter 43).

Each hematology instrument utilizes different but overlapping 
technologies (e.g., impedance, optical light scattering) to determine the 
reporting parameters of the CBC. A typical panel of CBC parameters 
includes information regarding the cells produced by the hematopoi-
etic system, the RBCs, WBCs, and platelets (Table 10-2 ★). Because 
other organs and organ systems also affect hematopoiesis, a myriad of 
disease states can be evaluated from CBC data to determine diagnosis, 
treatment, and prognosis for a patient.

In addition to the typical CBC parameters, hematology instru-
ments generate scatterplots and histograms (refer to Chapter 39 for 
detailed discussion) that laboratory professionals interpret. Each scat-
terplot and histogram contains information about the cell populations, 
interfering substances, and instrument function and therefore serve as 
forms of quality control for instrument and specimen integrity. For 
example, the laboratory professional consults the scatterplots and his-
tograms to assess the volume of granulocytes (increased volume indi-
cates immaturity or nuclear hypersegmentation whereas decreased 
volume of lymphocytes can indicate chronic lymphocytic leukemia). 
The scatterplots and histograms are also helpful in assessing RBC 
parameters that can be affected by conditions such as cold aggluti-
nation (RBC clumping at temperatures below body temperature) and 
a severely elevated WBC count. Tables 43-8 and 43-9 provide detailed 
information on abnormal and spurious results, underlying problems, 
causes, and corrective actions. Hematology reference intervals for the 
various age groups can be found in the front cover of this textbook.
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erythrocyte indices 
The erythrocyte indices help classify the erythrocytes by their size 
and hemoglobin content (Chapter 37). Hemoglobin, hematocrit, and 
erythrocyte count values are used to calculate the three indices: mean 
cell volume (MCV), mean cell hemoglobin (MCH), and mean 
cell hemoglobin concentration (MCHC) (Table 10-2). When cal-
culating the indices, it is important to note that the conversion factors 
used in the formulas vary depending on the use of conventional units 
or Systeme International Units (SI) for hemoglobin and hematocrit. 
Table 37-9 provides both conversion factors (Chapter 37). These indi-
ces suggest how the RBCs will appear microscopically and provide 
significant diagnostic information (most commonly for the diagnosis 
of anemias). Laboratory professionals correlate the indices with the 
Hct, Hb, and RBC count to ensure that technical problems are identi-
fied when they occur  (see Chapter 43, Tables 43-8 and 43-9 for factors 
that falsely increase or decrease the RBC indices).

Mean Cell volume
The MCV denotes the average volume of individual erythrocytes and 
is expressed in femtoliters (fL, 10-15 L). It is measured by automated 
instrumentation (Chapter 39) and can be calculated from the Hct and 
RBC count.

MCV (fL) =
Hct (L/L) * 1000

RBC count (*1012/L)

Leukocyte Count, erythrocyte Count,  
hematocrit, and hemoglobin 
The leukocyte count (WBC count), erythrocyte count (RBC count), 
hematocrit (Hct), and hemoglobin (Hb) are determined using auto-
mated instrumentation (Table 10-2). The WBC and RBC counts are 
reported as the number of cells per liter. The WBCs are reported as bil-
lions of cells per liter (*109/L), and the RBCs are reported as trillions 
of cells per liter (*1012/L). The hematocrit measures the volume that 
the RBCs occupy within whole blood and is reported as a percentage 
(%) or as the volume of RBCs in liters divided by the volume of whole 
blood in liters [L/L] (Chapter 37). In automated analyzers, the hema-
tocrit is usually calculated from the measured MCV and RBC count 
using the following formula (Chapter 39):

Hct (L/L) =  
MCV (fL) * RBC count (*1012/L)

1000

The hemoglobin is measured spectrophotometrically after it has been 
released from lysed erythrocytes. It is reported in grams per deciliter 
or grams per liter. 

The laboratory professional interprets the accuracy of the 
RBC count, hematocrit, and hemoglobin values using a quick 
mathematical check called the rule of three. Simply, the RBC 
count * 3 = hemoglobin * 3 = hematocrit (%). If the calculated 
values do not agree within { 3% of the measured values, a measure-
ment error or instrument malfunction could have occurred, or the 
patient could have a pathology that requires investigation. Potential 
underlying problems and interfering substances associated with such 
a mismatch are described in Chapter 43, Table 43-8 and Table 43-9. 

A diurnal variation in blood cell concentration occurs in which 
the value for the WBC count is lowest in the morning and highest in 
the afternoon, whereas the RBC count, Hct, and Hb are just the oppo-
site: higher values are observed in the morning.4

White blood cell count 4.5911.0 * 103/mcL (4.5911.0 * 109/L)

Red blood cell count 4.095.5 * 106/mcL (4.095.5 * 1012/L)

Hemoglobin 12.0–17.4 g/dL (120–174 g/L)

Hematocrit 36–52% (0.36–0.52 L/L)

mean cell volume 80–100 fL

mean cell hemoglobin 28–34 pg

mean cell hemoglobin concentration 32–36 g/dL

Red cell distribution width 11.5–14.5%

Reticulocyte count 

 Relative (%) 

 Absolute (  *   109/L)

0.5–2.0% 

25975 * 109/L

Platelet count 1509400 * 109/L

mean platelet volume 6.8–10.2 fL

Automated WBC Differential Relative (%) Absolute (  *   109/L)

 neutrophils 40–80 1.8–7.0

 Lymphocytes 25–35 1.0–4.8

 monocytes 2–10 0.1–0.8

 Eosinophils 0–5 0–0.4

 Basophils 0–1 0–0.2
a male and female reference intervals are combined. For age- and sex-specific reference intervals, see the front cover of this text-
book. Additional parameters are dependent upon instrumentation (Chapter 39). Data are shown as conventional units (SI units).

★ taBLe 10-2 Parameters and Reference Intervals of a Typical Adult CBCa

The results on a blood specimen drawn from a patient in the 
doctor’s office and transported to the hospital laboratory 
were: Hb 15 g/dL, Hct 35%, and RBC 2.8 * 1012/L. Should 
these results be reported? What should be the next step?

CheCkpoint 10-2
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The MCH does not take into account the size of a cell; it should 
not be interpreted without taking into consideration the MCV 
because the MCH varies in a direct linear relationship with the MCV. 
Cells with less volume typically contain less hemoglobin while cells 
with larger volume typically contain more hemoglobin.

Mean Cell hemoglobin Concentration
The MCHC is the ratio of hemoglobin mass to volume in which it is 
contained (i.e., average concentration of hemoglobin in a deciliter of 
erythrocytes, expressed in g/dL). The MCHC is calculated from the 
Hb and Hct.

MCHC (g/dL) =
Hb (g/dL)

Hct (L/L)

The MCV is used to classify cells as normocytic, microcytic, or 
macrocytic (Table 10-3 ★) and usually correlates with the appearance 
of cells on stained blood smears (i.e., cells with an increased MCV 
appear larger [macrocytic], and cells with a decreased MCV appear 
smaller [microcytic]). However, it must be remembered that the MCV 
is a measurement of volume, whereas estimation of the size of flat-
tened cells on a blood smear is a measurement of cell diameter. Cell 
diameter and cell volume are not the same. 

terminology description

normocytic 80.0–100.0 fL

microcytic Red cells with a reduced volume (680 fL)

macrocytic Red cells with an increased volume (7100 fL)

Anisocytosis Increased variation in the range of red cell sizes

★ taBLe 10-3 Classification of Erythrocytes Based 
on MCV

normochromic 32.0–36.0 g/dL

Hypochromic 632.0 g/dL

Hyperchromic 736.0 g/dL

★ taBLe 10-4 Classification of Erythrocytes Based 
on MCHC

exaMPLe

A patient has an Hct of 0.45 L/L and an RBC count of 
5.0 * 1012/L.

90.0 fL =
0.45 * 1000

5

The value, 90.0 fL, indicates that the cell has a volume 
that falls within the reference interval (80–100 fL) and is 
therefore classified as normocytic. The MCHC indicates the concentration of hemoglobin in the 

general cell population and is described by the suffix -chromia, mean-
ing color (Table 10-4 ★). Cells can be classified morphologically as 
hypochromic if the area of central pallor is 71/3 of the cell size. 
The term hyperchromic should be used sparingly (if ever). The only 
erythrocyte that is hyperchromic with an MCHC of 736.0 g/dL is 
the spherocyte. Spherocytes have a decreased surface-to-volume ratio 
due to a loss of membrane but have not lost an appreciable amount of 
their hemoglobin. In certain conditions, the indices MCV, MCH, and 
MCHC can be falsely elevated. This is discussed in Chapter 43.

red Cell distribution width 
Because the MCV represents an average of erythrocyte volume, it is 
less reliable in describing the erythrocyte population when consid-
erable variation in erythrocyte volume/size (anisocytosis) occurs. 
The red cell distribution width (RDW) (Table 10-2) is the coef-
ficient of variation of the MCV and may be referred to as the RDW-
coefficient of variation (RDW-CV). The formula for the RDW-CV, a 
calculated index from hematology instruments to help identify aniso-
cytosis, follows:

RDW@CV =
1 standard deviation (SD) of MCV

MCV
* 100

Spherocytes (discussed later in this chapter and in Chapters 17 and 
19) usually have a normal or only slightly decreased volume (MCV), 
but on a stained smear, they cannot flatten as much as normal eryth-
rocytes because of a decreased surface area and increased rigidity. 
Spherocytes, therefore, often appear to have a smaller diameter than 
normal cells. On the other hand, codocytes (discussed later in this 
chapter and in Chapter 11) can appear larger due to an increased 
diameter, but the MCV is often normal. Generally, abnormalities in 
the MCV are clues to disease processes of the hematopoietic system.

Mean Cell hemoglobin
The MCH is a measurement of the average weight (in picograms, 
10-12 g) of hemoglobin in individual erythrocytes. The MCH is cal-
culated from the hemoglobin and erythrocyte count.

MCH (pg) =
Hb (g/dL) * 10

RBC (*1012/L)

exaMPLe

A patient has an Hb concentration of 15 g/dL and an RBC 
count of 5.0 * 1012/L.

30 pg =
15 * 10

5

The value, 30.0 pg, indicates that the RBCs contain an 
 average weight of hemoglobin that is within the refer-
ence interval (28.0–34.0 pg).

exaMPLe

A patient has an Hb concentration of 15 g/dL and an Hct 
of 0.45 L/L.

33.3 g/dL =
15

0.45
The value, 33.3 g/dL, reveals that the cells contain a  normal 
concentration of hemoglobin (32.0–36.0 g/dL) and are 
therefore normochromic.
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In the automated method, 730,000 RBCs are assessed, so the method 
is more precise than the manual method (which assesses only 1000 
RBCs) and is more accurate when the reticulocyte count is very low.

absolute reticulocyte Count
The absolute reticulocyte count is a more informative index of eryth-
ropoietic activity than the relative reticulocyte count (Table 10-2). 
When reported as a percentage, the reticulocyte count does not 
indicate the relationship between the peripheral blood erythrocyte 
mass and the number of reticulocytes being produced. The reticulo-
cyte count reported as a percentage can appear increased because of 
either an increase in the number of reticulocytes in the circulation or 
a decrease in the number of total RBCs. Therefore, it is recommended 
that in addition to the percentage of reticulocytes, laboratory profes-
sionals report the absolute reticulocyte count to provide a more useful 
estimate of reticulocyte production. Automated analyzers can provide 

Abnormal increased RDW values (714.5%) indicate an increase 
in the heterogeneity of erythrocyte size. No known abnormalities are 
represented by a decreased RDW.

Caution must be used in interpreting the RDW-CV because 
it reflects the ratio of the standard deviation of cell volume and the 
MCV. An increased standard deviation (heterogeneous cell popula-
tion) with a high MCV can give a normal RDW-CV. Conversely, a 
normal standard deviation (homogenous cell population) with a low 
MCV can give an increased RDW-CV. Examination of the erythro-
cyte histogram and stained blood smear gives clues as to the accu-
racy of the RDW-CV in these cases. When the standard deviation is 
increased, indicating a true variability in cell size, the base of the eryth-
rocyte histogram is broader than usual. Because of this interpretation 
issue, automated instruments often report the RDW-CV and RDW- 
standard deviation (RDW-SD). The RDW-SD is directly measured 
and not affected by the MCV (detailed information in Chapter 39).

1. Calculate the hct, mCh, and mChC from the initial 
results.

2. evaluate the calculated hct, mCh, and mChC as  
compared with the reference intervals for a 48-year-
old female.

Case study (continued from page 155)

■  figure 10-1 The large erythrocytes with a bluish 
tinge are polychromatophilic erythrocytes, which are 
larger than the more mature erythrocytes. Note also 
the spherocytes (peripheral blood; Wright-Giemsa stain; 
1000  * magnification).

■  figure 10-2 The erythrocytes with the particulate 
inclusions are reticulocytes. The inclusions represent 
reticulum that stains with the supravital stain brilliant 
cresyl blue (peripheral blood; 1000  * magnification).

a patient has an mCv of 130 fl and an rdW of 14.5. 
Review of the blood smear reveals anisocytosis. Explain 
the discrepancy between the blood smear finding and 
RDW. Why is examination of an erythrocyte histogram/
cytogram helpful in this case?

CheCkpoint 10-3

reticulocyte Count
Immature, anuclear erythrocytes containing organelles and residual 
ribosomes for hemoglobin synthesis are known as reticulocytes (Chap-
ter 5), which usually spend 2–3 days in the bone marrow and an addi-
tional day in the peripheral blood before their RNA is degraded and they 
become mature erythrocytes. The peripheral blood reticulocyte count 
indicates the degree of effective bone marrow activity and is one of the 
most useful and cost-effective laboratory tests in monitoring response 
to therapy and pathophysiology of anemia (Chapters 11 and 37). Reticu-
locytes can sometimes be identified as polychromatophilic erythrocytes 
(erythrocytes with a bluish tinge) on Romanowsky-stained smears. The 
polychromatophilia is due to the presence of basophilic RNA within 
ribosomes mixed with acidophilic hemoglobin (Figure 10-1 ■).

A supravital stain such as new methylene blue or brilliant cresyl 
blue must be used to definitively identify the presence of reticulocytes 
(Figure 10-2 ■). Although automated methods for reticulocyte enu-
meration are available on some hematology instruments, many labo-
ratories use a manual method (Chapter 37). Test results are expressed 
as a percentage of reticulocytes in relation to the total RBC count 
(relative count) or as the absolute number (see the following section). 
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The Peripheral Blood Smear
Each testing location and institution sets the parameters that trigger 
the necessity of a manual morphologic examination of the periph-
eral smear, but generally a peripheral blood smear is prepared for 
microscopic examination when CBC values obtained from an auto-
mated instrument differ from what is considered normal (Table 10-2). 
Instructions on how to prepare and stain a peripheral blood smear 
are discussed in Chapter 37.  A laboratory professional reviews the 
blood smear for overall quality, the morphology of white blood cells, 
red blood cells, and platelets, and performs a WBC differential. The 
peripheral smear is correlated with the parameters reported by the 
instrument as the culminating interpretation of the CBC.

Briefly, a “wedge smear” is made by placing a small drop of blood 
at one end of a microscope slide and spreading that drop to create a 
thin smear or “film” of blood. After the blood has dried, the slide is 
stained using a Romanowsky-type stain (Chapter 37). A well-made 
and properly stained blood smear is required for accurate interpreta-
tion of the CBC. The slide is examined macroscopically and micro-
scopically to ensure that the blood was spread and stained properly. 
The optimal blood smear is pinkish purple in color and transitions to 
a feathered edge (summarized in Tables 37-2 and 37-4). Information 
such as RBC agglutination (appears as a grainy blood smear), lipid-
emia (represented as holes within the smear), and multiple myeloma 
(bluish-colored smear) can be suspected during this important macro-
scopic evaluation of the blood smear and should be noted by the labo-
ratory professional before moving on to the microscopic evaluation. 
This macroscopic assessment determines whether the blood smear 
is acceptable for microscopic analysis (described in the next section).

Low-Power Magnification
The laboratory professional first assesses the general appearance 
and distribution of WBCs, RBCs, and platelets using low power 
magnification 10*  objective (100*  magnification; Table 10-5 ★). 

A CBC was performed on a blood specimen from a 15-year-
old female. The results were: Hb 13 g/dL, Hct 0.40 L/L, RBC 
4.5 * 1012/L, WBC 15 * 109/L. The differential revealed 
70% segmented neutrophils, 25% lymphocytes, 4% mono-
cytes, 1% eosinophils. Calculate the indices and absolute 
WBC differential counts. Are any of these parameters out-
side the reference intervals for this patient? If so, which ones?

CheCkpoint 10-4

10*  objective (100*  magnification) 40*  objective (400*  magnification) 100*  objective (1000*  magnification)

WBCs Scan for abnormal or large cells Perform WBC estimate Evaluate leukocyte morphology

Smudge cells Perform 100-cell differential

RBCs Scan for rouleaux and agglutination Determine the critical area Evaluate erythrocyte morphology:

Assess size, shape, color, presence of 
inclusions

Platelets Scan for clumps and satellitism Perform platelet estimate

Evaluate platelet morphology:

Assess size and granularity

★ taBLe 10-5 Summary of the Microscopic Peripheral Blood Smear Examination

the absolute count and can be calculated when using manual methods 
for reticulocytes:

Absolute reticulocyte (  * 109/L) =
RBC count (  * 1012/L) * Reticulocyte count (%)

Platelet Count and Mean Platelet volume
Automated hematology instruments generate the platelet count, 
which is reported as billions of platelets per liter (number of 
platelets * 109/L). The mean platelet volume (MPV) is similar to 
the MCV for erythrocytes because it represents the average volume 
of individual platelets. The laboratory professional utilizes both the 
platelet count and the MPV to assess thrombopoiesis and pathologic 
conditions related to platelets (Chapters 9 and 33). A decreased plate-
let count generally represents decreased thrombopoiesis, increased 
platelet destruction, or consumption. Reactive or malignant condi-
tions can cause an increase in the platelet count.

wBC differential
The WBC differential is an analysis and enumeration of the various 
subtypes of WBCs (Chapter 7). An altered concentration of one specific 
type of leukocyte most commonly causes an increase or decrease in the 
total WBC count. For this reason, an abnormal total WBC count should 
be followed by a WBC differential, also known as a diff. The WBC dif-
ferential (Table 10-2) can be performed by automated instruments or 
manually. To perform a manual WBC differential, a blood smear stained 
with a Romanowsky-type stain (usually Wright’s stain) is viewed micro-
scopically. A total of 100 leukocytes are viewed and each leukocyte sub-
type is classified. The differential results are reported as the percentage 
of each cell type counted. To accurately interpret whether an increase 
or decrease in cell types exists, the absolute concentration of each cell 
type is calculated using the results of the WBC count and the differential 
(see Chapter 7 for the calculation for absolute WBC values). A detailed 
discussion of the automated WBC differential is found in Chapter 39. 

exaMPLe

A patient has an RBC count of 3.5 * 1012/L and a 10% 
reticulocyte count. 

350 * 109/L =  3.5 * 10

The value 350 * 109/L represents an increase in reticulo-
cyte production since the mean normal value is 90 * 109/L.

M10_MCKE6011_03_SE_C10.indd   160 01/08/14   8:54 pm



 161Chapter 10   •   the Complete Blood Count and peripheral Blood Smear evaluation

checked because platelet clumps5 can be pushed to the outer edge of 
the smear, and in some cases, platelets can adhere to neutrophils (a 
phenomenon called satellitism, Figure 10-5 ■).6 This can result in 
falsely decreased estimation of the platelet count. Platelet clumps and 

The properties of a well-made smear are described in Table 37-4. 
A high concentration of WBCs at the furthest edge of the smear 
(the feathered edge) indicates poor cell distribution and is suffi-
cient evidence that a new smear should be made. In addition, very 
large or abnormal WBCs are often pushed to the outer edges of the 
smear. Cells that have ruptured are called smudge cells. These are 
often B lymphocytes and their presence is characteristic of path-
ological conditions such as chronic lymphocytic leukemia. The 
laboratory professional also performs an estimate of the number 
of WBCs (i.e., WBC estimate) under low power (either 100*  or 
400*  magnification) and correlates the WBC estimate to the WBC 
count (Chapter 37, Figure 37-6).

On a well-made blood smear, the erythrocytes are evenly dis-
tributed and well separated on the feathered edge of the smear. 
Stacking or aggregating of cells is associated with certain patho-
logic states  (Chapter 11 and Table 10-6 ★). In the presence of IgM 
antibodies (cold agglutinins) directed against erythrocyte antigens, 
erythrocytes can agglutinate forming irregular clusters of varying 
sizes  (Figure 10-3 ■). This agglutination forms irregular, grapelike 
clusters that are readily differentiated from rouleaux. On automated 
hematology analyzers, a CBC with an elevated MCV and low RBC 
count but a normal hemoglobin suggests the presence of cold-react-
ing erythrocyte agglutinins. In addition, the calculated hematocrit 
will be falsely decreased and the MCH and MCHC will be falsely 
increased. The effect of cold agglutinins is overcome by keeping the 
blood at 37 °C. When performing blood counts, the diluting fluid also 
must be kept at 37 °C.

Rouleaux is an alignment of erythrocytes one on top of another 
resembling a stack of coins (Figure 10-4 ■). This phenomenon occurs 
normally when blood is collected and allowed to stand in tubes. It can 
also be seen in the thick portion of blood smears. In certain pathologic 
states that are accompanied by an increase in fibrinogen or globulins, 
rouleaux becomes marked and is readily seen in the feathered edge of 
blood smears. When the erythrocyte assumes abnormal shapes, such 
as sickled forms, rouleaux formation is inhibited. Rouleaux is also 
inhibited when erythrocytes are suspended in saline. The presence of 
rouleaux or agglutination are possible indications that a new smear 
should be made.

The platelets must also be evaluated using low power magnifica-
tion. The manner in which the platelets have spread on the slide is 

terminology description
associated Physiologic 
state

Agglutination Irregular clumps of red 
blood cells

Due to antigen–antibody 
interaction

Rouleaux Red blood cells arranged 
in rolls or stacks

usually associated with 
abnormal or increased 
plasma proteins (red blood 
cells can be dispersed by 
mixing cells with saline)

★ taBLe 10-6 Abnormalities in Erythrocyte 
Arrangement

■  figure 10-3 This blood smear is from a patient 
with cold agglutinin disease. Notice the clumping of the 
erythrocytes (peripheral blood; Wright-Giemsa stain; 
1000  * magnification).

■  figure 10-4 The erythrocytes are stacked on top 
of one another like a stack of coins (rouleaux). This 
blood smear is from a patient with multiple myeloma, a 
malignant plasma cell disorder. The cells stack because 
of the large amount of protein in the plasma (peripheral 
blood; Wright-Giemsa stain; 1000*  magnification).

■  figure 10-5 Platelet satellitism. The neutrophil in 
the center is surrounded by platelets (peripheral blood; 
Wright-Giemsa stain; 1000  * magnification).
Image courtesy of Constitution Medical, Inc., Westborough, MA. All rights 
reserved.
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manner). At high power magnification, the critical area is used to eval-
uate RBC morphology and perform the WBC differential and platelet 
estimate (Figure 10-6a ■).

high-Power Magnification
Following the quick, yet important, scan of the blood smear on low 
magnification, the laboratory professional evaluates the smear on 
high power, often at 1000*  magnification. Ultimately, interpretation 
of the microscopic findings in the peripheral blood smear and corre-
lation, or lack thereof, with the automated instrument report is made 
for all parameters of the CBC. A WBC differential is performed in 
which 100 cells are observed and classified to determine the relative 
number of leukocytes as a percentage (Chapter 7) and to identify the 
presence of morphologic abnormalities (Table 10-7 ★, Chapters 21 

satellitism can be eliminated using sodium citrate as an anticoagulant 
(Chapter 37, Table 37-6). Finally, fibrin strands can be observed in this 
scan of the blood smear, indicating that the blood sample was coagu-
lated (likely due to improper mixing following the venipuncture). In 
either case, a new sample should be obtained from the patient and 
a new smear should be made. Other common sources of error that 
warrant morphologic examination of a peripheral blood smear can 
be found in Chapters 37 and 43.

The final task at low power magnification is to determine the 
critical area of the smear that will be used to perform the morpho-
logic examination of cells. This critical area is usually identified using 
the 40* objective (400* magnification) and is characterized by the 
proximity of RBCs to each other (the area of the smear in which very 
few RBCs overlap or touch and are generally distributed in a uniform 

■  figure 10-6 (a) Normocytic, normochromic erythrocytes. Compare the size of the cells 
to the nucleus of the lymphocytes. (b) The erythrocytes are microcytic (much smaller than the 
lymphocyte nucleus). (c) The erythrocytes are macrocytic (much larger than the lymphocyte 
nucleus) (peripheral blood; Wright-Giemsa stain; 1000*  magnification).

a

c

b
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164 SeCtion ii   •   the hematopoietiC SyStem

and 22). A platelet estimate is performed (Chapter 37, Figure 37-7) 
and compared with the instrument-generated platelet count; the 
morphology of the platelets is noted. Finally, the RBC morphology is 
assessed for size, shape, color, and inclusions using either the 40*  or 
50*  objective and compared with the instrument report for the RBC 
indices. To evaluate abnormalities including inclusions, the laboratory 
professional should review the slide with the 100*  objective (1000*  
magnification).

erythrocyte Morphology 
The erythrocyte is sometimes called a discocyte because of its bicon-
cave shape. On a Romanowsky-stained blood smear, the erythrocyte 
appears as a disc with a central area of pallor surrounded by a rim of 
pink-staining hemoglobin (the center stains lighter in color compared 
with the rim). The area of pallor is caused by the closeness occurring 
between the two concave portions of the membrane when the cell 
becomes flattened on a glass slide. Normally the area of pallor occupies 
about one-third the diameter of the cell.

Anisocytosis denotes a nonspecific variation in the size of the 
cells. Some variation in size is normal because of the variation in age 

■  figure 10-7 (a) Erythrocytes with anisocytosis. (b) Erythrocytes with marked anisocytosis 
and poikilocytosis. Arrows point to a schistocyte (1) and an acanthocyte (2). (c) Poikilocytosis 
with acanthocytes, helmet cell, elliptocytes, echinocytes, schistocytes (3), and spherocytes (4). 
There is also anisocytosis with microcytes and macrocytes. At least two of the macrocytes are 
polychromatophilic (peripheral blood; Wright-Giemsa stain; 1000*  magnification).

a b

c

1

2

34

of the erythrocytes with younger cells being larger and older cells 
smaller (Figures 10-7a and b ■). Poikilocytosis is the general term 
used to describe a nonspecific variation in the shape of erythrocytes 
(Figures 10-7b and 10-7c). It is important to note that some abnormal 
morphology can be artifactual because of poorly made or improperly 
stained smears.

anisocytosis 
Anisocytosis can be detected by examining the blood smear and/or 
by reviewing the MCV and RDW (discussed earlier in this chapter). 
Normal erythrocytes have a diameter of about 798 mcM (mm) and 
an MCV of 80–100 fL. If the majority of cells are larger than nor-
mal, they are macrocytic; if smaller than normal, they are microcytic 
(Table 10-3). If there is a significant variation in size with microcytic, 
normocytic, and macrocytic cells present, the MCV can fall within the 
reference interval because it is an average of cell volume. In this case, 
the RDW is helpful. An RDW of 714.5% suggests that the erythro-
cytes are heterogeneous in size, which makes the MCV less reliable. 
Microscopic examination of the cells is especially helpful when the 
RDW is elevated. To evaluate erythrocyte size microscopically, the 
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 165Chapter 10   •   the Complete Blood Count and peripheral Blood Smear evaluation

Because of the abnormal values found in the CBC, the lab-
oratory professional made a blood smear and performed 
a WBC differential and complete evaluation of the RBCs 
and platelets. The primary abnormal finding is seen in the 
following smear image.

3. What should the laboratory professional report about 
the RBCs in the critical area of this smear?

4. Which results of the CBC might be affected by the 
findings on the smear?

5. Explain why the abnormal values in the CBC occurred 
in this case.

6. Predict the RDW value for the RBCs from this patient 
as increased or normal.

Case study (continued from page 159)

cells are compared with the nucleus of a normal small lymphocyte. 
Normocytic erythrocytes are about the same size as the lymphocyte 
nucleus (Figure 10-6a). Figures 10-7a and b show erythrocytes with a 
marked degree of anisocytosis.

Microcytes Microcytes are erythrocytes with a diameter of 
67.0 mcM and are present when the MCV is 680 fL (Figure 10-6b). 
The cell is usually hypochromic but can be normochromic. Microcytes 
in the shape of spheres (microspherocytes) can appear hyperchromic.

Macrocytes Macrocytes are larger than normal erythrocytes with 
a diameter 78.0 mcM and are present when the MCV is 7100 fL 
 (Figure 10-6c). The cell usually contains an adequate amount of 
hemoglobin resulting in a normal MCHC and normal to increased 
MCH. Young erythrocytes are normally larger than mature erythro-
cytes, but within a day of entering the blood stream, the spleen grooms 
them to a normal size. When the reticulocyte count is increased, the 
MCV can be increased.

 3. Is the dominant poikilocyte significant in this setting?
 4. Do the specific constellation of findings indicate a particular 

pathologic state?

Figure 10-6a illustrates normal erythrocytes, and Figure 10-7b 
and c illustrate poikilocytosis. Following is a description of specific 
types of poikilocytes (Table 10-8 ★).

Acanthocytes Acanthocytes, also called spur cells, are small spheri-
cal cells with irregular thornlike projections (Figure 10-7b, Table 10-8). 
Often the projections have small bulblike tips. Acanthocytes do not 
have a central area of pallor. These cells have membranes with free 
cholesterol accumulating preferentially in the outer bilayer of the 
membrane leading to decreased fluidity. Remodeling by the spleen 
results in spheroidal cells with irregular surface projections. These cells 
are readily trapped in the spleen.

Codocytes Codocytes, also called target cells, are thin, bell-
shaped cells with an increased surface-to-volume ratio (Table 10-8, 
Figure 10-8 ■). On stained blood smears, the cells have the appear-
ance of a target with a bull’s-eye in the center. An achromic zone 
and a thin outer ring of pink-staining hemoglobin surround the 
bull’s eye. The typical appearance of these cells is discernible in the 
area of the slide only where the cells are well separated but not in 
the extreme outer-feathered edge where all cells are flattened. Tar-
get cells can appear as artifacts when smears are made in a high-
humidity environment or when a wet smear is blown dry rather 
than fan dried. Target cells have an increased surface-to-volume 
ratio of the cell.

Dacryocytes Dacryocytes, also called teardrops, are erythrocytes 
that are elongated at one end to form a teardrop or pear-shaped cell 
(Table 10-8 and Figure 10-9 ■). The teardrop morphology can form 
after erythrocytes containing cellular inclusions have traversed the 

results from a CBC include mCv 63 fl, mCh 16.7 pg, and 
mChC 26.5 g/dl. describe these cells.

CheCkpoint 10-5

Poikilocytosis 
Most laboratories report only significant poikilocytosis. The stained 
smear should be reviewed while keeping in mind the overall context 
of the laboratory results and the significance of the reported findings. 
To determine the significance of and to decide whether to report poi-
kilocytes, the following should be considered:

 1. Will it assist in differential diagnosis of the disease (likely anemia)?
 2. Will it make a difference in the management of the patient?
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terminology synonyms description associated disease states drawing of Morphology

Poikilocytosis — Increased variation in the shape of 
red cells

See disease states associated with specific 
poikilocytes on this table

Acanthocyte 
(spike)

Spur cell Red cells with spicules of varying 
length irregularly distributed over 
the surface; no area of pallor

Abetalipoproteinemia; alcoholic liver 
 disease; disorders of lipid metabolism; post 
splenectomy; fat malabsorption; retinitis 
pigmentosa, Chapters 15, 17

Codocyte (bell) Target cell Thin, bell-shaped, with increased 
surface-to-volume ratio; on stained 
blood smears, appears as a target 
with a central bull’s-eye, surrounded 
by achromic zone and outer ring of 
hemoglobin

Hemoglobinopathies; thalassemias; 
obstructive liver disease; iron deficiency 
anemia; splenectomy; renal disease; LCAT 
deficiency, Chapters 12, 14, 15

Dacryocyte 
(tear)

Teardrop Round cell with a single elongated or 
pointed extremity; may be microcytic 
and/or hypochromic

myelophthisic anemias; primary 
 myelofibrosis (pmF); thalassemias, 
 Chapter 14

Drepanocyte 
(sickle)

Sickle cell Contain polymerized hemoglobin 
showing various shapes: sickle, cres-
cent, or boat shaped

Sickle cell disorders, Chapter 13

Echinocyte (sea 
urchin)

Burr cell; 
 crenated cell

Spiculated red cells with short 
equally spaced projections over the 
entire surface

Liver disease; uremia; pyruvate kinase 
 deficiency; peptic ulcers; cancer of 
 stomach; heparin therapy, Chapters 15, 18

Elliptocyte (oval) Ovalocyte; 
 pencil cell; 
cigar cell

Oval to elongated ellipsoid cell 
with central area of pallor and 
 hemoglobin at both ends

Hereditary elliptocytosis; iron deficiency 
anemia; thalassemia; anemia associated 
with leukemia, Chapters 12, 14, 17

Keratocyte 
(horn)

Helmet cell; 
horn-shaped 
cell

Red cells with one or several notches 
with projections that look like horns 
on either end

microangiopathic hemolytic anemias; 
 heart-valve hemolysis; Heinz-body 
 hemolytic anemia; glomerulonephritis; 
 cavernous hemangiomas, Chapters 13, 20;

Knizocyte — RBC with more than two  concavities; 
on stained blood smears has a dark 
band of hemoglobin across the 
 center with a pale area on either side

Conditions in which spherocytes are found, 
Chapter 17

★ taBLe 10-8 Erythrocyte Morphologies
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terminology synonyms description associated disease states drawing of Morphology

Leptocyte (thin) Thin cell Thin, flat cell with hemoglobin at 
periphery; usually cup-shaped, mCv 
is decreased but cell diameter is 
normal

Thalassemia; iron deficiency anemia; 
 hemoglobinopathies; liver disease, 
 Chapters 13, 14,15, 17

Schistocyte (cut) Schizocyte; 
fragmented 
cell

Fragments of red cells; variety of 
shapes including triangles, commas; 
microcytic

microangiopathic hemolytic anemias; 
heart-valve hemolysis; disseminated 
 intravascular coagulation; severe burns; 
uremia, Chapter 20

Spherocyte — Spherocytic red cells with dense 
hemoglobin content (hyperchro-
matic); lack an area of central pallor

Hereditary spherocytosis; immune  hemolytic 
anemias; severe burns; transfusion with 
ABO incompatibility; Heinz-body hemolytic 
anemias, Chapters 13, 17, 19, 20

Stomatocyte 
(mouth)

mouth cell; 
cup form; 
mushroom 
cap

uniconcave red cells with the shape 
of a very thick cup; on stained blood 
smears cells have an oval or slitlike 
area of central pallor

Hereditary stomatocytosis; spherocytosis; 
alcoholic cirrhosis; anemia associated 
with Rh null disease; lead intoxication; 
 neoplasms, Chapters 17, 20

spleen. Erythrocytes with inclusions are more rigid in the area of 
the inclusion, and this portion of the cell has more difficulty pass-
ing through the splenic filter than the rest of the cell. As splenic mac-
rophages attempt to remove this rigid inclusion, the cell is stretched 
into an abnormal shape. The teardrop cannot return to its original 
shape because the cell either has been stretched beyond the limits 

of deformability of the membrane or has remained in the abnormal 
shape for too long.

Sickle Cells Sickle cells, also called drepanocytes, are elon-
gated, crescent-shaped erythrocytes with pointed ends (Table 10-8, 
 Chapter 13). Some forms have more rounded ends with a flat rather 

■  figure 10-8 Codocytes, also called target cells 
(peripheral blood; Wright-Giemsa stain; 1000*  
magnification).

■  figure 10-9 Note the presence of dacryocytes 
 (teardrops) (1). Note also the echinocytes (2), acantho-
cytes, and spherocytes (3) (peripheral blood; Wright-
Giemsa stain; 1000*  magnification).

1

2

3
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than concave side. These modified forms of sickle shape can be capa-
ble of reversing to the normal discocyte. Sickle cell formation can 
be observed in stained blood smears from patients with sickle cell 
 anemia. The hemoglobin within the cell is abnormal and polymerizes 
into rods at decreased oxygen tension or decreased pH. The cell first 
transforms into a holly leaf shape and as the hemoglobin polymeriza-
tion continues, it transforms into a sickle-shaped cell (Table 10-8) with 
increased mechanical fragility. Some holly-leaf forms can be observed 
on stained blood smears in addition to the typical sickle shape.

Echinocytes Echinocytes, also called burr cells, are usually smaller 
than normal erythrocytes with regular, spinelike projections on their 
surface (Table 10-8, Figure 10-7c). Their presence is most often artifact 
in stained blood smears because of the “glass effect” of the slide. The 
glass releases basic substances that raise the pH of the medium sur-
rounding the cell and induce echinocyte formation. Plasma provides a 
buffering effect on the cells, and for this reason, blood films made from 
whole blood may show only certain areas of echinocyte transforma-
tion. To determine the in vivo or in vitro nature of echinocytes, a wet 
preparation can be made in which a drop of blood is enclosed between 
two plastic cover slips and the unstained individual erythrocytes are 
observed. If no echinocytes are present in the wet preparation but were 
noted on the stained blood smears, the cell abnormality occurred as 
an in vitro artifact.

Echinocytes can appear in blood that has been stored at 4 °C for 
several days. Consequently, blood specimens from patients receiving 
transfusions can have echinocytes if blood is taken from the patient 
immediately after transfusion; however, after a few minutes, the buff-
ering action of patient’s plasma causes the transfused echinocyte to 
resume a normal discoid shape.

For true “in vivo” echinocytes, the characteristic appearance is not 
related to tonicity of the medium in which the cells are suspended. 
The shape change is instead thought to result from an increase in the 
area of the outer leaflet of the lipid bilayer as compared with the inner 
layer. Echinocyte formation is reversible (i.e., the cell can revert to a 
discocyte); however, an echinocyte can eventually assume the shape 
of a spherocyte, presumably because the spleen grooms (removes) 
the membrane spines; in this circumstance, the cell cannot revert to 
a normal shape.

Elliptocytes Elliptocytes, also called pencil cells and cigar cells, 
vary from elongated oval shapes (ovalocytes) to elongated rodlike 
cells (Table 10-8, Figure 10-10 ■). Some laboratory professionals may 
use the terms elliptocytes and ovalocytes interchangeably, whereas 
others may use distinct guidelines to delineate the two morphologies. 
True elliptocytes have parallel sides and a central area of biconcavity 
with hemoglobin concentrated at both ends (Figure 10-10a). Ellip-
tocytes are formed after the erythrocyte matures and leaves the bone 
marrow because reticulocytes and young erythrocytes in patients 
with elliptocytosis are normal in shape. The mechanism of formation 
is not known but is assumed to involve alterations of the erythrocyte 
membrane skeleton (Chapter 17). Elliptocytes are the predominant 
shape of erythrocytes in hereditary elliptocytosis. On the other hand, 
ovalocytes are fatter on one end than the other and appear to have an 
egg shape (Figure 10-10b). Ovalocytes are formed in a manner similar 
to elliptocytes.

Keratocytes Keratocytes, also called helmet cells, have a concavity 
on one side and two hornlike protrusions on either end (Table 10-10; 
Chapter 18). Keratocytes are produced when a fibrin strand impales 

■  figure 10-10 Note the morphologic differences between (a) elliptocytes and (b) ovalo-
cytes (peripheral blood; Wright-Giemsa stain; 1000*  magnification).

a b
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 169Chapter 10   •   the Complete Blood Count and peripheral Blood Smear evaluation

an erythrocyte. The two halves of the erythrocyte hang over the strand 
as saddlebags; the membranes of the touching sides fuse, producing a 
vacuole-like inclusion on one side. This cell with an eccentric vacuole 
is called a blister cell. The vacuole bursts, leaving a notch with two 
spicules on the ends.

Knizocytes Knizocytes are cells with more than two concavities 
(Table 10-8). This cell’s appearance on stained blood smears can vary 
depending upon how the cell comes to rest on the flat surface; how-
ever, most knizocytes have a dark-staining band across the center with 
a pale area on either side surrounded by a rim of pink-staining hemo-
globin. The mechanism of formation is unknown.

Leptocytes Leptocytes are thin, flat cells with normal or larger 
than normal diameter (Table 10-8). Although the cell’s diameter is 
normal or increased, its volume is usually decreased. The cells have 
an increased surface-to-volume ratio either as a result of decreased 
hemoglobin content or increased surface area. The leptocyte is usu-
ally cup-shaped like stomatocytes, but the cup has little depth. Target 
cells can be formed from leptocytes on dried blood smears when the 
depth of the cup increases.

Schistocytes Schistocytes are erythrocyte fragments caused by 
mechanical damage to the cell (Table 10-8, Figures 10-7b, 10-7c). 
They appear in a variety of shapes such as triangular, comma, and 
helmet-shaped. Because schistocytes are fragments of erythrocytes, 
they are usually microcytic. They maintain normal deformability, 
but their survival in the peripheral blood is reduced. The fragments 
can assume a spherical shape and hemolyze or can be removed in 
the spleen.

Spherocytes Spherocytes (Table 10-8, Figure 10-7c) are eryth-
rocytes that have lost their biconcavity because of a decreased 
surface-to-volume ratio. On stained blood smears, the spherocyte 
appears as a densely stained sphere lacking a central area of pal-
lor. Although the cell often appears microcytic on stained blood 
smears, the volume (MCV) is usually normal. The spherocyte is 
the only erythrocyte that can be called hyperchromic because of 
an increased MCHC.

Stomatocytes In wet preparations, stomatocytes, or mouth 
cells, appear as small cup-shaped uniconcave discs (Table  10-8,  
Figure 10-11 ■). Upon staining, these cells exhibit a slitlike (mouth-
like) area of pallor. Normal discocytes can be transformed under 
certain conditions to stomatocytes and, eventually, to spherostomato-
cytes. The stomatocyte shape is reversible, but the spherostomatocyte 
is not. Cationic drugs and low pH cause a gradual loss of biconcavity 
leading to the stomatocyte and eventually the formation of a sphere. 
Stomatocytosis is the opposite of echinocytosis; the shape change in 
stomatocytosis is thought to be the result of an increase in the lipid 
content or area of the inner leaflet of the membrane lipid bilayer. 
 Stomatocytes also can appear as an artifact on stained blood smears; 
thus, care should be used in identifying them.

variation in hemoglobin (Color)
Normal erythrocytes have an MCH of approximately 30 pg. However, 
the MCHC is a better indicator of chromia or color of erythrocytes on 
Romanowsky-stained smears. Normally, on stained smears, the eryth-
rocyte has a central area of pallor approximately one-third the diam-
eter of the cell (Figure 10-6a). In certain conditions, RBCs contain 
less hemoglobin than normal and appear to have a larger than normal 
central pallor (hypochromia). On the other hand, the only erythrocyte 
that contains more hemoglobin than normal in relation to its volume 
is the spherocyte.

Hypochromic Cells Hypochromic cells are poorly hemoglo-
binized erythrocytes with an exaggerated area of central pallor 
( 71/3 the diameter of the cell) on Romanowsky-stained blood 
smears. Although occasionally normocytic, hypochromic cells 
are usually microcytic (Figure 10-12 ■). Hypochromic cells are 
the result of decreased or impaired hemoglobin synthesis (Table 
10-9 ★). When visualizing a blood smear, correlating the automated 
findings from hematology analyzers to the appearance of cells is 
important. In the case of hypochromia, the MCHC value will be 
decreased.

Polychromatophilic Erythrocytes Polychromatophilic erythro-
cytes (reticulocytes) are usually larger than normal cells with a bluish 
tinge on Romanowsky-stained blood smears (Figure 10-1). The blu-
ish tinge is caused by the presence of residual RNA in the cytoplasm. 
Large numbers of these cells are associated with decreased erythro-
cyte survival or hemorrhage and an erythroid hyperplastic marrow 
(Table 10-9).

Review of a peripheral blood smear reveals significant 
numbers of codocytes and echinocytes. Describe the 
morphology of these cells. Should you report this on the 
laboratory report? Why or why not?

CheCkpoint 10-6

Increased polychromasia is reported on a blood smear. 
What is polychromasia, and what other hematologic assay 
will reflect the presence of polychromasia?

CheCkpoint 10-7

erythrocyte inclusions
Erythrocytes do not normally contain any particulate inclusions. 
When present, inclusions can help direct further investigation 
because they are associated with certain disease states. Descriptions of 
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■  figure 10-11 Stomatocytes. Note the slitlike area 
of pallor (peripheral blood; Wright-Giemsa stain; 1000*  
magnification).

erythrocyte inclusions as they appear on Romanowsky-stained blood 
smears, unless otherwise stated, are listed in Table 10-10 ★.

Basophilic Stippling Erythrocytes with basophilic stippling are 
cells with bluish-black granular inclusions distributed across their 
entire cell area (Table 10-10). The granules can vary in size and distri-
bution from small diffuse to coarse and punctate. The granules, which 
are composed of aggregated ribosomes, are sometimes associated with 
mitochondria and siderosomes. Basophilic stippling is not believed 
to be present in living cells; instead, stippling probably is produced 
during preparation of the blood smear or during the staining pro-
cess.7 Electron microscopy has not shown an intracellular structure 
similar to basophilic stippling. Cells dried slowly or stained rapidly can 
demonstrate fine, diffuse stippling as an artifact. Pathologic basophilic 
stippling is more coarse and punctate.

Cabot Rings Cabot rings are reddish-violet erythrocytic inclu-
sions usually occurring in the formation of a figure eight or oval ring 
(Table  10-10). Cabot rings are thought to be remnants of spindle 
fibers, which form during mitosis. They occur in severe anemias and 
in dyserythropoiesis.

■  figure 10-12 Microcytic, hypochromic erythrocytes. 
Compare the size of the erythrocytes with the nucleus 
of the lymphocyte. Normocytic cells are about the same 
size as the nucleus. There is only a thin rim of  hemoglobin 
around the periphery of the cells indicating that they are 
hypochromic (peripheral blood; Wright-Giemsa stain; 
1000*  magnification).

terminology description associated Physiological or disease states

Hypochromia Decreased concentration of hemoglobin in the red cell

Red cells have an increased area of central pallor (71/3 diameter of 
cell)

may be present in iron deficiency anemia, thalassemia, 
and other anemias associated with a defect in hemoglobin 
production (Chapter 12–14)

Polychromasia young red cells containing residual rna

Stain a pinkish-gray to pinkish-blue color on Wright’s stained blood 
smears

usually appear slightly larger than mature red cells

Found in increased numbers in hemolytic anemias, new-
borns, recovery from acute hemorrhage (Chapter 16–20)

★ taBLe 10-9 Variations in Erythrocyte Color

Howell-Jolly Bodies Howell-Jolly bodies are dark purple or violet 
spherical granules in the erythrocyte (Table 10-10). These inclusions 
are nuclear (DNA) fragments usually occurring singly in cells, rarely 
more than two per cell. Howell-Jolly bodies are associated with nuclear 
maturation abnormalities. They are thought to occur as a result of an 
individual chromosome failing to attach to the spindle apparatus 
during mitosis, and, thus, it is not included in the reformed nucleus. 
When the nucleus is extruded, the Howell-Jolly body is left behind 
(until removed by splenic macrophages).

Heinz Bodies Heinz bodies do not stain with Romanowsky stains 
but can be visualized with supravital stains or with phase microscopy 
of the living cell. They appear as 2–3 mcM round masses lying just 
under or attached to the cell membrane. Heinz bodies are composed 
of aggregated denatured hemoglobin.

Iron Inclusions Particulate iron molecules can be detected 
in  erythrocytic cells in both normal and abnormal conditions. 
 Intracellular siderotic granules represent iron that has not been 
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incorporated into hemoglobin. Sideroblasts are erythroblasts 
that contain stainable iron granules whereas siderocytes are 
 non-nucleated, mature  erythrocytes that contain stainable iron 
 granules (Table 10-11 ★). Sideroblasts and siderocytes can be 
 identified with Perl’s Prussian blue iron stain, which stains iron 
aggregates blue. The granules do not stain with Romanowsky stains. 
About 20–60% of all erythroblasts in the marrow contain iron 
that can be visualized with Perl’s Prussian blue stain. This number 
decreases in some pathologic states and can be markedly increased 
in others. Reticulocytes (Table  10-11) and erythrocytes in the 

terminology description associated disease states image

Basophilic stippling Round or irregularly shaped granules of 
variable number and size, distributed 
throughout the RBC

Composed of aggregates of ribosomes 
(rna)

Stain bluish black with Wright’s stain

Lead poisoning; anemias associated with 
abnormal hemoglobin synthesis; thalas-
semia, Chapters 14, 20

Cabot rings Appear as a figure-8, ring, or incomplete 
ring

Thought to be composed of the microtu-
bules of the mitotic spindle

Stain reddish violet with Wright’s stain

Severe anemias; dyserythropoiesis, 
Chapter 25

Howell-Jolly bodies Small, round bodies composed of dna 
usually located eccentrically in the red cell

usually occurs singly, rarely more than two 
per cell

Stains dark purple with Wright’s stain

Post splenectomy; megaloblastic anemias; 
some hemolytic anemias; functional asple-
nia; severe anemia, Chapter 15

Pappenheimer bodies Clusters of granules containing iron that 
are usually found at the periphery of the 
cell

Visible with Prussian blue stain and 
Wright’s stain

Sideroblastic anemia; thalassemia; other 
severe anemias, Chapters 12, 14

Heinz bodies Bodies composed of denatured or precipi-
tated hemoglobin

Not visible on Wright’s stained blood 
smears

With supravital stain appear as purple, 
round-shaped bodies of varying size, usu-
ally close to the cell membrane

Can also be observed with phase micros-
copy on wet preparations

G6PD deficiency; unstable hemoglobin 
disorders; oxidizing drugs or toxins; post 
splenectomy, Chapters 13, 18

★ taBLe 10-10 Abnormal Erythrocyte Inclusions

peripheral blood do not normally contain stainable iron aggregates 
unless the patient has been splenectomized.

Pappenheimer bodies are damaged secondary lysosomes 
and mitochondria variable in their composition of iron and protein 
(Table  10-10).8 This type of inclusion appears as clusters of small 
granules in erythrocytes and erythroblasts and stains with both 
Romanowsky and Perl’s Prussian blue stains. Romanowsky stains reveal 
Pappenheimer bodies by staining the protein matrix of the granules 
whereas Perl’s Prussian blue is responsible for staining the iron portion 
of the granules. Pappenheimer bodies occur only in pathologic states.
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Clinical Laboratory Professional’s 
Review of CBC Data
The role of the laboratory professional is to analyze and interpret the data 
generated by the automated hematology analyzer and the manual, periph-
eral blood smear review. The interpretation is essentially a correlation of 
the various components of the CBC in order to identify the likelihood 
of abnormal results, pathology, and discrepancies in the generated data. 
The hematology instrument or laboratory information system produce 
alerts that include delta checks or that indicate the presence of interfering 
substances, both of which the laboratory professional must resolve.

Delta checks compare a patient’s current clinical values for a test 
with previous values. This type of quality control can detect sudden 
changes in a patient’s physiology or can be useful in identifying instrument 
error. Delta checks are particularly important in diagnosis and in monitor-
ing therapy. Abnormal results and the presence of interfering substances 
(e.g., lipemia, hemolysis) must also be noted and corrected. For a complete 
list of abnormal test results, use of delta checks, and correction for interfer-
ing substances, see Chapter 43, Tables 43-7 and 43-8. In the event that the 
data can be correlated for diagnosis, the laboratory professional should be 
able to recommend subsequent testing to the patient’s physician.

The laboratory professional warmed the EDTA blood 
sample from this patient at 37 °C for 15 minutes and then 
reanalyzed the CBC on the analyzer and made a new 
smear. The new smear appeared as in the following figure. 
The new values were as follows: hemoglobin of 8.2 g/dL 
(82 g/L), RBC count of 2.63 * 1012/L, and mCv of 91 fl.

Case study (continued from page 165)

8. Calculate the hematocrit, mCh, and mChC on the 
warmed specimen. How have they changed?

9. Explain what could have happened in this case.

terminology description image

Reticulofilamentous substance 
(reticulocyte)

Artifactual aggregation of ribosomes

not visible on Wright’s stained smears; supravital stain (e.g. new methylene  
blue) must be used

Appears as deep blue reticular network

Sideroblast Iron granules found in erythroblasts

Stains blue with Perl’s Prussian blue stain but not with Romanowsky stains

Siderocyte Iron granules found in erythrocytes

Stains blue with Perl’s Prussian blue stain not stain with Romanowsky stains

★ taBLe 10-11 Normal Erythrocytic Cell Inclusions

A medical laboratory scientist reports the presence of How-
ell Jolly bodies in the erythrocytes on a blood smear. What 
is the composition of these inclusions, and how can he be 
sure they are not Pappenheimer bodies or Heinz bodies?

CheCkpoint 10-8
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2 years (Figure 10-13 ■). The mean MCV increases to 80.0 fL by 
age 5 but does not reach the adult mean of 90 fL until approximately 
18 years of age. The MCH changes in parallel to the MCV through-
out infancy and childhood, whereas the MCHC remains constant 
with the adult reference interval.9 A difference in erythrocyte values 
between sexes is noted at puberty with females having lower values 
than males.

Post-exaMination 
Phase of the CBC
After acquisition of the sample, testing, and collecting and reviewing the 
data, the CBC report is made available to the ordering physician. The 
steps of the post-examination include reporting the data through a lab-
oratory information system or by other means of physician notification 
as well as recognition and reporting of critical limits and panic values.

Routine and stat (immediate) orders are generally reported 
through laboratory information systems; however, some reports can 
be faxed and paper reports can be used. A reference interval for each 
parameter of the CBC accompanies each report, as do two identifiers 
for the patient and the name of the ordering physician. Some reporting 
systems include flags for abnormal results indicating lower or higher 
than expected values.

Within the CBC report, the laboratory professional must be 
keenly aware of the critical limits that represent the critical low and 
high values for a CBC parameter. When values fall above or below the 
critical limit threshold, they are termed panic values and potentially 
pose a life-threatening risk to the patient. These panic values must 
be repeated to confirm the result, phoned to the patient’s physician, 
and then properly documented. Each clinical facility determines its 
critical limits and panic values and the means by which to report 
those values.

PhysioLogiC variation in 
heMatoLogiC ParaMeters
The normal values for hematologic parameters vary depending on age, 
sex, race, ethnicity, and geographic area. Thus, it is important that this 
information is available when reviewing data.

CBC Variations in Newborns and Children
Because various parameters of the CBC are dramatically different 
in newborns compared with adults, the patient’s age must be con-
sidered when evaluating a patient’s blood picture. In premature and 
term infants, the total WBC count is generally much higher (mean 
WBC of approximately 25 * 109/L) than adults (Chapter 7). The 
granulocytes are increased in premature and term infants and drops 
within the first 72 hours. In the premature infant, immature WBCs 
may be found in the peripheral circulation for two weeks. Lym-
phocytes are the predominant cell until age 4. From ages 4–5, the 
lymphocytes and granulocytes are present in about equal numbers. 
After age 6, the reference ranges for WBC subsets are similar to those 
of adults.

The highest normal hemoglobin, hematocrit, and erythrocyte 
counts are observed at birth. In the neonate, erythrocytes are mac-
rocytic, and the reticulocyte count is 2–6%. During the first week 
of life, nucleated erythrocytes—as many as 10 per 100 leukocytes—
can be present in the peripheral blood. For approximately 2 months 
after birth, a gradual decrease in the hemoglobin, hematocrit, and 
erythrocyte counts occurs. The mean MCV of neonates is 108 fL 
and decreases to a mean of 77 fL between the ages of 6 months and 

■  figure 10-13 Peripheral blood from a newborn; note 
the macrocytic erythrocytes (Wright-Giemsa stain; 1000*  
magnification).

The following data is found on the CBC of a newborn 
male.

Hgb = 195 g/L; Hct = 59 L/L;
RBC = 6.50 * 1012/L; WBC = 17.6 * 109/L

Calculate the mCv and mChC. evaluate all of the data 
for abnormalities.

CheCkpoint 10-9

CBC Variations Between Ethnic 
Groups and Sexes, in Elderly People, 
and by Geographic Location
Studies of hematology parameters among different populations have 
revealed that African Americans have lower hematocrit levels, lower 
hemoglobin values (about 0.8 g/dL lower), and lower MCVs than 
Caucasians.10 Although iron deficiency and the high prevalence of 
a@thalassemia in African Americans (about 30%), may contribute to 
the lower hemoglobin and MCV values, the differences narrowed but 
persisted even when those who tested positive for a@thalassemia and 
iron deficiency were eliminated from the test group. The WBC count 
is lower in African Americans primarily due to lower granulocyte 
counts, but lymphocyte counts are higher.10
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decreased hemoglobin in elderly people are iron deficiency, Vitamin 
B12 deficiency, anemia of chronic inflammation, kidney disease, and 
decreased testosterone level. Variations in the CBC are also associated 
with malignancies that occur at a higher incidence in older adults. 
Chronic lymphocytic leukemia is the most common leukemia in the 
Western world and is documented with a mean age of 72.14 Likewise, 
the incidence of lymphomas and multiple myeloma is increased in 
geriatric populations, and myelodysplastic syndromes and acute leu-
kemias have a higher incidence after age 60.15

The reference interval for hemoglobin, hematocrit, and RBC 
should be adjusted upward for those living at high altitudes to account 
for the normal physiologic response to the lower partial pressure of 
oxygen.

When comparing hematologic profiles by sex, men show a 
statistically higher Hb, Hct, RBC, and WBC than women.11 On the 
other hand, women have higher platelet counts than men. Differ-
ences in the MCV and MCH are minor with slightly lower values in 
women. Smoking and high alcohol intake have a significant effect on 
the Hb, Hct, MCV, MCH, and WBC.

Although bone marrow cellularity decreases with age, in the 
absence of disease, the WBC, hemoglobin, platelet count, and differ-
ential are maintained at adult reference ranges in adult populations 
older than 65.12 A slight drop in the MCV can occur. The bone mar-
row appears normal with normal hematopoietic precursor cells.12,13 
Although anemia does not occur due to aging, it becomes more 
prevalent as the population ages.13 The most common causes of 

Summary

The initial hematologic analysis of a patient is called the com-
plete blood count (CBC), and the process used to determine it 
consists of three general phases: pre-examination, examination, 
and post-examination. The purpose of the CBC pre- examination 
phase is to ensure the highest quality sample for analysis. Best 
practices in patient identification, blood collection, and speci-
men handling should be followed for a seamless transition to 
the examination phase.

The individual parameters of the CBC are determined by 
automated and/or manual hematologic analysis in the exami-
nation. Whole blood analysis is reported as individual parts 
consisting of WBCs (enumeration of total WBCs and indi-
vidual classes), RBCs (enumeration, hemoglobin, hematocrit, 

indices), and platelets (enumeration and volume). A peripheral 
blood smear may be prepared for the laboratory professional 
to evaluate the circulating cells within a patient. Accurate 
evaluation of the peripheral blood smear can be one of the 
most difficult skills that the laboratory professional will master 
because of the numerous variations in WBC, RBC, and platelet 
morphology.

Finally, the CBC must be interpreted and reported to the 
requisitioning physician in the post-examination phase. CBC 
parameters that significantly differ from normal values (either 
high or low) must be reported with immediacy. The CBC is used 
to classify hematologic diseases as well as several other pathol-
ogies and will be discussed in subsequent chapters.

Review Questions
Level i

 1. Which of the following are the correct units for reporting 
the absolute RBC count using the SI system? (Objective 4)

 A. *109/L

 B. *1012/L

 C. *103/mcL

 D. *109/fL

 2. Which erythrocyte inclusions are composed of DNA and 
stain blue on Romanowsky stains? (Objective 11)

 A. siderotic granules

 B. Heinz bodies

 C. Howell-Jolly bodies

 D. basophilic stippling
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 8. Which of the following erythrocyte inclusions cannot 
be  stained and visualized with Romanowsky stains? 
 (Objective 11)

 A. Pappenheimer bodies

 B. Howell-Jolly bodies

 C. Heinz bodies

 D. basophilic stippling

 9. If there is an increase in macrocytic, polychromatophilic 
erythrocytes on the Romanowsky-stained blood smear, 
which laboratory test result would correlate with this? 
(Objective 13)

 A. platelet count

 B. reticulocyte count

 C. leukocyte count

 D. mChC

 10. A routine CBC is to be performed on a blood sample that 
arrives in the laboratory from an outside clinic 4 hours after 
it is drawn. The sample is frozen. The sample is: (Objective 3)

 A. acceptable

 B. acceptable but must be warmed before performing 
the CBC

 C. unacceptable due to improper sample temperature

 D. unacceptable due to improper time restraints

Level ii

 1. A 53-year-old patient had a hemoglobin of 70 g/L. The 
reticulocyte count is 15%. Which of the following would 
you expect on the blood smear? (Objective 4)

 A. poikilocytes

 B. polychromatophilia

 C. agglutination

 D. Howell-Jolly bodies

 2. Numerous schistocytes in the patient in question 1 were 
identified on the blood smear. How could this finding 
affect the RDW? (Objectives 1, 4)

 A. increase it

 B. decrease it

 C. have no effect

 D. invalidate it

 3. Which of the following RBC indices indicates how filled the 
average RBC is with hemoglobin in terms of weight per 
unit volume? (Objective 5)

 A. mCv

 B. mCh

 C. mChC

 D. RDW

 4. A blood smear reveals uneven distribution of red blood 
cells, and the red blood cells appear to be stacked 
together like a stack of coins. How would you describe 
this distribution? (Objective 12)

 A. agglutination

 B. rouleaux

 C. anisocytosis

 D. poikilocytosis

 5. How would you classify the red cell population with the 
following indices: MCV 110 fL, MCH 38 pg, MCHC 33 g/dL? 
(Objective 9)

 A. normocytic, normochromic

 B. macrocytic, normochromic

 C. microcytic, normochromic

 D. microcytic, hypochromic

 6. If the cell population in question 5 were homoge-
neous  (absence of anisocytosis), the RDW might show: 
(Objective 5)

 A. false increase

 B. false decrease

 C. normal reference interval

 D. true increase

 7. A peripheral blood smear that has an erythrocyte mixture 
of macrocytes, microcytes, and normocytes present can 
best be described as: (Objective 8)

 A. poikilocytosis

 B. polychromatophilia

 C. megaloblastosis

 D. anisocytosis
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the reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

Companion Resources

 3. Some of the RBCs on a patient’s smear contain numerous 
small blue inclusions. What should be done next to deter-
mine what to report about the inclusions? (Objective 5)

 A. perform an iron stain for identification of siderocytes

 B. perform a screen for sickle cell anemia

 C. use new methylene blue stain to confirm an increase in 
reticulocytes

 D. check the CBC data for an indication of the presence 
of Howell-Jolly bodies

 4. The RDW is found to be 19.5% on a patient. Which of 
the  following should you find increased on the smear? 
(Objective 1)

 A. macrocytosis

 B. microcytosis

 C. anisocytosis

 D. poikilocytosis

 5. Rouleaux is found on a smear of a patient with multiple 
myeloma. How will this affect the CBC results? (Objective 6)

 A. RBC count will be decreased.

 B. Hematocrit will be increased.

 C. mChC will be increased.

 D. There will be no effect.

 6. A CBC is ordered on a 3-day-old infant with a fever of 
100 °F. The laboratory professional notes nucleated RBCs 
on the peripheral blood smear but is not alarmed by this 
finding. Why not? (Objective 4)

 A. nucleated rBCs are a common occurrence during 
infection.

 B. The fever promoted an increase in RBC production.

 C. nucleated rBCs are commonly observed in the first 7 
days of life.

 D. The nucleated RBCs are likely to be artifacts.

 7. A CBC is performed for a patient who has been treated 
for anemia. The laboratory professional notes an increase 
in polychromatophilic macrocytes. Which of the following 
is speculated about the patient from the peripheral blood 
smear? (Objective 2)

 A. responding to an infection

 B. needs further treatment for the anemia

 C. is responding to the treatment for the anemia

 D. has a decreased RBC count

 8. The presence of dacryocytes on a peripheral blood 
smear is most likely suggestive of which of the following: 
 (Objective 3)

 A. artifact

 B. young RBCs

 C. RBC destruction

 D. splenic removal of RBC inclusions

 9. The MCHC result is extremely elevated in a patient’s CBC 
results. Which of the following is a likely cause of this 
result? (Objective 4)

 A. microcytic RBCs

 B. agglutination of the RBCs

 C. increased hemoglobin and RBC count

 D. high RDW

 10. Which of the following poikilocytes are frequently artifacts, 
not a pathologic finding? (Objective 3)

 A. drepanocytes

 B. echinocytes

 C. spherocytes

 D. schistocytes
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Objectives—Level I
Upon completion of this chapter, the student should be able to:
 1. Calculate the reticulocyte production index from reticulocyte results, 

hematocrit, and RBC count.
 2. Identify laboratory tests used to evaluate erythrocyte destruction and 

production.
 3. Given CBC and RPI results, categorize an anemia according to 

 morphologic classification.
 4. Correlate polychromatophilia on a blood smear with other laboratory 

results of erythrocyte production and destruction.
 5. List the laboratory tests that can be used to help identify the 

 pathophysiological mechanisms of anemia and provide expected 
results.

 6. Define hemolysis and reconcile a normal hemoglobin concentration in 
compensated hemolytic disease.

 7. Assess laboratory results in intravascular and extravascular hemolysis.
 8. Summarize the clinical findings associated with anemia.
 9. Explain the difference between intrinsic and extrinsic erythrocyte 

defects.

Objectives—Level II
Upon completion of this chapter, the student should be able to:
 1. Relate adaptations to anemia with patient symptoms.
 2. Correlate patient history and clinical symptoms with laboratory results 

in anemia.
 3. Evaluate clinical findings of hemolytic anemia and differentiate those 

associated with acute and chronic disease.
 4. Assess bone marrow response to anemia given CBC and reticulocyte 

results.
 5. Assess and interpret bone marrow findings in the presence of anemia.

(continued)
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 6. Compare the sensitivity and specificity as they relate to tests 
used to screen and  confirm a differential diagnosis of anemia.

 7. Compare the morphologic and functional classification 
of anemia.

 8. Given laboratory results and clinical findings, classify an 
anemia in terms of morphology and pathophysiologic 
mechanism.

We will address this case study throughout the chapter.

George, a 50-year-old male, visited his doctor when he 
noted that the whites of his eyes appeared yellow and 
that he had dark urine. His CBC revealed a hemoglobin 
of 31 g/L (3.1 g/dL).

Given this clinical description, consider what laboratory 
tests should be ordered to assist in diagnosis.

CASe STuDy

Objectives—Level II (continued)
 9. Compare and contrast the processes of intravascular 

and extravascular hemolysis and explain how laboratory 
results can be used to differentiate.

 10. Recommend tests that could be necessary to make a 
diagnosis of hemolytic disease.

 11. Choose appropriate reflex tests to determine anemia 
classification and evaluate the results.

 12. Explain the association of anisocytosis and variation in 
erythrocyte chromia with disease states.

Overview
This chapter is a general introduction to anemia. It begins with a 
description of how anemia develops and the body’s  adaptations 
to a decrease in hemoglobin. The emphasis of the chapter is on the 
 laboratory investigation of anemia. This includes discussion of 

 screening tests used to diagnose anemia and other more  specific 
tests used to identify the etiology and pathophysiology of the ane-
mia.  Identification of abnormal erythrocyte morphology and its 
 association with anemia is discussed in depth. The chapter  concludes 
with a description of the morphologic and functional classification 
schemes of anemia and the use of laboratory tests to correctly  classify 
an anemia. The hemolytic anemias are discussed in more depth than 
the other functional classifications as these anemias have several 
possible subclassifications that help in understanding the laboratory 
investigation used to elucidate the pathophysiology.

inTrODuCTiOn
Anemia is functionally defined as a decrease in the competence 
of blood to carry oxygen to tissues, thereby causing tissue hypoxia. 
In clinical medicine, the word refers to a decrease in the normal 
 concentration of hemoglobin and/or erythrocytes. It is one of the 
most common problems encountered in clinical medicine. However, 

Key Terms
Anemia
CHr
Compensated hemolytic 

disease
Functional anemia

Functional iron-deficiency 
anemia

Hemoglobinemia
Hemoglobinuria
Hemolysis

Hemosiderinuria
Immature reticulocyte 

fraction (IRF)
megaloblastic
Pancytopenia

Reticulocyte hemoglobin 
(RET-He)

Reticulocyte production 
index (RPI)

• Calculate the reticulocyte count (absolute and relative). 
(Chapter 10)

• Calculate rBC indices and classify erythrocytes based on 
results. (Chapter 10)

• discuss the principle and give reference intervals for the  following 
tests: hemoglobin, hematocrit, reticulocyte count, erythrocyte 
count, and erythrocyte indices; calculate indices. (Chapters 10, 37)

level ii
• Correlate peripheral blood findings with bone marrow 

 appearance. (Chapter 38)
• Correlate CBC results with findings on the peripheral blood 

smear and other laboratory test results; determine the  validity 
and accuracy of CBC results and suggest corrective action 
when necessary. (Chapters 10, 37)

• review the erythrocyte membrane structure. (Chapter 5)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• describe and recognize abnormal variation in erythrocyte 

 morphology and distribution on stained smears. (Chapter 10)
• describe the production, maturation, and destruction of blood 

cells and explain how the balance between  erythrocyte  production 
and destruction is maintained; describe the  normal erythrocyte 
 concentration and appearance.  (Chapters 3, 5)

• Summarize the role of hemoglobin in gaseous transport. 
(Chapter 6)

• discuss the appearance of a normal bone marrow and list reasons 
that a bone marrow examination could be necessary. (Chapter 38)

• diagram the process of intravascular and extravascular 
 hemolysis. (Chapter 5)
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There is no mechanism for increasing erythrocyte life span to help 
accommodate an inadequate bone marrow response.

Thus, anemia can develop if (1) erythrocyte loss or  destruction 
exceeds the maximal capacity of bone marrow erythrocyte  production 
or (2) the bone marrow erythrocyte production is impaired. 
 Anemia can be classified according to these principles (functional 
 classification) based on laboratory test results, which aid the physician 
in diagnosis. The functional classification includes  survival defects, 
proliferation defects, and maturation defects (which have a high 
degree of ineffective erythropoiesis). A morphologic classification is 
also possible based on the erythrocyte indices and reticulocyte count. 
These classifications are discussed later in this chapter.

inTerPreTATiOn Of ABnOrMAl 
heMOglOBin COnCenTrATiOnS
Diagnosis of anemia is usually made after the discovery of a decreased 
hemoglobin concentration from the CBC results (Chapter  10). 
Hemoglobin is the carrier protein of oxygen; thus, it is expected that a 
decrease in its concentration is accompanied by a decrease in oxygen 
delivery to tissues (functional anemia).

Screening for anemia generally relies on the relative hemo-
globin concentration and hematocrit (grams of Hb per deciliter of 
whole blood or liters of RBCs per liter of whole blood). However, 
the  hemoglobin or hematocrit can be misleading as changes in these 
parameters can reflect altered plasma volume and not a change in the 
RBC mass.

•	 In hypervolemia, the total blood volume increases. This is  
 primarily caused by a plasma volume increase while the 
 erythrocyte mass remains stable. In this case, the hemoglobin/
hematocrit  concentration is disproportionately low relative to the 
red cell mass.

•	 In hypovolemia, such as occurs in dehydration, a decrease in plasma 
volume relative to the RBC mass occurs. As a result, the  hemoglobin/
hematocrit can be high or normal relative to the RBC mass.

In acute blood loss, both the plasma volume and RBC mass 
are decreased, resulting in a normal hemoglobin measurement ini-
tially. As the plasma volume increases to re-establish total blood 
volume for adequate cardiac function, the hemoglobin concentra-
tion decreases.

Diagnosis of anemia can require an upward adjustment of hemo-
globin and hematocrit reference intervals dependent on the altitude.2 
The hemoglobin reference interval at high altitudes is higher than the 
reference interval at lower altitudes. Therefore, signs of anemia at high 
altitudes can occur at higher hemoglobin concentrations than at sea level. 
Cigarette smoking has a similar effect. The hemoglobin and hematocrit 
reference interval for cigarette smokers is higher than for nonsmokers.3

In most cases, the physician integrates the patient’s clinical find-
ings with laboratory test results to correctly diagnose the illness. The 
examples mentioned serve to emphasize the fact that when making 
a diagnosis of anemia, the physician depends not only on laboratory 
test results but also considers patient history, physical examination, 
and symptoms.

anemia is not a disease but the expression of an underlying disorder 
or disease; it is an important clinical marker of a disorder that could 
be basic or sometimes more complex. Therefore, once the diagnosis of 
anemia is made, the physician must determine its exact cause.

Treating anemia without identifying its cause could not only be 
ineffective but also lead to more serious problems. For example, if a 
patient experiencing iron-deficiency anemia due to chronic blood loss 
were given iron or a blood transfusion, the hemoglobin level might 
temporarily rise; however, if the cause of the deficiency is not isolated 
and treated, serious complications of the primary disease (cause of 
blood loss) could develop, and the anemia would probably return after 
ceasing treatment. Thus, it is necessary to identify and understand the 
etiology and pathogenesis of an anemia to institute correct treatment.

hOw DOeS AneMiA DevelOP?
To understand how anemia develops, it is necessary to understand 
 normal erythrocyte kinetics. Total erythrocyte mass (M) in the 
steady state is equal to the number of new erythrocytes produced 
per day (P) times the erythrocyte life span (S), which is normally 
about 100–120 days.

M = P * S
� � �

Mass Production Survival

Thus, the average 70 kg man with 2 liters of erythrocytes must 
produce 20 mL of new erythrocytes each day to replace the 20 mL 
normally lost due to cell senescence.1

2000 mL (M)
100 days (S)

= 20 mL/day (P)

From this formula, it is clear that if the survival time of the 
 erythrocyte is decreased by one-half, as can occur in hemolysis or 
hemorrhage, the bone marrow must double production to maintain 
mass at 2000 mL.

2000 mL (M)
50 days (S)

= 40 mL/day (P)

New erythrocytes are released as reticulocytes. Thus, an increase 
in the absolute reticulocyte count in the peripheral blood is a result 
of the increased production of cells. The marrow can compensate for 
decreased survival in this manner until production is increased to a 
level 5–8 times normal, which is the maximal functional capacity of 
the marrow. The increase in erythropoiesis is limited by the amount 
of iron that can be mobilized for hemoglobin synthesis. The term 
 functional iron-deficiency anemia is used when the total body 
iron is adequate but cannot be mobilized fast enough for the needed 
increase in erythropoiesis. Thus, if all necessary raw products for cell 
synthesis are readily available, erythrocyte life span can decrease to 
about 18 days before marrow compensation is inadequate and anemia 
develops. If, however, bone marrow production of erythrocytes does 
not adequately increase when the erythrocyte survival is decreased, 
the erythrocyte mass cannot be maintained and anemia develops. 
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as 2,3-diphosphoglycerate/2,3-DPG) within the erythrocytes 
( Chapter 6). An increase in erythrocyte 2,3-BPG permits the tissues 
to extract more oxygen from the blood even though the PO2 remains 
constant; this shifts the oxygen dissociation curve to the right. It is not 
clear exactly how anemia stimulates this increase in cellular 2,3-BPG.

Another adaptive mechanism at the cellular level involves the 
Bohr effect. The scarcity of oxygen causes anaerobic glycolysis by 
muscles and other tissue, which produces a buildup of lactic acid. In 
addition, H+ is generated from carbonic acid (H2CO3) formed during 
the transport of CO2 from the tissues to the lungs (Chapter 6). This 
acidosis decreases hemoglobin’s affinity for oxygen in the capillaries, 
thus causing release of more oxygen to the tissues and shifting the 
oxygen dissociation curve to the right.

Even with these physiologic adaptations, different anemic 
patients respond differently to similar changes in hemoglobin levels. 
The extent of the physiologic adaptations is influenced by:

 1. Severity of the anemia
 2. Competency of the cardiovascular and respiratory systems
 3. Oxygen requirements of the individual (physical and metabolic 

activity)
 4. Duration of the anemia
 5. Disease or condition that caused the anemia
 6. Presence and severity of coexisting disease

DiAgnOSiS Of AneMiA
Anemia can impair an individual’s ability to carry on activities of daily 
living and decrease the individual’s quality of life. Thus, accurate diag-
nosis and treatment are essential to improve patient outcomes. The 
diagnosis of anemia and determination of its cause are made by using 
a combination of information received from the patient history, the 
physical examination, and the laboratory investigation (Table 11-2 ★).

History
The patient’s history including symptoms can reveal some  important 
clues as to the cause of the anemia. Information solicited by the 
physician should include dietary habits, medications taken, pos-
sible exposure to chemicals or toxins, and description and duration 
of the symptoms. The most common complaint is tiredness. Muscle 
 weakness and fatigue develop when there is not enough oxygen 
 available to burn fuel for the production of energy.

Severe drops in hemoglobin can lead to a variety of additional 
symptoms. When oxygen to the brain is decreased, headache,  vertigo, 
and syncope can occur. Dyspnea and palpitations from exertion, 
or occasionally while at rest, are not uncommon complaints. The 
patient should be questioned as to any overt signs of blood loss, 
such as  hematuria, hematemesis, and bloody or black stools.  Studies 
of  anemia in the elderly reveal that in this population, anemia is 
 associated with increased cognitive impairment and falls as well as a 
decline in  physical performance.5 Family history can help define the 
rarer hereditary types of hematologic disorders. For example, sickle 
cell anemia and thalassemia are frequently manifested to some degree 
in several members of the immediate family.

ADAPTATiOnS TO AneMiA
Signs and symptoms of anemia range from slight fatigue or barely 
noticeable physiologic changes to life-threatening reactions depend-
ing on:

•	 Rate of onset
•	 Severity of blood loss
•	 Ability of the body to adapt

With rapid loss of blood as occurs in acute hemorrhage, clinical 
manifestations are related to hypovolemia and vary with the amount 
of blood lost. A normal person can lose up to 1000 mL, or 20%, of 
total blood volume and not exhibit clinical signs of the loss at rest, 
but tachycardia is common with mild exercise.4 Severe blood loss of 
1500–2000 mL or 30–40% of total blood volume leads to circulatory 
collapse and shock. Death is imminent if the acute loss reaches 50% of 
total blood volume (2500 mL).

Slowly developing anemias can show an equally severe drop in 
hemoglobin as is seen in acute blood loss, but the threat of shock or 
death is not usually present. The reason for this apparent discrepancy 
is that in slowly developing anemias, the body has several adaptive 
mechanisms that allow organs to function at hemoglobin levels of up 
to 50% less than normal. The adaptive mechanisms are of two types: 
an increase in the oxygenated blood flow to the tissues and an increase 
in oxygen utilization by the tissues (Table 11-1 ★).

Increase in Oxygenated Blood Flow
Increasing the cardiac rate, cardiac output, and circulation rate can 
increase oxygenated blood flow to the tissues. Oxygen uptake in the alve-
oli of the lungs is increased by deepening the amount of inspiration and 
increasing the respiration rate. In anemia, decreased blood viscosity due 
to the decrease in erythrocytes and decrease in peripheral resistance help 
to increase the circulation rate, delivering oxygen to tissues at an increased 
rate. Blood flow to the vital organs, the heart and brain, can preferentially 
increase whereas flow to tissues with low oxygen requirements and nor-
mally high blood supply such as skin and the kidneys decreases.

Increase in Oxygen Utilization by Tissue
An important compensatory mechanism at the cellular level that 
allows the tissue to extract more oxygen from hemoglobin involves 
an increase in 2,3-BPG (2,3-bisphosphoglycerate—also known 

Increase in oxygenated blood flow

• Increase in respiration rate and deepen inspiration
• Increase in cardiac rate
• Increase in cardiac output
• Increase in circulation rate
• Preferential increase in blood flow to vital organs

Increase in oxygen utilization by tissues

• Increase in 2,3-BPG in erythrocytes
• Decreased oxygen affinity of hemoglobin in tissues due to 

Bohr effect

★ TABle 11-1 Adaptations to Anemia
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Physical Examination
Physical examination of the patient helps the physician detect the 
adverse effects of a long-standing anemia (Table 11-2). Signs of  anemia 
are associated with decreased hemoglobin levels and in hemolytic 
anemias with increased hemoglobin catabolism and erythropoiesis. 
General physical findings include the following:

•	 Changes in epithelial tissue from oxygen deprivation are noted in 
some patients. Skin pallor is easily noted in most Caucasian patients, 
but because of variability in natural skin tone, pale conjunctiva is a 
more reliable indicator of anemia. The presence of pallor,  particularly 
conjunctival pallor, has been shown to be a cost-effective and feasible 
method to screen for anemia in a variety of settings.6,7

•	 Hypotension can accompany significant decreases in blood volume.
•	 Heart abnormalities can occur as a result of the increased cardiac 

workload associated with the physiologic adaptations to anemia. 
Cardiac problems usually occur only with chronic or severe anemia 
(hemoglobin 67 g/dL).

•	 Organomegaly of the spleen and liver are of primary importance 
in establishing the extent of involvement of the hematopoietic sys-
tem in the production and destruction of erythrocytes. Massive 
splenomegaly is characteristic of some hereditary chronic anemias. 
Splenic hypertrophy is a constant finding in hemolytic anemias 
with extravascular hemolysis such as in some autoimmune hemo-
lytic anemias when the spleen is the primary site of destruction of 
antibody-sensitized erythrocytes.

•	 Expansion of the bone marrow, consequently thinning cortical 
bone and widening the spaces between inner and outer tables of 
bone, is present in chronic severe hemolytic anemias. In children, 
this expansion is evident as skeletal abnormalities. These bone 
changes can result in spontaneous fractures and osteoarthropathy.8

•	 Anemia can occur secondarily to a defect in hemostasis. The pres-
ence of bruises, ecchymoses, and petechiae indicates that the plate-
lets may be involved in the disorder that is producing the anemia.

In addition to these general physical findings associated with 
anemia, findings can be associated with a particular type of anemia. 
These include koilonychia in iron deficiency and a smooth tongue 
in megaloblastic anemia. Hemolytic anemias are associated with 
jaundice and dark or red urine (if intravascular hemolysis is present). 
Gallstones consisting primarily of bilirubin are common in congenital 
and other chronic hemolytic anemias. Extramedullary hematopoietic 
masses can be found in the hereditary hemoglobinopathies, some of 
which are thought to be extrusions of the marrow cavity through 
thinned bone cortex. Small colonies of erythrocytes also can be found 
in the spleen, liver, lymph nodes, and perinephric tissue. These masses 
can cause pressure symptoms on adjacent organs.8

In addition to determining the extent of anemic manifestations, 
physical examination helps to establish the underlying disease process 
causing the anemia. Some disorders associated with anemia include 
chronic diseases such as rheumatoid arthritis as well as malignancies, 
gastrointestinal lesions, kidney disease, parasitic infection, and liver 
dysfunction. Anemia in pregnancy is common. The anemia can be 
due to a variety of underlying conditions including iron or folate defi-
ciency, inflammatory conditions, and hemodilution.9

Diagnosis of anemia and determination of its cause requires 
 information obtained from the patient history, physical examination, 
and laboratory data.

 I. Patient history

 A. Dietary habits

 B. medications

 C. Exposure to chemicals and toxins

 D. Symptoms and their duration

 1. Fatigue

 2. muscle weakness

 3. Headache

 4. Vertigo

 5. Syncope

 6. Dyspnea

 7. Palpitations

 8. Dark or red urine

 E. Previous record of abnormal blood examination

 F. Family history of abnormal blood examination

 II. Signs of anemia obtained by physical examination

 A. Skin pallor

 B. Pale conjunctiva

 C. Koilonychia

 D. Hypotension

 E. Jaundice

 F. Smooth tongue

 G. neurological dysfunction

 H. Hepatomegaly

 I. Splenomegaly

 J. Bone deformities in congenital anemias

 K. Gallstones

 L. Extramedullary hematopoietic masses

 III. Laboratory investigation

 A. Erythrocyte count

 B. Hemoglobin

 C. Hematocrit

 d. erythrocyte indices: mCV, mCh, mChC

 E. Reticulocyte count, reticulocyte production index (RPI), 
 corrected reticulocyte count, CHr or Ret-He, IRF

 F. Blood smear examination

 G. Leukocyte and platelet quantitative and qualitative 
examination

 H. Peripheral blood smear evaluation for presence of sphero-
cytes, schistocytes and other poikilocytes, and erythrocyte 
inclusions

 I. Tests to measure erythrocyte destruction depending on 
other information available: serum bilirubin, haptoglobin, 
 hemopexin, lactate dehydrogenase (LD), methemalbumin, 
urine hemosiderin, fecal and urine urobilinogen, blood in urine, 
expired CO

 J. Bone marrow examination (depending upon results of other 
laboratory tests and patient clinical data)

★ TABle 11-2 Important Information for Evaluating a 
Patient for Anemia
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values should be utilized for individuals living at high altitudes and 
for those who smoke. There is a direct dose–response  relationship 
between the amount smoked and the hemoglobin level.3 The CDC 
recommended adjustments are included in Tables 11-4 ★ and 
11-5 ★. Hemoglobin and hematocrit values also vary in pregnancy 
with a gradual decrease in the first two trimesters and a rise during 
the third trimester (Table 11-6 ★).

Although anemia in elderly persons is prevalent, it should not 
be considered a normal part of aging. The third National Health and 
Nutrition Examination Survey (NHANES III, 1988–94) studied a 
group of noninstitutionalized older individuals and found that after 
age 65, the prevalence of anemia rose to 11% in men and 10.2% in 
women.10,11 The prevalence for those in nursing homes is higher. The 
highest prevalence of anemia is in those over 85 years of age (26% of 
men and 20% of women). In this group, one-third was due to blood 
loss/nutritional deficiency, one-third was due to anemia of chronic 
disease, inflammation, or chronic renal failure, and one-third was 
unexplained. The unexplained anemia can be due to multiple causes. 
Even when allowing for a difference in reference interval, the preva-
lence of anemia in African Americans over 65 years of age is three 
times higher than in Caucasians. Prevalence in Mexican Americans is 
similar to that in Caucasians.

Variations in hemoglobin also are reported to occur as a result 
of blood-drawing techniques. Hemoglobin values are about 0.7 g/dL 

Laboratory Investigation
After the physical examination and patient history, a health care pro-
vider who suspects the patient has anemia orders laboratory tests 
(Table  11-2). Initially, screening tests are performed to determine 
whether anemia is present and to evaluate erythrocyte production 
and destruction/loss. The initial screening test is the complete blood 
count (CBC), which includes red blood cell (RBC) count, hemoglo-
bin, hematocrit, RBC indices, white blood cell (WBC) count, plate-
let count, and, depending on instrumentation, the differential count 
(Chapter 10). Depending on these test results, additional tests such as 
the reticulocyte count, bilirubin, and microscopic review of the blood 
smear for abnormal cell morphology can be suggested. In addition, 
the urine and stool can be examined for the presence of blood. When 
combined with the information from the history and physical exami-
nation of the patient, results of these tests can give insight to the cause 
of the anemia. These routine tests can be followed by a protocol of 
specific diagnostic tests that help establish the etiology and patho-
physiology of the anemia. These specific tests will be discussed in the 
appropriate chapters on anemia.

erythrocyte Count, hematocrit, and hemoglobin
The erythrocyte count, hematocrit, and hemoglobin are determined to 
screen for the presence of anemia. In a clinic or physician’s office with 
limited resources, screening may be limited to either the hematocrit 
or hemoglobin. If one of these screening tests is abnormal, it is helpful 
to calculate the red cell indices.

A decreased concentration in one or more of these param-
eters, based on the individual’s age and sex, should be followed by 
other laboratory tests to help establish criteria for diagnosis. The 
Centers for Disease Control and Prevention (CDC) recommended 
cutoff values for a diagnosis of anemia according to age and sex 
are  provided in Table 11-3 ★. Upward adjustments for these cutoff 

Altitude (ft) hb (g/dl) hct (%)

63000 — —

3000–3999 +0.2 +0.5

4000–4999 +0.3 +1.0

5000–5999 +0.5 +1.5

6000–6999 +0.7 +2.0

7000–7999 +1.0 +3.0

8000–8999 +1.3 +4.0

9000–9999 +1.6 +5.0

710,000 +2.0 +6.0
Centers for Disease Control (CDC). CDC criteria for anemia in children and 
childbearing-aged women. MMWR Morb Mortal Wkly Rep. 1989;38(22):400–4.

★ TABle 11-4 Altitude Adjustments for Hemoglobin 
(Hb) and Hematocrit (Hct) Cutoffs for a Diagnosis of 
Anemia

Age (yrs) by Sex hb (g/dl) hct (%)

Both sexes

1–1.9 11.0 33.0

2–4.9 11.2 34.0

5–7.9 11.4 34.5

8–11.9 11.6 35.0

Female

12–14.9 11.8 35.5

15–17.9 12.0 36.0

Ú18 12.0 36.0

male

12–14.9 12.3 37.0

15–17.9 12.6 38.0

Ú18 13.6 41.0
Based on fifth percentile values from the Second national health and 
 nutrition examination survey conducted after excluding persons with a 
higher likelihood of iron deficiency.
Centers for Disease Control (CDC). CDC criteria for anemia in children and 
childbearing-aged women. MMWR Morb Mortal Wkly Rep. 1989;38(22):400–4.

★ TABle 11-3 Hemoglobin (Hb) and Hematocrit 
(Hct) Cutoffs for a Diagnosis of Anemia in Children, 
 Nonpregnant Females, and Males

Characteristic hb (g/dl) hct (%)

nonsmoker — —

Smoker (all) +0.3 +1.0
1�291 pack/day +0.3 +1.0

1–2 packs/day +0.5 +1.5

72 packs/day +0.7 +2.0
Centers for Disease Control (CDC). CDC criteria for anemia in children and 
childbearing-aged women. MMWR Morb Mortal Wkly Rep. 1989;38(22):400–4.

★ TABle 11-5 Adjustments for Hemoglobin (Hb) and 
Hematocrit (Hct) Cutoffs for a Diagnosis of Anemia 
in Smokers
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The reticulocyte count is commonly performed on an  automated 
hematology instrument using a variety of methodologies  including 
 fluorescent flow cytometry or scattered light with methylene blue stain-
ing, depending on the manufacturer. These automated  instruments 
provide a higher degree of accuracy, precision, and standardization than 
the manual reticulocyte counts. The availability of automated hematol-
ogy instruments that can perform reticulocyte counts has significantly 
decreased the frequency in which a manual reticulocyte method is 
used12 (Chapter 39). In both automated and manual methods, reticulo-
cyte test results are expressed as a  percentage of reticulocytes in relation 
to total RBC count or as the absolute  number. The reference interval 
varies among laboratories and the procedure used, but it is about 0.5–
2.0% or 25975 * 109/L for manual reticulocyte counts. Because of a 
lack of standardization, there is no single reference range for reticulo-
cyte parameters determined by flow cytometry.13 Laboratories need to 
determine reference intervals for their own instrument and method.

In healthy, aged individuals, the lifespan of the erythro-
cyte appears to decrease.14 This is compensated for by an active 
bone  marrow so that the hemoglobin and hematocrit remain in 
the  reference interval of other adults. There is, however, a slight 
 reticulocytosis, reflecting the increased production of erythrocytes.

The corrected reticulocyte count is a means to adjust the 
 reticulocyte count in proportion to the severity of anemia. In this 
 procedure, the  percentage of reticulocytes is multiplied by the ratio 
of the patient’s hematocrit to an average age- and sex-appropriate 
 normal hematocrit:

Patient hematocrit
Normal hematocrit * % reticulocyte

= Corrected reticulocyte count (%)

For practical purposes, the corrected reticulocyte count or prefera-
bly absolute reticulocyte count is used to assess the degree of erythropoi-
esis in anemic patients.12 In patients with anemia, a corrected reticulocyte 
count 62% or an absolute reticulocyte count 675 * 109/L is associ-
ated with hypoproliferative anemias, whereas a corrected count 72% 
or an absolute count 7100 * 109/L is associated with an appropriate 
response to blood loss and hemolytic anemias.15 Counts between 75 

higher if the patient’s blood is obtained while the individual is in an 
upright position rather than supine. Prolonged vasoconstriction 
by the tourniquet can cause hemoconcentration of the sample and 
 elevate the hemoglobin value.

erythrocyte indices
Because abnormal morphology is characteristic of distinct types of 
anemia, the erythrocyte indices (MCV, MCH, MCHC, RDW) give 
important clues as to the pathophysiology of the anemia and thus 
help to direct reflex testing (Chapter 10, 37). For instance, microcytic 
hypochromic cells are highly suggestive of iron-deficiency anemia, 
whereas macrocytic normochromic cells are associated with  vitamin 
B12 or folate deficiency. The indices are used in the morphologic 
 classification of anemia.

gestation (wks)/Trimester

12/1† 16/2 20/2† 24/2 28/3 32/3† 36/3 40/Term

mean hb (g/dL) 12.2 11.8 11.6 11.6 11.8 12.1 12.5 12.9

5th percentile Hb values (g/dL) 11.0 10.6 10.5 10.5 10.7 11.0 11.4 11.9

Equivalent 5th percentile Hct 
values (%)†

33.0 32.0 32.0 32.0 32.0 33.0 34.0 36.0

a Based on pooled data from four European surveys of healthy women taking iron supplements. Hb values adapted for the trimester-specific cutoffs
†Hematocrit
From Centers for Disease Control (CDC). CDC criteria for anemia in children and childbearing-aged women. MMWR Morb Mortal Wkly Rep. 1989;38(22):400–4.

★ TABle 11-6 Hemoglobin Cutoffs for a Diagnosis of Anemia in Pregnancy by Month and Trimestera

Is it possible to have an increased relative reticulocyte 
count but an absolute reticulocyte count in the reference 
range? Explain.

checkpoint 11-2

George’s only complaint was dark urine and the  yellow 
color of his eyes. His CBC results were hemoglobin 
31 g/L (3.1 g/dL), hematocrit 0.08 L/L (8%), RBC count 
0.71 * 1012/L, RDW 21.6, reticulocyte count 22%. 
 Calculate the erythrocyte indices.

1. Does this information suggest acute or chronic blood 
loss? What is the significance of the RDW?

CASe STuDy (continued from page 179)

Explain why a 30-year-old female who smokes a pack of 
cigarettes a day and lives in the rocky mountains can be 
diagnosed with anemia when her hemoglobin is 12 g/dL.

checkpoint 11-1

reticulocyte Count
The peripheral blood reticulocyte count indicates the degree of 
 effective bone marrow erythropoietic activity and is one of the most 
useful and cost-effective laboratory tests in monitoring anemia and 
response to therapy (Chapters  10, 37). It is also helpful in direct-
ing the initial investigation of anemia that assists in classification of 
anemia. Increased numbers of polychromatophilic erythrocytes on 
Romanowsky-stained smears indicates an increased reticulocyte count.
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of RNA concentration within the maturing erythrocyte. Younger 
reticulocytes contain more RNA than more mature reticulocytes. The 
methods vary and include measurement of fluorescence, absorbance, 
or light scatter of stained cells. The term used for this index is the 
immature reticulocyte fraction (IRF) to reflect the least mature 
fraction of reticulocytes. Reference intervals vary by manufacturer.16

The IRF can be helpful in evaluating bone marrow erythropoietic 
response to anemia, monitoring anemia, and evaluating response to 
therapy. In anemia, an increased IRF generally indicates an adequate 
erythropoietic response, whereas a normal or subnormal IRF reflects 
an inadequate or no response to the anemia.17 As the bone marrow 
increases production of erythrocytes, an observable increase in the 
IRF occurs before an increase in the reticulocyte count or an increase 
in hemoglobin, hematocrit, or RBC count. After bone marrow trans-
plantation, an increased IRF has been observed as one of the first signs 
of cell recovery. In patients receiving human recombinant erythropoi-
etin (rHuEPO) or iron therapy for anemia, an increased IRF can indi-
cate increased erythropoietic activity or a response to the rHuEPO.

The Clinical Laboratory Standards Institute (CLSI) recommends 
that the IRF index replace the RPI.12 Laboratories that do not have 
instruments that measure this parameter can use the RPI.

Another component of automated reticulocyte analysis is the 
reticulocyte hemoglobin parameter. Reticulocyte hemoglobin is a 
measure of the hemoglobin content of reticulocytes, which reflects 
the availability of functional iron for the cell and the incorporation 
of iron into hemoglobin over the last several days. Thus, reticulocyte 
hemoglobin indicates response or lack of response to iron therapy. The 
Advia 120 and Bayer 2120 by Siemens-Healthcare directly  measure 
the hemoglobin content of reticulocytes, reported as CHr (analo-
gous to the MCH of erythrocytes) as well as the mean reticulocyte 
cell hemoglobin concentration (CHCMr; analogous to the MCH 
and MCHC of erythrocytes). The Sysmex Automated Hematology 
Analyzers that perform  reticulocyte counts have an equivalent CHr 
parameter called the reticulocyte  hemoglobin (RET-He), which 
is measured using the forward scatter and side fluorescence of the 
reticulocytes and  a  proprietary algorithm. A recent study found that 
the normal ranges for RBC and reticulocyte hemoglobin in picograms 
for the two methods are comparable.18

and 100 * 109/L should be interpreted while considering factors such 
as the severity of the anemia and other clinical information.

Quantitation of reticulocyte immaturity
Under normal physiologic conditions when there is no anemia, 
the reticulocytes are released into the peripheral blood where they 
spend another day maturing to the erythrocyte. When the need for 
 erythrocytes in the circulation increases, the bone marrow releases 
reticulocytes earlier than normal. These more immature reticulocytes 
are called stress reticulocytes or shift reticulocytes. They appear as 
large polychromatophilic cells on the Romanowsky-stained blood 
smear. It takes longer for these reticulocytes to mature in the  peripheral 
blood because the bone marrow maturation time is added to the 
peripheral blood maturation time (Table 11-7 ★). The more severe 
the anemia, the earlier the reticulocyte is released. In a stimulated 
 marrow, hematocrit levels of 35%, 25%, and 15% (0.35, 0.25, 0.15 L/L) 
are associated with early reticulocyte release and a prolongation of the 
reticulocyte maturation in peripheral blood to approximately 1.5, 2.0, 
and 2.5 days, respectively. This is similar to the left shift in granulocytes 
seen in peripheral blood when the need for granulocytes is increased. 
To correct for the prolongation of maturation of these circulating 
shift reticulocytes and anemia, the reticulocyte production index 
(RPI) is calculated by using the following formula:

Patient’s hematocrit
0.45 L/L (normal hematocrit)

*
Reticulocyte count (%)

Reticulocyte maturation time (days)

= RPI

For example, if a patient with a 0.25 L/L hematocrit had a 15% 
reticulocyte count, the RPI would be:

0.25 L/L
0.45 L/L

*
15%
2.0

= 4.2 RPI

The RPI is a good indicator of the adequacy of the bone  marrow 
response in anemia. Generally speaking, an RPI 72 indicates an 
appropriate bone marrow response, whereas an RPI 62 indicates an 
inadequate compensatory bone marrow response (hypoproliferation) 
or an ineffective bone marrow response. When utilized in this way, the 
reticulocyte count provides a direction for the course of investigation 
concerning anemia etiology and pathophysiology.

An advantage of the automated reticulocyte count is that the 
corrected reticulocyte count, absolute reticulocyte count, and RPI 
calculations do not need to be performed. Most automated hematol-
ogy instruments not only provide a relative and absolute reticulocyte 
count but also assess reticulocytes for maturity level. Reticulocyte 
maturity level can be classified based on semiquantitative assessment 

hematocrit (l/l) reticulocyte Maturation Time (days)

Ú0.35 1.0

Ú0.2590.35 1.5

Ú0.1590.25 2.0

…0.15 2.5

★ TABle 11-7 Correlation of the Hematocrit with 
Reticulocyte Maturation Time in the Peripheral 
Blood

George’s RBC count is 0.7 * 1012/L, and his  reticulocyte 
count is 22%.

2. Calculate his absolute reticulocyte count. Is this count 
increased, decreased, or normal?

CASe STuDy (continued from page 184)

Blood Smear examination
Although doing so is not always necessary, reviewing the stained blood 
smear assists in diagnosing the type of anemia in about 25% of the 
cases.19 Various pathological conditions intrinsic or extrinsic to the cell 
can alter the erythrocyte’s normal  morphology. Careful  examination of a 
stained blood smear reveals these  morphologic  aberrations. (Description 
of specific types of  poikilocytes and  disorders with which they are associ-
ated are included in  Chapter 10.) Some shapes and sizes are particularly 
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 characteristic of specific  underlying  hematologic disorders or malig-
nancies (Table 10-8). Abnormal shapes to report include schistocytes, 
 dacryocytes,  spherocytes, acanthocytes, and marked erythrocyte shape 
 abnormalities in normocytic anemia  without evidence of  hemolysis. If 
artifactual morphology is suspected, the erythrocytes should be exam-
ined in a wet preparation. If the abnormal morphology is present in this 
preparation, the possibility of artifacts can be eliminated (Chapter 10).

Characterization of predominant erythrocyte size and  variation 
in size is helpful in morphologic classification of anemia. As with 
 poikilocytes, anisocytes are sometimes associated with particular 
pathologic conditions (Table 11-8 ★). Anisocytosis can be detected 
by examining the blood smear and/or by reviewing the MCV, 
 histograms, cytograms, and RDW.

Microcytes (MCV 680 fL) are usually hypochromic (decreased 
MCHC and MCH) but can be normochromic or  hyperchromic if 
spherocytes are present (Figure 11-1 ■).  Microcytes are usually asso-
ciated with anemias characterized by defective  hemoglobin formation 
(Table 11-8).

Macrocytes (MCV 7100 fL) usually contain an adequate 
amount of hemoglobin (normal MCHC and normal to increased 
MCH) (Figure 11-2 ■). These cells are associated with impaired 
DNA synthesis as occurs in Vitamin B12 or folate deficiency as well as 
other diseases (Table 11-8). Anemias associated with  reticulocytosis, 
such as hemolytic anemias, can have an increased MCV as young 
r eticulocytes are generally larger than mature erythrocytes.

Terminology Associated Disease States

Anisocytosis Anemias associated with an increased RDW (see Table 11-14)

microcytosis (mCV 680 fL) Iron-deficiency anemia; thalassemia; sideroblastic anemia, long-standing anemia of chronic disease

macrocytosis (mCV 7100 fL) megaloblastic anemias; hemolytic anemia with reticulocytosis; recovery from acute hemorrhage; liver disease; 
 asplenia; aplastic anemia; myelodysplasia; endocrinopathies; alcoholism

★ TABle 11-8 Diseases Associated with Variation and Abnormalities in Erythrocyte Size

■  figure 11-1 Microcytic, hypochromic erythrocytes. 
Compare the size of the erythrocytes with the nucleus 
of the lymphocyte. Normocytic cells are about the same 
size as the nucleus. There is only a thin rim of hemoglobin 
around the periphery of the red blood cells, indicating 
they are hypochromic. Note the elliptocytes (peripheral 
blood; Wright-Giemsa stain; 1000*  magnification).

■  figure 11-2 Macrocytic erythrocytes. Compare 
the size of the erythrocytes with the nucleus of the 
lymphocyte. Spherocytes are present (peripheral blood; 
Wright-Giemsa stain; 1000*  magnification).
Image courtesy of Constitution Medical Inc., 2012. All rights reserved.

George’s blood smear revealed marked spherocytosis.

3. Explain the importance of this finding.

4. Explain George’s abnormal indices.

CASe STuDy (continued from page 185)

Other abnormalities found on stained blood smears that can 
assist in diagnosis and classification of anemia include variations 
in erythrocyte color (Table  10-9), presence of erythrocyte inclu-
sions (Table  10-10), and abnormal distribution of erythrocytes 
(Table 10-6).

leukocyte and Platelet Abnormalities
Some nutritional deficiencies, stem cell disorders, and bone  marrow 
abnormalities affect the production, function, and/or  morphology 
of all hematopoietic cells; thus, evaluation of the  quantity and 
 morphology of leukocytes and platelets can supply additional 
 important data as to the cause of anemia.

Tests for erythrocyte Destruction
Tests of erythrocyte destruction are important in evaluating 
 erythrocyte survival (Table 11-9 ★). If the hemoglobin  concentration 
is stable over at least several days in an anemic patient, the 
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Bone Marrow
Bone marrow evaluation usually is not necessary to determine the 
cause of an anemia. However, it can provide supplemental diagnostic 
information in anemic patients when other laboratory tests are not 
conclusive. For example, bone marrow evaluation in  hypoproliferative 
anemias can reveal myelodysplasia or infiltration of the marrow 
with malignant cells or granulomas. Erythroid hyperplasia of the 
bone  marrow with decreased amounts of fat is more pronounced 
in  hemolytic anemia than in any of the nonhemolytic anemias. 
 Consequently, the myeloid-to-erythroid ratio (M:E) is decreased 
( reference interval is 1.5 to 3.3; mean 2.3).

erythrocyte Survival Studies
Erythrocyte survival studies are helpful in defining a hemolytic pro-
cess in which erythrocyte survival is only mildly decreased. In mild 
hemolysis, laboratory findings typical of extravascular or intravascular 
hemolysis can be absent. Survival studies give insight into the rate and 
mechanism of hemolysis. To study erythrocyte survival, a sample of 
the patient’s blood is removed and labeled in vitro with trace amounts 
of radionuclide. The most common label for erythrocytes, and that 
recommended by the International Committee for Standardization 
in Hematology, is radioactive chromium (51Cr). The chromium pene-
trates the erythrocytes and remains trapped there. This labeled sample 
is injected intravenously into the patient. To determine the erythrocyte 
survival pattern, small samples of the patient’s blood are assayed at 
specific time intervals for radioactivity levels. The erythrocyte life span 
is expressed as the time it takes for blood radioactivity to decrease by 
one-half (T½51Cr) starting 24 hours after injection. About 1% of the 
51Cr is normally eluted from surviving cells daily. In addition, only 1% 
of the labeled cells can be expected to have a life span of 100–120 days 
because only 1% of the total erythrocyte mass is replaced each day. 

measurements of  erythrocyte production including marrow  cellularity 
and RPI are  indirect measurements of erythrocyte  destruction. 
Serum  unconjugated bilirubin is primarily derived from hemoglobin 
 catabolism; its concentration in the absence of  hepatobiliary disease 
can yield further information  concerning erythrokinetics. Increased 
unconjugated bilirubin indicates increased hemoglobin catabolism, 
either intravascular or extravascular.  Conversely, anemias that are 
due to chronic and acute blood loss and hypoproliferative anemias 
are associated with normal or decreased serum bilirubin because 
the number of erythrocytes catabolized is decreased. Cytoplasmic 
maturation abnormalities can also be accompanied by normal to 
decreased serum bilirubin even though erythrocyte destruction is 
increased. This happens because insufficient heme is being synthe-
sized  (hypochromic cells), and less heme is being catabolized. Thus, 
the bilirubin level should always be interpreted together with the 
degree and type of anemia. It has been suggested that too many vari-
ables affect serum bilirubin levels to make it a reliable measurement 
of RBC destruction.

Other laboratory tests can be used to evaluate erythro-
cyte  turnover or blood loss (Table  11-9). Hemosiderin in urine 
( hemosiderinuria), decreased plasma haptoglobin and hemopexin 
(as a result of increased consumption), and increased methemalbumin 
are associated with increased intravascular hemolysis. Certain bio-
chemical constituents that are concentrated in blood cells are released 
to the peripheral blood as the cell lyses, and these constituents indicate 
the degree of cellular destruction. In anemias associated with ineffec-
tive erythropoiesis or hemolysis, these biochemical constituents will 
be increased in the blood. The most commonly measured constitu-
ents include uric acid, the main end product of purine metabolism, 
and lactate  dehydrogenase (LD), an enzyme that is present in the cell 
cytoplasm.

increased Bone Marrow Production 
of erythrocytes increased erythrocyte Destruction

Decreased Bone Marrow Production  
of erythrocytes

Reticulocytosis (7100 * 109/L; RPI 72) Anemia Anemia
Increased IRF
Leukocytosis

Presence of spherocytes, schistocytes, and/or 
other poikilocytes

Decreased reticulocytes (625 * 109/L); RPI 62; 
corrected reticulocyte count 62%; decreased IRF

nucleated erythrocytes in the peripheral 
blood

Positive direct antihuman globulin test (DAT)

Decreased haptoglobin and hemopexin

Decreased glycosylated hemoglobin

Increased fecal and urine urobilinogen

Increased bilirubin (unconjugated)

Hemoglobinemiaa

Hemoglobinuriaa

Hemosiderinuriaa

methemoglobinemiaa

Increased serum LD

Increased expired CO

Erythroid hypoplasia in the bone marrow; increased 
m:e ratio

Polychromasia of erythrocytes on 
Romanowsky-stained blood smears

normoblastic erythroid hyperplasia in the 
bone marrow

aAssociated only with intravascular hemolysis
IRF, immature reticulocyte fraction; LD, lactic dehydrogenase; RPI, reticulocyte production index; CO, carbon monoxide

★ TABle 11-9 Common Laboratory Findings Reflecting Increased/Decreased 
Production and Destruction of Erythrocytes

M11_MCKE6011_03_SE_C11.indd   187 01/08/14   12:54 pm



188 SeCtIon III   •   the anemIaS

determined when anemia is diagnosed, and certain causes of anemia 
are characteristically associated with specific erythrocyte size (large, 
small, or normal) and hemoglobin content (normal or abnormal). 
The general categories of a morphologic classification include mac-
rocytic, normochromic; normocytic, normochromic; and microcytic, 
hypochromic.

It must be stressed that, although an anemia initially seems to 
belong in one of these categories, the morphologic expression can be 
the result of a combination of factors. For example, a combined defi-
ciency of iron and folate can result in a normal MCV even though 
iron deficiency is normally microcytic and folate deficiency is nor-
mally macrocytic. These complicated cases usually can be detected by 
examining the blood smear for specifics of erythrocyte morphology.

A morphologic assessment of anemia, however, is not sufficient; 
determining the etiology of anemia through additional laboratory 
tests beginning with the IRF or RPI, and corrected reticulocyte count 
yields even more meaningful information. Serum iron studies are 
most helpful in identifying the pathophysiology of microcytic ane-
mias because the IRF or RPI is variable in these cases. Patient history 
and physical examination are essential for a differential diagnosis 
within given classifications.

Microcytic, hypochromic Anemia
Microcytic, hypochromic anemias are associated with defective 
hemoglobin synthesis. Serum iron studies and occasionally hemo-
globin electrophoresis are usually adequate to differentiate the causes 
of these anemias (Chapters 12, 14).

Macrocytic Anemia
Macrocytic anemias are associated with hemolytic anemias 
(RPI 72), nuclear maturation defects (megaloblastic anemia, 
RPI 62), or nonmegaloblastic anemia (RPI 62). Diagnostic features 
of megaloblastic anemia such as hypersegmented granulocytes can 
be found on peripheral blood smears and supported by low vitamin 
B12 or folic acid levels (Chapter  15). Hemolytic anemias with an 
increased MCV due to reticulocytosis can usually be diagnosed by 
using other laboratory tests and reviewing the blood smear. Non-
megaloblastic macrocytic anemias have various causes, but clinical 
symptoms, history, and other laboratory tests are usually sufficient 
to arrive at a diagnosis.

normocytic, normochromic Anemia
Many anemias have normal RBC morphology. These include hypo-
proliferative anemias characterized by an RPI 62 and survival 
defects with a RPI 72. The hypoproliferative anemias are charac-
terized by a hypocellular bone marrow with normal or increased 
M:E ratio. Hemolytic anemias have a hypercellular bone marrow 
with decreased M:E ratios.

Functional Classification
Because the normal bone marrow compensatory response to 
decreased peripheral blood hemoglobin levels is an increase in eryth-
rocyte production, persistent anemia can be expected as the result 
of three pathophysiologic mechanisms: (1) a proliferation defect 
(decreased production), (2) a maturation defect, or (3) a survival 

The remaining labeled cells have expected life spans from 0–100 days. 
 Taking these facts into consideration, the normal T½ with this method 
has been determined to be 25–32 days. A steady state is  necessary for 
accurate interpretation of erythrocyte survival  studies because blood 
loss or transfusions can alter the data significantly. Labeled erythro-
cytes in this method are also useful in determining the sites of eryth-
rocyte destruction. The amount of radioactivity taken up by an organ 
can be measured by scanning the body for 51Cr deposition and is pro-
portional to the number of erythrocytes destroyed there.

Differential Diagnosis of Anemia Based 
on laboratory Tests
The choice of laboratory tests for the differential diagnosis of  anemia 
should depend on the test’s specificity and sensitivity. A highly 
 sensitive test will likely be positive when the disorder is  present. 
A  highly  specific test will be negative when the disorder is not 
 present. Highly  sensitive tests are good for screening for the disorder, 
and highly specific tests are good for confirming the diagnosis of the 
 disorder. Laboratory professionals should keep this in mind when 
creating algorithms for anemia testing. Operating characteristics for 
some tests used in  diagnosing anemia can be found in the literature.

What laboratory test is the least invasive and most cost 
effective to evaluate erythrocyte production in the pres-
ence of anemia?

checkpoint 11-3

ClASSifiCATiOn Of AneMiAS
The purpose of the classification of anemias is to assist the physician 
in identifying the cause by using laboratory test results in addition 
to other clinical data. The classification also is useful to laboratory 
 professionals when they correlate various test results for accuracy 
and make suggestions for additional reflex testing. Although specific 
 diagnosis is the ultimate goal of any anemia classification system, it 
must be kept in mind that anemia frequently develops from more 
than one mechanism, complicating correlation and interpretation of 
laboratory test results. In addition, complicating factors can alter the 
typical findings of a specific anemia. For example, pre-existing iron 
deficiency can inhibit the reticulocytosis that normally accompanies 
acute blood loss or mask the macrocytic features of folic acid defi-
ciency. In these cases, laboratory test results can depend on which 
mechanism predominates. Anemias can be classified by either mor-
phology (morphologic classification) or pathophysiology (functional 
classification).

Morphologic Classification
Anemias can be initially classified morphologically according to the 
average size and hemoglobin concentration of the erythrocytes as 
indicated by the erythrocyte indices (Figure 11-3 ■). This morpho-
logic classification is helpful because MCV, MCH, and MCHC are 
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and morphology of the erythrocyte (Figure 11-4 ■). If an anemia does 
not fit into any of these categories, it is probably multifactorial.

Proliferation Defects
Proliferation defects are characterized by decreased  proliferation, 
maturation, and release rates of erythrocytes in response to 
 anemia (Figure 11-4). The most characteristic laboratory findings 
of  proliferation defects are normocytic, normochromic erythro-
cytes, decreased absolute reticulocyte count, decreased corrected 
 reticulocyte count and IRF, and RPI 62, signifying a marrow output 
of reticulocytes inadequate for the degree of anemia. Serum bilirubin 
levels are  normal or decreased because of the decrease in cell pro-
duction. The bone  marrow is hypocellular with normal or increased 
iron stores. Decreased  proliferation can be caused by inappropriate 
 erythropoietin production or production of cytokines that inhibit 
erythropoiesis. This trophic basis is responsible for the anemias 

defect (increased destruction). These are considered to be the three 
functional classifications of anemia (Figure 11-4). The functional 
classification uses the absolute reticulocyte count, corrected reticu-
locyte count, IRF or RPI, and/or serum iron studies to categorize an 
anemia. Proliferation and maturation defects usually have a normal 
or decreased IRF and/or RPI 62 and corrected reticulocyte count 
62%; survival defects are characterized by an increased IRF and/or 
RPI 72 and corrected reticulocyte count 72%. Some anemias can be 
grouped into more than one functional subgroup (e.g., thalassemia) 
because they have characteristics of each (i.e., maturation and survival 
defects).

Although some anemias can be the result of several mechanisms, 
one mechanism is usually dominant. The initial step in approaching an 
anemic patient is the identification of this dominant mechanism. If the 
functional and morphologic classifications of anemia are combined, 
the result is a classification using the reticulocyte count, iron studies, 

■  figure 11-3 Classification of anemias using function and morphology reflexed by 
RPI and/or serum ferritin. (Corrected reticulocyte count is in parentheses.)

Macrocytic

Microcytic
hypochromic

Serum
ferritin

Decreased

NormalIncreased

>2 (>2%)

<2 (<2%)

RPI
(corrected
reticulocyte

count)

<2 (<2%)
>2 (>

2%)

<2 (<2%)

Normocytic
normochromic

Survival defect
- Hemolysis
- Hemorrhage

Nuclear maturation defect
        (megaloblastic)
- B12 deficiency
- Folate deficiency
- Drug induced
- Congenital
- Myelodysplasia

Nonmegaloblastic
(proliferation, maturation,
and/or survival defects)
- Chronic liver disease
- Alcohol abuse
- Endocrinopathy
- Aplastic anemia

Survival defect
- Hemolysis
- Hemorrhage

Proliferation defect
- Marrow damage or
  replacement or suppression
  by drugs/toxins
- Stem cell defects
- Chronic renal disease
- Endocrine hypofunction
- Chronic infections or
  inflammation
- Liver disease
- Malignancy

Cytoplasmic maturation defect
- Iron deficiency

Cytoplasmic maturation defect
- Chronic disease
- Thalassemia
- Hemoglobinopathies
- Sideroblastic anemia
- Lead intoxication
- Porphyrias

Hb/Hct
RBC count
RBC indices
Morphology

RPI
(corrected
reticulocyte

count)
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Many proliferative defects also are associated with decreased 
erythrocyte lifespan; however, survival is only moderately decreased 
and could easily be compensated for by a normally functioning mar-
row or a normal cytokine stimulus. Hypoproliferation is rarely caused 
by an abnormality in the hematopoietic stem cells.

Maturation Defects
Maturation defects disrupt the orderly process of either nuclear or 
cytoplasmic development producing qualitatively abnormal cells 
 (Figure 11-4). The erythrocytes are macrocytic in nuclear defects and 
microcytic in cytoplasmic defects. Despite the abnormal maturation 
process, the marrow attempts to increase production of erythrocytes, 
resulting in bone marrow erythroid hyperplasia. However, because 
these cells are often intrinsically abnormal, many are destroyed before 
they can be released to the peripheral blood (ineffective erythropoi-
esis). Because many of the abnormal erythrocytes are not released to 
the peripheral blood, the corrected reticulocyte count, the absolute 

associated with malignancies, chronic renal disease, chronic inflam-
mation,20 and certain endocrinopathies.

Conversely, erythropoietic-stimulating mechanisms can be nor-
mal, but the bone marrow can fail to respond to the stimulus appropri-
ately. This failure can occur when the bone marrow is infiltrated with 
fibrous, neoplastic, or granulomatous tissue or when chemicals, drugs, 
or radiation have damaged the marrow. Differentiating these causes 
of hypoproliferation is possible by observing whether all cell lineages 
are affected or only the erythrocytes are involved. If the proliferation 
defect is due to inappropriate erythropoietin production, decreased 
proliferation is limited to the erythrocytic lineage. In contrast, mar-
row damage or infiltration is characterized by hypoplasia of all normal 
hematopoietic cells in the bone marrow, producing pancytopenia 
(a decrease in all blood cells) in the peripheral blood. In addition, poi-
kilocytosis and a leukoerythroblastic peripheral blood picture, pre-
sumably caused by damage of the normal sinusoidal barrier, usually 
accompany marrow infiltration.

■  figure 11-4 Functional classification of anemia. Anemia can be due to proliferation, 
maturation, and/or survival defects. Proliferation and maturation defects are due to defective 
erythropoiesis in the bone marrow. Survival defects are caused by increased destruction 
of erythrocytes. This destruction can occur in the bone marrow if the cells are intrinsically 
abnormal and/or in the peripheral circulation. Destruction of cells in the bone marrow is called 
ineffective erythropoiesis. In some cases, an anemia can be due to several causes such as in 
thalassemia. Although thalassemia is classified as a maturation defect, it also is characterized 
by ineffective erythropoiesis in which the abnormal cells are destroyed before they reach the 
peripheral blood. Thus, there also is a survival defect.
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Source of Defect Mode of Onset Site of hemolysis Predominant Poikilocyte

Intrinsic to red cell (intracorpuscular) Inherited Extravascular Spherocyte

Extrinsic to red cell (extracorpuscular) Acquired Extravascular or intravascular depending on 
extent of cell damage

Schistocyte

★ TABle 11-10 Possible Classifications of Hemolytic Anemia Based on Pathophysiology, Etiology, 
and/or Laboratory Findings

In contrast to poikilocytes that are formed in the bone marrow 
as a result of dyserythropoiesis typical of proliferation and matura-
tion defects, poikilocytes of a survival defect are formed after the 
cell leaves the marrow. The most common poikilocytes are schisto-
cytes and spherocytes. The schistocyte is the result of intravascular 
mechanical trauma to the cell, such as a shearing by fibrin strands or 
damage by passing through abnormal capillaries. Spherocytes indicate 
extravascular erythrocyte membrane damage because of membrane 
loss to phagocytes in the spleen. Generally, the erythrocyte popula-
tion is normocytic and normochromic. It is possible, however, that 
macrocytosis can prevail, depending on the degree of reticulocytosis, 
or that microcytosis can predominate, depending on the number of 
schistocytes or microspherocytes.

Sites of Destruction in hemolytic Anemia
Hemolysis can occur within the circulation (intravascular) or within 
the macrophages of the spleen, liver, or bone marrow (extravascu-
lar). In some cases, depending on the degree of damage to the cell, 
destruction occurs both intravascularly and extravascularly. The 
results of laboratory tests can provide important clues to the hemo-
lytic process.21

Intravascular hemolysis can be caused by (1) the activation of 
complement on the erythrocyte’s membrane, (2) physical or mechani-
cal trauma to the erythrocyte, or (3) the presence of soluble toxic sub-
stances in the erythrocyte’s environment (Table 11-11 ★).

When the erythrocyte is hemolyzed intravascularly, free hemo-
globin is released into the plasma and binds to haptoglobin, and the 
haptoglobin–hemoglobin complex is taken to the liver to be catabo-
lized (Chapter 5). When haptoglobin is depleted, hemopexin (another 
plasma protein) complexes with heme and takes it to the liver to be 
catabolized. Hemopexin is quickly depleted when the complex is 
cleared faster than the liver can synthesize hemopexin. A decrease in 
hemopexin is secondary to a reduction in haptoglobin.

Laboratory findings of intravascular hemolysis include hemo-
globinemia, hemoglobinuria, hemosiderinuria, methemoglobin-
emia, decreased haptoglobin, and decreased hemopexin. Serum lactic 
dehydrogenase (LD) can increase to as much as 800 IU/L (upper limit 
of reference interval is 207 IU/L). LD can be an early and sensitive 
indicator of intravascular hemolysis because the erythrocyte releases 
LD into the plasma in intravascular hemolysis, and it is cleared from 
the plasma more slowly than hemoglobin.22

Extravascular hemolysis is more common than intravascular 
hemolysis. Extravascular hemolysis that results in premature eryth-
rocyte destruction occurs when phagocytes in the tissues remove 
erythrocytes from circulation. Hemoglobin is not released directly to 
the plasma, so there is no hemoglobinemia, hemoglobinuria, or hemo-
siderinuria. Hemoglobin is degraded within the phagocyte to heme, 

reticulocyte concentration, and IRF are decreased and the RPI 62. 
Poikilocytes indicative of abnormal erythropoiesis are frequently 
present in direct proportion to the severity of the anemia.

Abnormal hemoglobin production causes cytoplasmic matura-
tion defects. Therefore, the defect is limited to the erythroid lineage. 
Hemoglobin production can be impaired due to one or more of the 
following: limited iron supply, defective iron utilization, decreased 
globin synthesis, and defective porphyrin (heme) synthesis. Most 
erythrocytes produced in association with cytoplasmic maturation 
defects are microcytic and hypochromic with a variable degree of 
poikilocytosis. These anemias are best differentiated using iron stud-
ies (Chapter 12).

Because all developing hematopoietic cells have nuclei, nuclear 
maturation defects affect all hematopoietic cell lineages and probably 
other body cells as well. As a result, the peripheral blood can reflect 
not only anemia but also pancytopenia with characteristic morpho-
logic changes apparent in all cell lineages. The distinctive morpho-
logic changes in cells are collectively termed megaloblastic (delayed 
nuclear development in comparison to cytoplasmic development).

Survival Defects
Survival defects are the result of premature loss of circulating erythro-
cytes either by hemorrhage or hemolysis (Figure 11-4). Hemolysis is 
the premature destruction of erythrocytes. In this type of defect, bone 
marrow proliferation increases and maturation is orderly. The abso-
lute reticulocyte concentration and IRF are increased, the corrected 
reticulocyte count is 72%, and the RPI is typically 72. The blood film 
reflects this increased erythropoietic activity by the presence of poly-
chromatophilic macrocytes. If the bone marrow is able to compensate 
for the decreased erythrocyte life span by increasing production at the 
same rate as the cells are lost or hemolyzed, anemia does not develop. 
This condition is referred to as compensated hemolytic disease, 
which can rapidly develop into anemia if (1) erythrocyte destruction 
accelerates beyond the compensatory capacity of the bone marrow 
(hemolytic crises) or (2) the marrow suddenly stops producing eryth-
rocytes (aplastic crises).

Hemolytic anemia can be further classified based on the cause of 
the shortened erythrocyte survival, either intrinsic or extrinsic to the 
erythrocyte (Table 11-10 ★). Intrinsic refers to hereditary abnormali-
ties of the erythrocyte itself, whereas extrinsic refers to an antagonist in 
the red cell’s environment that causes injury to the erythrocyte. Other 
possible classifications of hemolytic anemias include mode of onset, 
site of hemolysis, and predominant poikilocyte present in peripheral 
blood (Table 11-10). Many anemias, although not primarily hemolytic, 
have a hemolytic component. These include the hemoglobinopathies, 
thalassemia, iron-deficiency anemia, and megaloblastic anemia.
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Source of Defect in hemolytic Anemias
Hemolytic anemias can be classified as intrinsic or extrinsic according 
to the cause of the shortened erythrocyte survival (Table 11-13 ★). 
Refer to the earlier explanation of intrinsic and extrinsic.

Intrinsic Defects. With few exceptions, intrinsic defects are heredi-
tary. The site of hemolysis in intrinsic defects is usually extravascular. 
In some cases, intrinsic defects render the cell more susceptible than 
normal cells to damage by environmental (extracorpuscular) fac-
tors. Although extracorpuscular factors can be involved, the initiat-
ing event in hemolysis is considered to be the intrinsic erythrocyte 
abnormality. These intrinsic abnormalities include:

•	 Structural defects of the erythrocyte membrane that can cause the 
membrane to become abnormally permeable, rigid, or unstable and 
easily fragmented (Chapters 5, 17)

•	 Structurally abnormal hemoglobins that result in hemoglobin 
insolubility or instability (Chapter 13)

•	 Deficiencies of erythrocyte enzymes necessary for maintaining 
hemoglobin and membrane sulfhydryl groups in the reduced state 
or for maintaining adequate levels of adenosine triphosphate (ATP) 
for cation exchange (Chapter 18)

Extrinsic Defects. Extrinsic defects are usually acquired, and hemo-
lysis can be either intravascular or extravascular. The erythrocytes, as 
innocent bystanders, are damaged by chemical, mechanical, or physi-
cal agents (Chapters 19, 20). Substances in the circulation can be toxic 
to the cell and cause direct cell hemolysis or alter the cell membrane, 
leading to removal of the cell in the spleen. Trauma to the erythrocyte 
in the circulation can cause the cell to fragment, producing striking 
abnormalities on the blood smear. Immune-mediated destruction can 
occur when antibodies and/or complement attach to the erythrocytes 
resulting in their removal by macrophages in the spleen or liver.

Classification Using the Red 
Cell Distribution Width
Changes in the MCV and RDW are relatively reproducible in cer-
tain anemias. When used with the reticulocyte count, the differential 
diagnosis is narrowed and classification of the anemia is facilitated.23 
It has been suggested that the classification of anemias use the terms 
heterogeneous (increased RDW) and homogeneous (normal RDW) 

iron, and globin. (See Chapter 6 for a description of the process of the 
breakdown of the hemoglobin molecule.)

Laboratory findings in hemolytic anemias associated with extravas-
cular hemolysis are measurements of the products of heme catabolism. 
These findings include increases in expired carbon monoxide, carboxy-
hemoglobin, serum bilirubin (especially the unconjugated fraction), and 
both urine and fecal urobilinogen. In severe or chronic extravascular 
hemolysis, haptoglobin and hemopexin levels also can be decreased.

Antibodies directed against the erythrocyte commonly cause 
hemolytic anemia associated with extravascular hemolysis. Antibody 
and complement attached to the cell membrane make the erythrocyte 
a target for removal from the circulation by phagocytes. The antihuman 
globulin (AHG) test (or direct antiglobulin test, DAT) is helpful in iden-
tifying erythrocytes sensitized with antibodies and/or complement.

Bone marrow macrophages are responsible for the removal of 
maturing precursor cells that are intrinsically abnormal (ineffective 
erythropoiesis). Many hemolytic anemias that are associated with 
inherited defects of the erythrocyte membrane, hemoglobin, and 
intracellular enzymes have some degree of ineffective erythropoiesis. 
Although in most cases many of the abnormal cells never enter the 
peripheral blood, a significant number do gain access to the peripheral 
blood. These cells are not physiologically equipped to withstand the 
assaults of the peripheral circulation and are damaged. The hepatic or 
splenic macrophages then remove the damaged cells (Table 11-12 ★).

Activation of Complement  
on the erythrocyte Membrane

Physical or Mechanical Trauma  
to the erythrocyte Toxic Microenvironment of the erythrocyte

Paroxysmal nocturnal hemoglobinuria microangiopathic hemolytic anemia Bacterial infections

Paroxysmal cold hemoglobinuria Abnormalities of the heart and great vessels Plasmodium falciparum infection

Some transfusion reactions Disseminated intravascular coagulation Venoms

Some autoimmune hemolytic anemias Arsine poisoning

Acute drug reaction in G6PD deficiency

Intravenous administration of distilled water

Thermal injury

G6PD = glucose@6@phosphate dehydrogenase

★ TABle 11-11 Anemias Characterized by Intravascular Hemolysis

Origin Anemias

Inherited erythrocyte defects Thalassemia

Hemoglobinopathies

Enzyme deficiencies

membrane disorders

Acquired erythrocyte defects megaloblastic anemia

Spur cell anemia

Vitamin E deficiency in newborns

Immunohemolytic anemias Autoimmune

Drug induced

Some transfusion reactions

★ TABle 11-12 Anemias Characterized  
by Extravascular Hemolysis
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Laboratory Testing Schemas 
for Anemia Diagnosis
Knowledge of the functional and morphologic classification of 
anemias is necessary to design a cost-effective laboratory testing 
approach that aids in specific diagnosis. Only appropriate tests 
that help identify the cause of anemia should be performed on the 
patient’s laboratory workup. Guidelines within ICD codes for reim-
bursement of laboratory tests by third-party payers make it clear 
that test ordering must be rationally based. Web Figure 11-1 shows 
general schemas of laboratory testing that are useful in diagnosing 
anemias. It should be remembered that the physician always takes 
the patient’s clinical history and performs the physical examination 
before beginning a laboratory workup. The information gained in 
these ways can eliminate the need for some tests and/or suggest 
additional tests. These schemas will gain more meaning as you read 
the following chapters on each group of anemias.

Classification underlying Defect examples

Intrinsic (inherited) membrane defects Hereditary spherocytosis

Hereditary elliptocytosis

Hereditary pyropoikilocytosis

Hereditary stomatocytosis

Dehydrated hereditary stomatocytosis

Paroxysmal nocturnal hemoglobinuria 
(acquired)

Enzyme disorders Glycolytic pathway enzyme deficiencies

Hexose-monophosphate shunt enzyme 
deficiencies

Abnormal hemoglobins Thalassemia

Structural hemoglobin variants (e.g., 
sickle cell anemia)

Extrinsic (acquired) Antagonistic plasma factors Chemicals, drugs

Animal venoms

Infectious agents

Plasma lipid abnormalities

Intracellular parasites

Splenomegaly

Traumatic physical cell injury microcirculation lesions

Thermal injury

march hemoglobinuria

Immune-mediated cell destruction Autoimmune

Alloimmune

Drug induced

★ TABle 11-13 Classification of Hemolytic Anemias Based on Underlying Defect

in conjunction with the descriptive morphologic terms microcytic, 
normocytic, and macrocytic (e.g., homogeneous macrocytic, hetero-
geneous macrocytic) (Table 11-14 ★).

Studies of anemic individuals provided the following infor-
mation regarding the relation between categories of anemia and 
RDW. 22,23

 1. Hypoproliferative anemias have a normal RDW regardless of the 
MCV.

 2. Maturational defect anemias (excluding the rare hereditary types) 
have an increased RDW regardless of the MCV or the degree of 
anemia. The RDW is increased in these individuals before anemia 
develops or before abnormal cells can be identified on the smear.

 3. The RDW is normal after acute hemorrhage if iron supplies are 
adequate.

 4. Uncompensated hemolytic anemias have a high RDW, whereas 
compensated hemolytic states have a normal RDW.

Explain why classification of anemia is important, and 
give the categories of the morphologic and functional 
classifications.

checkpoint 11-4

5. Classify George’s anemia morphologically and 
functionally.

CASe STuDy (continued from page 186)
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Summary
Anemia is a decrease in the competence of blood to carry 
adequate amounts of oxygen to the tissue resulting from an 
insufficient concentration of hemoglobin. Diagnosis of anemia 
is made with a combination of information from the patient 
history, physical examination, and laboratory investigation. Ini-
tially, routine laboratory tests are performed to determine the 
presence of anemia and to evaluate erythrocyte production and 
destruction. These tests can include erythrocyte count, hemo-
globin, hematocrit, erythrocyte indices, reticulocyte count, and 
blood smear examination. more specific tests can be performed 
based on the results of these routine tests.

The erythrocyte indices can be used to determine the size 
and hemoglobin content of erythrocytes. Because some ane-
mias are characterized by specific erythrocyte morphology, the 
indices are helpful in initially classifying the anemia.

The manual reticulocyte count is routinely reported in 
relative terms: the number of reticulocytes per erythrocytes 
expressed in percent. Automated reticulocyte counts are 
reported in both relative and absolute terms. more informa-
tion is available from the absolute count, corrected reticulocyte 
count, IRF, RPI, and CHr (RET-He). Generally, the reticulocyte 
count in an anemic patient should be increased (7100 * 109/L) 
if the bone marrow is increasing production of erythrocytes. 
Absolute counts 625 * 109/L in anemic patients is indicative 
of a hypoproliferative response.

Examination of the blood film is helpful in assessing aniso-
cytosis and poikilocytosis. Anisocytosis is a variation in eryth-
rocyte size and is calculated and expressed as the red cell 
distribution width (RDW) on some automated cell counters. It 
is not uncommon to find a variety of cell sizes in some anemias. 
Poikilocytosis is a variation in cell shape. Specific shapes give 
clues to the cause of anemia.

Bone marrow examination is indicated if laboratory tests 
give inconclusive results. Bone marrow is examined for cellular-
ity, cellular structure, m:e ratio, and iron stores.

Anemias are generally classified by a functional or mor-
phologic scheme or by a combination of the two. The mor-
phologic classification includes three general categories 
based on erythrocyte indices: normocytic, normochromic; 
macrocytic, normochromic; and microcytic, hypochromic. The 
functional classification uses the IRF or RPI and serum iron 
studies to classify the anemias according to pathophysiology: 
proliferation defect, maturation defect, and survival defect. 
Each of these classifications has subclassifications. Some ane-
mias such as thalassemia can fall into more than one func-
tional classification group because they have characteristics 
of both (i.e., hemolytic and maturation). These classifications 
help the laboratory professional and physician design a cost-
effective approach to laboratory testing to reach a specific 
diagnosis.

normal rDw (homogeneous) increased rDw (heterogeneous)

normocytic Acute hemorrhage

Splenic pooling

Chronic disease

Chronic leukemia

Renal disease

Immune hemolytic anemia

Early iron, B12, or folate deficiency

Dimorphic anemia (e.g., folate and iron 
deficiency)

Sideroblastic anemia

myelofibrosis

Sickle cell anemia/trait

Chronic liver disease

myelodysplastic syndrome

microcytic Heterozygous thalassemia

Chronic disease

Hemoglobin E trait

Iron deficiency

Homozygous thalassemia

Hb S/Bthal

Hb H disease

Hemolytic anemia with schistocytes

macrocytic Chronic liver disease

Aplastic anemia

Chemotherapy

Alcohol ingestion

Antiviral medications

Immune hemolytic anemia with marked 
reticulocytosis

B12 or folate deficiency

CLL with high lymph count

Cytotoxic chemotherapy

Chronic liver disease

myelodysplastic syndrome

★ TABle 11-14 Classification of Anemias by MCV and RDW
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Review Questions
Level i

 1. Which of the following is characteristic of severe intravas-
cular hemolysis? (Objective 7)

 A. decreased bilirubin

 B. increased hemopexin

 C. decreased urobilinogen

 D. decreased haptoglobin

 2. A patient with anemia has an RPI of 2.3 with an MCV of 
103 fL. How would you classify this anemia? (Objective 3)

 A. macrocytic

 B. normocytic

 C. microcytic

 D. maturation defect

 3. Which of the following tests will give information about 
rate of erythrocyte production? (Objective 2)

 A. RPI

 B. serum bilirubin

 C. serum ferritin

 D. mCV

 4. A patient has the following results: RBC count, 2.5 * 1012/L 
and hemoglobin 5.3 g/dL, hematocrit 0.17 L/L, reticulocyte 
count 1%. What are the absolute reticulocyte count and 
RPI? (Objective 1)

 A. absolute count, 25 * 109/L; RPI, 0.19

 B. absolute count, 250 * 109/L, RPI, 0.15

 C. absolute count, 170 * 109/L; RPI, 0.38

 D. absolute count, 100 * 109/L; RPI, 1.5

 5. How would you classify the cell population with the fol-
lowing indices: MCV 70 fL, MCH 25 pg, MCHC 30 g/dL? 
(Objective 3)

 A. normocytic, normochromic

 B. macrocytic, normochromic

 C. microcytic, normochromic

 D. microcytic, hypochromic

 6. Which of the following is a hemolytic anemia that would 
be classified as an extrinsic defect? (Objective 9)

 A. immune hemolytic anemia

 B. anemia caused by a membrane defect

 C. anemia associated with a deficiency of an erythrocyte 
enzyme

 D. anemia associated with a structurally abnormal hemo-
globin that is unstable

 7. Which of the following indicates that compensated hemo-
lytic disease is present in a patient with increased erythro-
cyte destruction? (Objective 6)

 A. increased carboxyhemoglobin

 B. decreased hemoglobin

 C. increased hemoglobin

 D. normal hemoglobin

 8. Which of the following is most typically found in a hemo-
lytic anemia? (Objective 5)

 A. reticulocytopenia

 B. decreased IRF

 C. RPI 72

 D. increased m:e ratio in bone marrow

 9. Upon examination of the stained blood smear from a 
patient with anemia and jaundice, the laboratory profes-
sional noted many spherocytes. This is an indication of: 
(Objective 9)

 A. an extrinsic defect

 B. extravascular hemolysis

 C. intravascular hemolysis

 D. inherited anemia

 10. The clinical finding common in a patient with hemolytic 
anemia is (Objective 8)

 A. pica

 B. kidney stones

 C. jaundice

 D. lymph node enlargement

Level ii

 1. What follow-up test is most appropriate to determine the 
cause of anemia in a patient with the following results: 
RBC count 2.5 * 1012/L, hemoglobin 5.3 g/dL, hematocrit 
0.17 L/L, reticulocyte count 1%? (Objective 11)

 A. IRF

 B. absolute reticulocyte count

 C. serum ferritin

 D. RPI

 2. What is the functional classification of the anemia in the 
preceding question if the serum ferritin is decreased? 
(Objective 8)

 A. proliferation defect

 B. survival defect

 C. nuclear maturation defect

 D. cytoplasmic maturation defect
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 8. Which of the following findings is characteristic of the bone 
marrow in a hemolytic anemia? (Objective 5)

 A. increased m:e ratio

 B. erythroid hyperplasia

 C. increased amount of fat

 D. hypoplasia

 9. A 4-year-old boy has severe anemia. His x-rays reveal thin-
ning cortical bone, and he had splenomegaly. This diagno-
sis and clinical symptoms indicate: (Objective 3)

 A. a chronic hemolytic process

 B. an acute hemolytic anemia

 C. intravascular hemolysis

 D. extravascular hemolysis

 10. A patient has a hemoglobin of 90 g/L and a reticulocyte 
count of 20%. A bone marrow examination revealed a 
decreased M:E ratio and 70% cellularity. How would you 
describe this marrow? (Objective 4)

 A. aplasia

 B. erythrocytic hypoplasia

 C. dysplasia

 D. erythrocytic hyperplasia

 11. A patient is suspected of having an autoimmune hemolytic 
anemia. Many spherocytes are present on the blood smear, 
and the reticulocyte count is 20%. What test should be 
performed to determine whether this is an autoimmune 
process? (Objective 10)

 A. serum bilirubin

 B. serum LD

 C. urinalysis

 D. AHG (DAT) test

 12. What laboratory test result is suggestive of an intravascular 
hemolytic process? (Objectives 9, 11)

 A. decreased LDH

 B. decreased haptoglobin

 C. decreased reticulocyte count

 D. decreased bilirubin

 3. Why might the serum bilirubin results be misleading as an 
indicator of erythrocyte destruction inpatients with micro-
cytic hypochromic anemias? (Objective 2)

 A. The liver is not excreting the bilirubin due to liver 
failure.

 B. The cells are being produced at a lower rate than 
normal.

 C. Hypochromic cells do not release much hemoglobin; 
hence, less bilirubin is formed.

 D. The cells are not destroyed as fast in individuals 
with microcytic anemia so the bilirubin will be falsely 
decreased.

 4. A patient has anemia, decreased haptoglobin, hemosider-
inurea, and hemoglobinuria. The reticulocyte count is 10%. 
How would you classify this anemia? (Objectives 8, 9)

 A. hypoproliferative

 B. extravascular hemolytic

 C. maturation defect

 D. survival defect

 5. In an untreated anemia caused by hemorrhage, what 
would you expect to find in the laboratory investigation? 
(Objective 2)

 A. presence of polychromatophilic macrocytes on the 
peripheral blood smear

 B. hypoplastic bone marrow with nuclear maturation 
abnormalities

 C. megaloblastosis in the bone marrow and pancytope-
nia in the peripheral blood

 D. decreased IRF and RPI

 6. Bone marrow examination in a patient with a  hemoglobin 
of 80 g/L reveals hypercellularity with a decreased M:E 
ratio and normal appearing erythrocytic precursors. 
This is an indication that the anemia is likely due to a: 
(Objective 5)

 A. proliferation defect

 B. nuclear maturation defect

 C. survival defect

 D. cytoplasmic maturation defect

 7. Which of the following is an adaptation to anemia that 
tends to increase blood flow to tissues? (Objective 1)

 A. decrease in 2,3-DPG

 B. shallow inspiration

 C. decreased respiratory rate

 D. increased heart rate
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define sideropenic as it relates to anemia.
 2. Diagram the transport of iron from ingestion to incorporation into heme.
 3. Define the following terms and explain their role in iron metabolism: 

transferrin, hemosiderin, ferritin, total iron binding capacity (TIBC).
 4. Describe physiologic factors that affect the amount of iron needed by 

the body.
 5. Compare and contrast the typical blood features and iron studies asso-

ciated with iron-deficiency anemia (IDA), anemia of chronic disease 
(ACD), lead poisoning, and sideroblastic anemia.

 6. Explain the etiology and pathophysiology of iron-deficiency anemia, 
anemia of chronic disease, and sideroblastic anemia.

 7. Define hemosiderosis.
 8. Calculate transferrin saturation and unsaturated iron-binding capacity 

(UIBC) given serum iron and TIBC.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. List the three stages of iron deficiency, and define characteristic RBC 

morphology of each stage.
 2. Compare and contrast iron stores, hemoglobin, serum iron, TIBC, satu-

ration, serum ferritin, and RBC morphology in the three stages of iron 
deficiency.

 3. Describe the function of the proteins involved in iron metabolism 
 including hepcidin, HFE, transferrin receptor, hemojuvelin, divalent 
metal transporter 1, duodenal cytochrome–B reductase, hephaestin, 
hypoxia-inducible factor, and ferroportin.

 4. Explain the molecular control of total body iron and cellular iron.
 5. Describe how genetic defects in the iron metabolism proteins can 

affect the iron homeostasis in the body.
 6. Contrast the basic defects in iron-deficiency anemia, sideroblastic 

anemia, and anemia of chronic disease, and describe how each defect 
affects hemoglobin synthesis.

Anemias of Disordered 
Iron Metabolism and 
Heme Synthesis
Shirlyn B. McKenzie, PhD

Chapter Outline
Objectives—Level I and Level II 198

Key Terms 199

Background Basics 199

Case Study 199

Overview 199

Introduction 200

Iron Metabolism 200

Laboratory Assessment of Iron 209

Iron-Deficiency Anemia 210

Anemia of Chronic Disease 214

Anemias Associated with Abnormal 
Heme Synthesis 216

Hemochromatosis 220

Porphyrias 222

Summary 225

Review Questions 227

Companion Resources 229

References 229

12

(continued)

M12_MCKE6011_03_SE_C12.indd   198 01/08/14   9:14 pm



Chapter 12   •   anemias of DisorDereD iron metabolism anD heme synthesis  199

 7. Recognize the clinical features associated with iron deficiency.
 8. Correlate the following laboratory features with iron-deficiency 

anemia, anemia of chronic disease, and sideroblastic anemia: 
erythrocyte morphology and protoporphyrin studies, iron 
studies, and bone marrow.

 9. Select laboratory tests, and discuss test results that help 
differentiate iron-deficiency anemia, anemia of chronic 
disease, and sideroblastic anemia.

 10. Summarize the results of bone marrow analysis in sidero-
blastic anemia and anemia of chronic disease, and con-
trast them with those found in iron-deficiency anemia.

 11. Outline the classification of sideroblastic anemias, and 
describe the differentiating feature of the hereditary type.

 12. Describe the relationship of the anemias associated with 
alcoholism and malignant disease to sideroblastic anemia.

 13. Describe the role of molecular diagnostics in hereditary 
sideroblastic anemia.

 14. Explain the significance of finding microcytic anemia in 
the presence of lead poisoning, and suggest reflex test-
ing that would help determine an accurate diagnosis.

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• Diagnosis of anemia: list the laboratory tests used to 

diagnose and classify anemias, and identify abnormal test 
values. (Chapters 10, 11)

• Classification of anemia: outline the morphologic and func-
tional classification of anemias. (Chapter 11)

level ii
• function, structure, and synthesis of hemoglobin: Diagram the 

synthesis of heme and explain the role of iron in hemoglobin 
synthesis. (Chapter 6)

• erythrocyte destruction: Diagram degradation of hemoglobin 
when the erythrocyte is destroyed and interpret laboratory tests 
associated with increased erythrocyte destruction. (Chapters 5,11)

We will address this case study throughout the chapter. 

Jose, an 83-year-old anemic male, was admitted to a 
local hospital with recurrent urinary tract bleeding and 
an infection associated with prostatitis.

1. How can these conditions affect the hematopoietic 
system?

CaSe StuDy

Objectives—Level II (continued)
 15. Explain how lead poisoning and alcohol affect erythro-

poiesis and their relationship to sideroblastic anemia, and 
recognize the abnormal peripheral blood and clinical fea-
tures that can be associated with these disorders.

 16. Discuss the treatment for iron-deficiency anemia, 
 sideroblastic anemia, and anemia of chronic disease 
and expected laboratory findings associated with 
 successful therapy.

 17. Differentiate primary (hereditary) and secondary hemo-
chromatosis and summarize typical results of iron studies 
in these conditions.

 18. Describe the genetic abnormalities and pathophysiology 
of hereditary hemochromatosis, and identify the screen-
ing and diagnostic tests for this disease.

 19. Describe the basic defect in porphyria and its effect on 
the blood.

 20. Develop a reflex-testing pathway for an efficient and 
cost-effective diagnosis when microcytic and/or hypo-
chromic cells are present.

 21. Evaluate laboratory test results, and use them to identify 
the etiology and pathophysiology of the anemias that 
have a defective heme synthesis component.

Overview
This chapter includes a discussion of a group of anemias associated 
with defective hemoglobin synthesis due to faulty iron metabolism or 
porphyrin biosynthesis. The discussion begins with a detailed descrip-
tion of iron metabolism and laboratory tests used to assess the body’s 
iron concentration. This is followed by a description of the specific 
anemias included in this group—iron-deficiency anemia, anemia of 
chronic disease, and sideroblastic anemia. Hemochromatosis is also 
discussed even though it is usually not characterized by anemia. In 
hemochromatosis, iron metabolism is abnormal, and results of iron 

Key Terms
Anemia of chronic disease 

(ACD)
Anemia of inflammation (AI)
Apoferritin
Apotransferrin
Ceruloplasmin
DcytB
DMT1
Ferritin
Ferroportin 1
Hemochromatosis
Hemojuvelin (HJV)
Hemosiderin
Hepcidin
Hephaestin
HFE
Hypoxia-inducible factor (HIF)

Iron-deficiency anemia (IDA)
Pappenheimer body
Pica
Plumbism
Porphyria
Serum transferrin receptor  

(sTfR)
Sideroblastic anemia
Sideropenic anemia
Total iron-binding capacity 

(TIBC)
Transferrin (Tf)
Transferrin receptor1 (TfR1)
Transferrin receptor2 (TfR2)
Transferrin saturation
Unsaturated iron-binding 

capacity (UIBC)
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irOn MetaBOliSM
Every cell in the body requires iron, which has vital roles in oxidative 
metabolism, cellular growth and proliferation, and oxygen transport 
and storage.1 Iron must be bound to protein compounds to fulfill 
these functions. Iron in inorganic compounds or in an ionized form is 
potentially dangerous. If the amount of iron exceeds the body’s capac-
ity for transport and storage in the protein-bound form, iron toxicity 
can develop, causing damage to cells and a potentially lethal condition. 
Conversely, if too little iron is available, the synthesis of physiologically 
active iron compounds is limited, and critical metabolic processes are 
inhibited.

Iron cannot freely diffuse across membranes but requires spe-
cial transport involving a variety of proteins. Enterocytes (absorptive 
cells at the luminal [apical] surface of the duodenum), hepatocytes, 
and macrophages can import and export iron. On the other hand, 
erythrocyte precursors use most, if not all, of the imported iron and 
do not export it.1 Important advances in our understanding of iron 
metabolism are the result of the discovery of genes and proteins that 
participate in regulating iron homeostasis. As the roles of the pro-
teins are discovered, the pathophysiology of disorders involving iron 
metabolism is revealed.

Distribution
Iron-containing compounds in the body are one of two types: 
(1) functional compounds that serve in metabolic functions (hemo-
globin, myoglobin, iron-responsive element-binding protein) or 

studies must be differentiated from those found in sideroblastic ane-
mia. The rare porphyrias are discussed briefly because porphyrin is an 
integral component in the synthesis of heme.

intrODuCtiOn
Defective hemoglobin production can be due to disturbances in 
either heme or globin synthesis (Table 12-1 ★). The result of these 
disturbances is an erythrocyte cytoplasmic maturation defect often 
reflected by a microcytic, hypochromic anemia. Defective heme 
synthesis is caused by abnormalities of iron homeostasis (deficiency 
and/or metabolism) or rarely by defective porphyrin metabolism 
(Figure 12-1 ■). Defective globin synthesis is a result of deletions 
or mutations of globin genes. Globin gene deletions that result in 
decreased synthesis of globin are known as thalassemia (Chapter 14). 
Mutations that result in structurally abnormal globin chains are 
known as hemoglobinopathies, which are not usually associated with 
microcytic hypochromic erythrocytes (Chapter 13).

Anemia characterized by deficient iron for hemoglobin synthe-
sis is known as sideropenic anemia, more commonly referred to as 
iron-deficiency anemia (IDA). Iron deficiency primarily affects 
the erythrocyte and developing central nervous system. Sideropenic 
anemia caused by inadequate iron intake or absorption or increased 
blood loss responds to iron therapy given either orally, or less com-
monly, parenterally.

Anemia also can result from defective iron metabolism. Ade-
quate or excess stores of iron but defective iron utilization in the 
synthesis of hemoglobin characterize these anemias (functional iron 
deficiency). The anemia of chronic disease (ACD), also referred to 
as the anemia of inflammation (AI), is included in this group, and 
is characterized by iron retention in the macrophages, thus making 
iron unavailable to the erythrocyte for heme synthesis.

Defects in porphyrin synthesis involve the enzymes required for 
heme synthesis. The defect can affect the insertion of iron into the 
porphyrin ring to form heme. These conditions include primary and 
secondary sideroblastic anemias. The porphyrias are included in 
this chapter, although except for erythropoietic porphyria, they are not 
generally characterized by the presence of anemia.

■	 Figure 12-1 Sites of defective hemoglobin synthesis that can result in anemia. 
Some of these anemias are hereditary or congenital and others are acquired.
ACD = anemia of chronic disease; IDA = iron-deficiency anemia; SA = sideroblastic anemia; 
EPO = erythropoietin; // = defective or disturbed

Heme synthesis disturbed Globin synthesis abnormal

Iron

EPO

Cytokines

Heme enzymes

SA
porphyrias

IDA
ACD

ACD Thalassemia
Globin gene mutations

ACD

Heme GlobinHemoglobin

Causes of Defective hemoglobin Production that Could result in 
a Microcytic hypochromic anemia

Defects in heme synthesis

• Abnormal iron metabolism

Iron deficiency

Defective iron utilization

• Defective porphyrin metabolism

Defects in globin synthesis (thalassemias): deletions or mutations of 
globin genes

★	 taBle 12-1
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Compound
iron Content, Male 
(mg iron/Kg Body weight)

iron Content, Female 
(mg iron/Kg Body weight) Percent of total iron

Functional Iron

Hemoglobin 31 28 60–75.0

Myoglobin 5 4 3.5

Other tissue iron 61 61 0.2

Heme enzymes (cytochromes, catalases, peroxidases)

nonheme enzymes (iron-sulfur proteins, 
metalloflavoproteins, ribonucleotide reductase)

Transport

Transferrin 61 61 0.1

Storage

Ferritin ∙8 ∙4 10–20

Hemosiderin ∙4 ∙2 5–10

Labile pool ∙1 ∙1 2

Total iron ∙50 ∙40

★	 taBle 12-2 Composition and Distribution of Iron in Adults

Dietary iron exists in two forms: nonheme iron (ionic or fer-
ric form, Fe+++) present in vegetables and whole grains and heme 
iron (ferrous form, Fe++) present primarily in red meats in the form 
of hemoglobin. Nonheme iron is the most common form ingested 
worldwide; heme iron is more common in Western countries (provid-
ing about 10–15% of daily iron requirements). The ferric complexes 
from nonheme sources are not easily absorbed. Gastric acid solubilizes 
this form of iron and provides an acidic environment around the apical 
brush border of the enterocytes. This low pH facilitates the transport 
of iron across the enterocyte membrane by membrane transporters. 
The ferric iron is reduced to the ferrous state at the enterocyte brush 
border by the enzyme, Duodenal cytochrome b (DcytB), a ferric 
reductase. The ferrous iron is then transported across the enterocyte 
apical plasma membrane by divalent metal transporter1 (DMT1), an 
integral membrane protein. DMT1 also transports the divalent forms 
of manganese, lead, zinc, cobalt, and copper across the enterocyte 
membrane3 (Figure 12-2 ■). This membrane iron transport depends 
on the inward transport of protons.1

enzymatic functions (cytochromes, cytochrome oxygenase, catalase, 
peroxidase) and (2) compounds that serve as transport proteins 
(transferrin, transferrin receptor) or storage depots for iron (ferritin 
and hemosiderin) (Table 12-2 ★). A poorly understood iron com-
partment is the intracellular “labile pool.” Iron leaves the plasma and 
enters the intracellular fluid compartment for a brief time before it is 
incorporated into cellular components (heme or enzymes) or storage 
compounds. This labile pool is believed to be the chelatable iron pool 
(see the section on “Therapy for Hemochromatosis”). The total iron 
concentration in the body is 40–50 mg of iron/kg of body weight. Men 
usually have higher amounts than women.

Iron is found primarily in erythrocytes, macrophages, hepato-
cytes, and enterocytes. Hemoglobin constitutes the major fraction of 
body iron (functional iron) with a concentration of about 1 mg iron/
mL erythrocytes. Iron in hemoglobin remains in the erythrocyte until 
the cell is removed from the circulation. Hemoglobin released from 
the erythrocyte is then degraded in the macrophages of the spleen and 
liver, releasing iron. Approximately 85% of this iron from degraded 
hemoglobin is promptly recycled from the macrophage to the plasma 
where it is bound to the transport protein, transferrin, and delivered 
to developing erythroblasts in the bone marrow for heme synthesis. 
The macrophages recycle 10–20 times more iron than is absorbed in 
the gut.2 Thus, iron recycling provides most of the marrow’s daily iron 
requirement for erythropoiesis (Chapter 5).

Iron in hepatocytes and intestinal enterocytes is stored and uti-
lized as needed to maintain iron homeostasis. The hepatocytes store 
iron that can be released and utilized when the amount of iron in the 
plasma is not sufficient to support erythropoiesis. Enterocytes that 
absorb dietary iron can either export it to the plasma or store it.

Absorption
Total body iron homeostasis depends on balancing and link-
ing the absorption of iron by the enterocytes of the duodenum 
with total body requirements. No significant mechanism exists to 
effect iron loss. Factors influencing iron absorption are listed in 
Table 12-3 ★.

• Bioavailability of iron: from the diet and macrophage recycling

• Condition of mucosal cells in the GI tract

• Intraluminal factors: parasites, toxins, intestinal motility; increased 
motility or decreased absorptive surface area can decrease absorption

• Hematopoietic activity of bone marrow: rate of erythropoietic 
activity is directly related to the amount absorbed

• Tissue iron stores: amount of iron absorbed is inversely related to 
the amount of storage iron

• Oxygen content of the blood: hypoxia is associated with increased 
absorption

• Systemic inflammation or infection: decreases absorption

• Blood hemoglobin concentration: anemia is associated with 
increased absorption

★	  taBle 12-3 Factors Affecting Iron Absorption 
in the GI Tract
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copper for its function. Thus, it is not surprising that copper deficiency 
is associated with abnormal iron metabolism. Export of iron from 
nonintestinal cells, including macrophages, requires ceruloplasmin, 
which also converts Fe++ to Fe+++ for binding to transferrin.

There appears to be a predetermined set point of iron stores that 
results in a negative correlation between the amount of iron absorbed 
and the amount of iron stored.6 The efficiency of intestinal absorption 
of iron increases in response to accelerated erythropoietic activity and 
depletion of body iron stores. Bleeding, hypoxia, or hemolysis results 
in accelerated erythrocyte production and enhanced absorption of 
iron. However, increased iron uptake in extravascular hemolytic ane-
mias and anemias associated with a high degree of ineffective eryth-
ropoiesis can lead to an excess accumulation of iron in various organs 
because the body does not lose the iron from erythrocytes hemolyzed 
in vivo. Conversely, diminished erythropoiesis as occurs in starvation 
decreases the absorption of iron.

Iron-deficiency anemia (IDA) from a lack of dietary iron is usu-
ally treated with daily oral doses of ferrous salts. The efficiency of 
absorption of this therapeutic iron is greatest during the initial treat-
ment period when body stores are depleted. Increased absorption 
occurs up to 6 months after hemoglobin values return to normal or 
until iron stores are replenished. Absorption also increases 10–20% in 
early stages of developing iron deficiency (ID).

Transport
Transferrin (Tf) is a plasma iron transport protein that mediates 
iron exchange between tissues (Figure 12-3 ■). It is not lost in deliver-
ing iron to the cells but returns to the plasma and is reused. Transferrin 
is a single polypeptide chain composed of two homologous lobes, each 
of which contains a single iron-binding site. The binding of a ferric 
iron to either binding site is random. If only one transferrin lobe binds 
an iron molecule, it is termed monoferric transferrin; if both sites 
are occupied, it is diferric transferrin (also called holo-transferrin). 
Transferrin without iron is called apotransferrin.

Each gram of transferrin binds 1.4 mg of iron. Enough transfer-
rin is generally present in plasma to bind 250–450 mcg (μg) of iron 
per deciliter of plasma. This is referred to as the total iron-binding 
capacity (TIBC).

The concentration of iron in the blood is primarily determined 
by the amount of iron released from macrophages to plasma transfer-
rin and the amount extracted from the plasma by developing erythroid 
precursor cells. The serum iron concentration is about 50–180 mcg/dL 
and almost all (95%) of this iron is complexed with transferrin; thus, 
transferrin is about one-third saturated with iron (serum iron/ 
TIBC * 100 = %  transferrin saturation). Clinically, the transferrin 
saturation is a good indicator of the amount of iron available for erythro-
poiesis. The reserve iron-binding capacity of transferrin (transferrin with-
out bound iron) is referred to as the serum unsaturated iron-binding 
capacity (UIBC) (TIBC - serum iron = UIBC). The majority of 
transferrin-bound iron is delivered to the developing bone marrow eryth-
roblasts for use in hemoglobin synthesis. Iron in excess of physiologic 
requirements is deposited in tissues (primarily the liver) for storage.

Only a small amount of transferrin-bound iron is derived from 
iron absorbed by enterocytes. Most of the iron bound to  transferrin 
is  recycled from the monocyte-macrophage system. The major flow 
of iron in the body is from macrophages to erythroid marrow, to 

■	 Figure 12-2 The absorption of nonheme iron in the 
intestine. Most nonheme iron in the diet is in the ferric 
iron form (Fe+++). When the Fe+++ reaches the  intestine 
and comes into contact with the cells lining the gut 
 (enterocytes), the iron is reduced to the ferrous form (Fe++) 
by a reductase, DCytB, located at the apical  enterocyte 
membrane. The Fe++ then can be transported across 
the membrane by DMT1. Ferroportin transports the iron 
across the enterocyte basolateral membrane, a process 
thought to be facilitated by hephaestin. Hephaestin is 
an oxidase that oxidizes the iron to Fe+++, the form that 
 combines with transferrin. Some iron can remain in the cell 
as ferritin, depending on the systemic iron balance.
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Heme iron is more readily absorbed than nonheme iron, but the 
mechanism of absorption is less well understood. Heme is split from 
the globin portion of hemoglobin in the intestine and is then assimi-
lated directly by the enterocytes. Once inside the cell, iron is released 
from heme by heme oxygenase. The iron then enters the same iron 
pool as the nonheme iron. A heme carrier protein (HCP1) found in 
the duodenal enterocyte was recently described, but its contribution to 
iron absorption has not been documented. HCP1 appears to transport 
folate more efficiently than heme.4,5

In the enterocyte, the iron can be stored as ferritin or transported 
across the basolateral membrane into the plasma. The iron stored as 
ferritin is lost when the enterocyte is sloughed off into the intestinal 
tract. Iron transport across the basolateral membrane is via the baso-
lateral transporter protein ferroportin 1 (also known as IREG1). 
Ferroportin 1, an integral membrane protein, transports ferrous ions 
and is the only known cellular exporter of iron. Export is facilitated 
by the ferroxidase, hephaestin (a homologue of the plasma protein 
ceruloplasmin). Hephaestin oxidizes the Fe++ to Fe+++, the form of 
iron required for binding to apotransferrin in the blood. Hephaestin 
is a copper-containing ferroxidase that requires adequate amounts of 
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is more limited in expression and can also bind transferrin but with less 
affinity than TfR1. TfR2 is found predominantly on hepatocytes, duode-
nal crypt cells, as well as erythroid cells. TfR2 interacts with HFE to regu-
late hepcidin synthesis and thus has a role in regulating total body iron 
homeostasis (see subsequent discussion, “Systemic Iron Balance, HFE”).

Iron enters the cell in an energy- and temperature-dependent pro-
cess. After transferrin binds to its receptor, the transferrin–TfR complex 
clusters with other transferrin–TfR complexes on the cell membrane, 
and the membrane invaginates and reseals, forming an endosome 
with the complex inside (endocytosis) (Figure 12-5 ■). In the acidic 
endosome, iron is released from transferrin and transported into the 
cytoplasm via DMT1 transport protein present in the endosomal 
membrane. The endosome with the apotransferrin and TfR is trans-
ported back to the cell surface. The apotransferrin is released, making 
both it and the receptor available for recycling. When the concentration 
of plasma iron exceeds the transferrin binding capacity, the hepatocytes 
can take up the unbound iron directly. The mechanism of this uptake is 
unknown but appears to be distinct from that involving DMT1.

Cells release the extracellular portion of their transferrin recep-
tors through proteolytic cleavage as they mature. These cleaved recep-
tors, referred to as serum or soluble transferrin receptors (sTfR), 
are found in the blood in proportion to the erythrocyte mass. With 
increased erythropoiesis, including ineffective erythropoiesis, the con-
centration of sTfR in the plasma increases.

erythrocytes, and back, to macrophages when the senescent  erythrocyte 
is removed and degraded by liver, bone marrow, and splenic macro-
phages.  Recovered iron from hemoglobin catabolism in the monocyte- 
macrophage  system enters the plasma and is again bound to transferrin 
for  transfer back to the bone marrow (Figure 12-4 ■). In disorders asso-
ciated with  intravascular hemolysis in which hemoglobin is released 
into the plasma, plasma hemoglobin combines with haptoglobin 
(Chapter 6). The haptoglobin–hemoglobin complex is taken into the 
macrophage via the cell’s hemoglobin scavenger receptor, CD163.7

In contrast to serum ferritin, transferrin is a negative acute phase 
reactant (levels decrease during the acute phase response). Increased 
levels are found during pregnancy and in estrogen therapy use.

Lactoferrin also functions as an iron transport protein but is 
found primarily in tissue fluid and cells. It has antimicrobial proper-
ties and is important in protecting the body from infection.

Transferrin releases iron at specific receptor sites on cells, referred 
to as transferrin receptor1 (TfR1). These receptors are expressed on 
virtually all cells, but the number per cell is a function of cellular iron 
requirements. Cells with high iron requirements have high  numbers of 
TfR1. Erythroid precursors, especially intermediate erythroblasts that are 
rapidly synthesizing hemoglobin, have high numbers of  transferrin recep-
tors, about 800,000 per cell. The TfR1 is a  transmembrane  glycoprotein 
dimer with two identical subunits, each of which can bind a molecule of 
transferrin. A homologous protein, transferrin receptor 2 (TfR2), 

■	 Figure 12-3 Iron is absorbed by the mucosal cells in the gut as ferrous iron. It can 
be stored in the mucosal cell as ferritin, or it can leave the cell as oxidized ferric iron and 
be transported in the blood by transferrin. Transferrin can deliver iron to developing 
 erythroblasts in the bone marrow, other body cells, or macrophages in the liver or spleen. 
Transferrin is reutilized after it delivers iron to the cells.
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The patient’s comorbidities must be considered when interpreting 
serum ferritin levels. Ferritin is not a reliable indicator of iron stores in the 
presence of inflammation or tissue damage because it is an acute phase 
reactant and thus increases in these conditions. However, if serum fer-
ritin is decreased, it invariably means that iron stores are low or depleted.

hemosiderin
Hemosiderin is a heterogeneous aggregate of carbohydrate, lipid, 
protein, and iron; up to 50% of its weight is iron. Hemosiderin is found 
primarily in macrophages and is formed by the partial degradation of 
ferritin. At high levels of cellular iron, ferritin forms aggregates that are 
taken up by lysosomes and degraded, forming hemosiderin. The ratio 
of ferritin to hemosiderin varies with the total body iron concentra-
tion. At lower cellular iron concentrations, ferritin predominates, but 
at higher concentrations, the majority of storage iron exists as hemo-
siderin. Iron from hemosiderin is released slowly and is not readily 
available for cellular metabolism. Iron binding in the form of hemo-
siderin also probably keeps iron from harming cellular constituents.

Hemosiderin can be estimated on bone marrow tissue sections. 
Bone marrow macrophages contain hemosiderin if body iron stores 
are normal or increased. Hemosiderin appears as yellow to brown 
refractile pigment on unstained marrow or liver specimens. On Prus-
sian blue-stained specimens, the iron appears as blue intracellular 
particles. Stores can be graded from 0 to 4+  or as markedly reduced, 
normal, or increased (Chapter 38). Normally, from 20–60% of the 
erythroblasts contain stainable iron deposits.

Physiological Regulation of Iron Balance
Body iron is stringently conserved by recycling so that daily absorp-
tion and loss are small. Total body iron lost through secretions of 
urine, sweat, bile, and desquamation of cells lining the gastrointestinal 
tract amounts to about 1 mg/day. Normal erythrocyte aging results 
in destruction of 20–25 mL of erythrocytes/day (releasing about 
20–25 mg iron), but most of this hemoglobin iron is scavenged and 
reused by developing erythroblasts. Thus, the total daily requirement 
for new iron is about 1 mg (Chapter 5).

Storage
The primary iron storage depot is the liver. The largest nonheme iron 
stores in the body are hemosiderin and ferritin (Table 12-4 ★).  Storage 
iron provides a readily available iron supply in the event of increased 
iron loss through bleeding. Depletion of these storage compounds 
reflects an excess iron loss over what is absorbed.

Ferritin
Ferritin consists of a spherical protein shell that can store up to 4500 
molecules of Fe+++ iron. Ferritin is 17–33% iron by weight; without 
iron, it is called apoferritin.

Ferritin is a multimer composed of 24 subunits arranged to form 
a hollow sphere. There are two types of subunit polypeptides, heavy 
(H) and light (L). The H polypeptide has ferroxidase activity, but the 
L form does not. The proportion of H and L subunits in ferritin varies 
by cell type. Ferritins in the heart, placenta, and erythrocytes are rich 
in the H subunit, and ferritins in the iron storage sites, such as the liver 
and spleen, are rich in L subunits.

Ferritin acts as the primary storage compound for the body’s iron 
and is readily available for erythropoiesis. It controls the amount of iron 
released for cellular activity and, by binding the iron, protects the cel-
lular constituents from oxidative damage catalyzed by free ferrous ions. 
Ferritin is found in the bone marrow, liver, and spleen, usually within 
 membrane-bound vesicles called siderosomes. Mature erythrocytes usu-
ally do not contain iron particles because any excess iron in the cell after 
hemoglobin synthesis is complete is removed by splenic macrophages.

Ferritin is a water-soluble form of storage iron that cannot be visual-
ized by light microscopy on unstained specimens but can stain with iron 
stains (when clustered in siderosomes). Ferritin is primarily an intracellu-
lar protein, but small amounts enter the blood through active secretion or 
cell lysis (serum ferritin). Secreted ferritin differs from intracellular ferri-
tin in that it is glycosylated and relatively iron poor. The amount of serum 
ferritin parallels the concentration of storage iron in the body. Therefore, 
serum ferritin concentration is used as an index of iron stores: 1 ng/mL 
of serum ferritin indicates about 8 mg of storage iron. Serum ferritin does 
not exhibit diurnal variations as are seen with serum iron levels.

■	 Figure 12-4 The daily iron cycle. Most iron is recycled from the erythrocytes 
to macrophages in the bone marrow. Macrophages release iron as needed to 
the developing erythroid cells in the bone marrow. Only a small amount of iron is 
lost from the body through loss of iron-containing cells. To maintain iron balance, 
a similar amount of iron is absorbed from the duodenum.
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■	 Figure 12-5 Cellular iron supply and storage. (1) Iron binds to apotransferrin in the plasma 
forming  monoferric or  diferric transferrin. (2) Transferrin binds to transferrin receptors on the cell 
surface (3). The  transferrin–receptor complex enters the cell and the cell membrane fuses  forming 
an  endosome (4). An acidic vesicle fuses with the endosome (5) which results in the release of 
iron (6). The apotransferrin– receptor complex is transported to the cell surface (7) where the apo-
transferrin is released from the receptor and enters the plasma for reutilization (8).
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iron is not adequate, if absorption is impaired, or if there is increased 
loss of iron through bleeding. Iron overload can occur if absorption 
abnormally increases or if the individual receives transfusions or iron 
injections (Table 12-5 ★).

Because there is no physiological route for excretion of excess 
iron, the major regulation of total body iron depends on accurate 
sensing of systemic iron and adjusting iron absorption and reten-
tion according to needs. Iron deficiency can occur if dietary intake of 

iron Form role laboratory analysis reference interval

Ferritin Primary storage form of soluble iron; 
readily released for heme synthesis

Serum ferritin levels 20–300 mcg/L males
12–200 mcg/L females

Hemosiderin Partially degraded storage form of iron; 
slow release

Bone marrow estimation using 
Prussian blue stain

20–60% sideroblasts in bone marrow

★	 taBle 12-4 Storage Forms of Iron
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into the lumen of the intestine. Hepcidin also blocks the export of 
iron from the macrophages and hepatocytes resulting in retention 
of iron in these storage sites and a decrease in serum iron when 
hepcidin levels are increased. Because ferroportin determines 
whether iron is delivered to the plasma or remains within the 
enterocyte, hepatocyte, or macrophage, it plays a vital role in iron 
homeostasis. Hepcidin’s interaction with ferroportin is thought to 
be the major mechanism that controls systemic iron homeostasis.8

Hepcidin expression is modulated by four conditions: iron 
stores, erythropoiesis, hypoxia, and inflammation/infection.9 Hep-
cidin synthesis is induced by an excess of iron and is inhibited by 
lack of iron. The body’s response to insufficient tissue oxygen deliv-
ery is an increase in erythropoiesis. An increase in erythropoietic 
activity results in a decrease in hepcidin synthesis, allowing the 
absorption of more iron in the intestine and increased release of 
iron from enterocytes, macrophages, and hepatocytes. The repres-
sive effect of erythropoiesis on hepcidin synthesis is especially 
noted when erythroid precursors massively expand but undergo 
apoptosis before maturing to erythrocytes (ineffective erythro-
poiesis). It has been shown that these erythroid precursors release 
growth differentiation factor-15 (GDF-15) during cellular stress or 
apoptosis, which may be linked to low hepcidin expression and iron 
loading in conditions that have ineffective erythropoiesis.10

Hypoxia stimulates erythropoietin (EPO) production, result-
ing in increased erythropoiesis, which increases the demand for 
iron. Hypoxia-inducible factor-2 (HIF-2) is the transcription factor 
that regulates EPO synthesis as well as a spectrum of other hypoxic 
responses. HIF-2 signaling is activated under hypoxic conditions. 
HIF-2 binds to specific DNA consensus sequences referred to as 
hyypoxia-response elements (HFEs) and induces transcription of 
oxygen-sensitive genes. In addition to regulating EPO synthesis, 
HIF-2 plays a role in iron metabolism by directly regulating (increas-
ing the synthesis of) DMT1 and DcytB, resulting in increased iron 

Systemic iron Balance
Iron homeostasis is accomplished by the interaction of iron with 
proteins that aide in its absorption, retention, export, and transport. 
These proteins include hepcidin, DcytB, DMT1, ferroportin, HFE, 
TfR1, TfR2, GDF15, HIF2, BMP, ceruloplasmin, and hemojuvelin 
(HJV) (Table 12-6 ★). The liver is the major site of expression of most 
of these iron-regulatory proteins. It also is the primary storage depot 
for iron and plays a central role in the regulation of total body iron 
homeostasis by synthesizing hepcidin in response to multiple signals.2 
In turn, hepcidin acts on hepatocytes, macrophages, and enterocytes 
to regulate how much iron they release into the plasma. Thus, the liver 
has been called the command central of iron homeostasis. The pro-
teins involved in iron absorption and release can be upregulated or 
downregulated depending on total body iron status.

•	 Hepcidin, synthesized in the liver, is the master iron-regulating 
hormone whose expression is inversely related to total body iron 
demand. It regulates how much iron is absorbed and released 
into the plasma from enterocytes, hepatocytes, and macrophages. 
Hepcidin decreases iron absorption into the body by binding to 
and inducing degradation of ferroportin (the main cellular iron 
exporter in mammals), thus blocking basolateral iron export from 
the enterocyte. The iron is lost when these enterocytes are shed 

Protein Metabolic role

Hepcidin Master iron-regulating protein; regulates iron recycling/balance via interaction with ferroportin1; negative 
regulator of intestinal iron absorption; additional proteins influence synthesis

DMT1 Transports iron across the enterocyte apical plasma membrane; transports iron across endosome into cytoplasm 
of cells

DCytB Reduces Fe+++ iron to Fe++ at enterocyte apical border

Ferroportin1 Exports cellular iron from enterocytes, macrophages, hepatocytes

Hephaestin Facilitates cellular export of iron by ferroportin; oxidizes Fe++ iron to Fe+++ for binding to apotransferrin

Transferrin receptor1 (TfR1)

Transferrin receptor2 (TfR2)

Binds diferric-transferrin to the cell for internalization of iron; can form molecular complex with HFE

Forms molecular complex with HFE to regulate hepatic hepcidin expression; can bind transferrin

HFE Interacts with TfR1 and TfR2 to control hepcidin expression

Transferrin (Tf) Transports iron found in blood; diferric transferrin binds to TfR1 and can displace HFE from TfR1 when level of 
diferric transferrin increases

Hemojuvelin (HJV)

Ceruloplasmin

Regulates hepcidin expression

Copper containing ferroxidase; plays same role in iron export from macrophages and other nongut tissues as 
hephaestin does in enterocytes

GDF-15 Member of the transforming growth factor-β superfamily released from erythroblasts and other cells under stress 
and apoptosis; suppresses hepcidin synthesis; increased during ineffective erythropoiesis

HIF-2 Transcription factor involved in oxygen-dependent gene regulation; regulates EPO production and expression of 
DMT, DcytB, transferrin, TfR1, ceruloplasmin, and heme-oxygenase-1

★	 taBle 12-6 Proteins Involved in Iron Homeostasis

Causes of iron Deficiency Causes of iron Overload

• increased requirement/demand 
due to blood loss, rapid growth, 
treatment with EPO

• increased absorption of 
iron

• multiple transfusions

• iron injections• inadequate diet

• malabsorption

★	  taBle 12-5 Causes of Iron Deficiency 
and Iron Overload
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absorption in the gut.11 Other genes regulated by HIF-2 are trans-
ferrin, TfR1, ceruloplasmin, and heme-oxygenase-1. It may also play 
a role in hepcidin production.

Hepcidin synthesis is affected by not only iron status, hypoxia, 
and erythropoietic activity but also infection and inflammation. 
Bacteria-activated macrophages and neutrophils synthesize hepcidin 
but at lower levels than the hepatocytes. In the presence of inflam-
mation, the cytokine interleukin-6 (IL-6) induces synthesis of hepci-
din (through transcriptional regulation of the JAK-STAT3 signaling 
pathway) (see Chapter 4, Signaling Pathways and Transcription Fac-
tors). The increase in hepcidin results in hypoferremia (decreased 
serum iron) (Figure 12-6 ■).12 Because hepcidin induces iron reten-
tion in the macrophages (traps intracellular iron) and most iron used 
in erythropoiesis comes from iron recycled from the macrophage, 
hypoferremia can develop rapidly in the presence of inflammation 
or infection even though total body iron can be normal or even 
increased. This appears to be the pathologic basis for the anemia of 
chronic disease (ACD) (see “Anemia of Chronic Disease”).

•	 HFE is a transmembrane protein found primarily in hepatocytes, 
hematopoietic cells, and crypt cells of the duodenum. HFE can bind 
to both TfR1 and TfR2 on cells.12 In the basal state of iron metabo-
lism, HFE and TfR1 exist as a complex on the cell membrane. Diferric 
transferrin and HFE compete for binding to TfR1. When the level of 
diferric transferrin increases, as in iron-loading conditions, it displaces 
HFE from TfR1. The free HFE can then interact with TfR2, which 
can also bind transferrin. TfR1 and TfR2 communicate with one 
another through HFE. HFE complexed with TfR2 and transferrin act 
as iron sensors and convey the diferric-transferrin status through a 
cell signaling cascade, leading to hepcidin synthesis.5,12,13 The signal-
ing complex involves the bone morphogenic protein (BMP) receptor 
and a membrane anchored coreceptor, HJV, which together bind the 
BMP6 ligand and activate the BMP receptor.14 Thus, HFE is involved 
in regulating iron absorption and uptake by modulating hepcidin 
levels. Mutations of HFE and TfR2 are associated with hereditary 
hemochromatosis (a condition of total body iron overload).15

•	 Hemojuvelin (HJV) is a glycosylphosphatidylinositol-anchored 
membrane-bound BMP coreceptor that enhances hepcidin gene 
expression.5,6 Matriptase-2 (MT-2, TMPRSS6), which cleaves 
HJV, may modulate the HJV concentration on the cell mem-
brane. HJV mutations are associated with decreased hepcidin 
synthesis and severe iron overload. However, the exact molecular 
mechanism is not yet known.

Thus, although hepcidin is the major iron-regulating hor-
mone, additional proteins are involved in iron homeostasis by their 
influence on hepcidin synthesis or function.

iron Balance at the Cellular level
Control of iron balance at the cellular level occurs by regulation of 
transcription and translation of proteins involved in iron metabolism. 
Iron-regulatory proteins (IRPs) have mRNA with similar RNA stem-
loop-stem structures in either the 5′ or 3′ noncoding regions, referred 
to as iron-responsive elements (IREs). IREs are recognized and bound 
by IRPs. The binding affinity of IRP for the IRE is determined by the 
amount of cellular iron: IRP binds to the IRE when iron is scarce and 
dissociates when iron is plentiful.

When bound to the IRE of mRNA, the IRP modulates the trans-
lation of the mRNA. The IRP regulates translation in one of two ways, 
depending on the location of the IRE in the mRNA. IRP binding to IRE 
in the 5′ untranslated region (UTR) of the mRNA results in the disrup-
tion of translation by preventing the assembly of initiation factors at 
the initiator site (Figure 12-7 ■). Because binding occurs when iron is 
scarce, translation of proteins with IRE in the 5′ UTR is decreased in 
the absence of iron.17–19 The mRNAs of ferritin, ferroportin, and ALA 
synthase 2 (ALAS2) fall into this group. If the IRE is in the 3′ UTR of the 
mRNA, binding of the IRP stabilizes the mRNA that would otherwise 
be digested/degraded (Figure 12-8 ■). Thus, translation increases when 
iron is scarce. The mRNAs of TfR and DMT1 fall into this second group.

Thus, IRP regulates cellular iron by coordinating synthesis of 
ferritin and TfR in opposite directions. The level of TfR expression 
reflects the cell’s need for iron and is an important factor in hemo-
globin synthesis. When the cell needs more iron, TfRs increase to 
maximize the amount of iron incorporated into the cell and ferritin 
formation decreases. On the other hand, when cells have adequate or 
excess iron, the ferritin levels rise and transferrin receptors decrease. 
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■	 Figure 12-6 A model for molecular regulation of hep-
cidin. Hepcidin is regulated by at least two pathways: the 
iron-sensing pathway and the inflammatory pathway. The 
iron-sensing pathway involves the interaction of HFE with 
TfR1 and TfR2. Both receptors can bind HFE and difer-
ric transferrin (holoTf). When the concentration of holoTf 
increases, it displaces HFE from TFR1 and both HFE 
and holoTf bind to TfR2. The HFE/TfR2/holoTf complex 
then interacts with a second protein complex (the bone 
morphogenetic protein [BMP] receptor, its ligand BMP6, 
and HJV coreceptor) to signal upregulation of hepcidin 
through the cell signaling SMAD pathway. Matriptase-2 
(MT-2), a transmembrane serine protease, degrades HJV, 
impairing BMP receptor activation and decreasing hep-
cidin synthesis. The amount of MT-2 on hepatocyes is 
acutely increased in iron deficiency. Hepcidin transcription 
is increased in the presence of inflammation. The cytokine 
interleukin-6 (IL-6) binds to the IL-6 membrane receptor. 
This activates the receptor and signals hepcidin transcrip-
tion through the JAK-STAT2 cell signaling pathway.
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Regulation of the ALAS2 gene coordinates the synthesis of porphyrin 
(heme) with iron availability.

■	 Figure 12-8 Regulation of iron at the cellular level. 
A stem-loop-stem structure in the 3= noncoding region, 
referred to as the iron-responsive element (IRE), is 
 present in some mRNA. Binding of iron-regulatory  protein 
(IRP) to the IRE stabilizes the mRNA. When  cellular 
iron is replete, the iron binds to the IRP and prevents 
it from binding to the IRE. This results in degradation 
of the mRNA by endonuclease. The translation of the 
mRNAs of TfR and DMT1 is regulated in this fashion. 
(AAAA = POLY@ADENINE TAIL)
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IREmRNA
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5´
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Fe
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Fe
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Iron is replete and binds to IRP; this
allows endonuclease to cleave the
mRNA

Iron is scarce, which allows IRP to bind
IRE; binding prevents endonuclease 
from digesting mRNA

■	 Figure 12-7 Regulation of iron at the cellular level. 
A stem-loop-stem structure in the 5= noncoding region, 
referred to as the iron-responsive element (IRE), is  present 
in some mRNA. Binding of iron-regulatory protein (IRP) 
to the IRE prevents initiation of translation. When the 
level of cellular iron is replete, the iron binds to IRP, 
 preventing IRP binding to the IRE and allowing  assembly 
of initiation factors at the initiation site, which allows 
translation to take place. The translation of mRNAs of 
 ferritin, ferroportin, and ALAS2 is regulated in this fashion. 
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equilibrium between loss and absorption in adult life. Humans are 
unable to excrete iron; therefore, the rate of absorption and loss of 
iron must be matched to avoid ID or excess.

Factors that increase Fe requirements
Normal physiologic factors that increase the daily requirement for iron 
include menstruation, pregnancy, and growth. Pathologic factors that 
increase the need for iron are discussed in the next section on iron-
deficiency anemia.

Menstruation
The average daily iron loss in menstruating females is 0.6–2.5% more 
than in men and nonmenstruating women.21 To maintain total body 
iron balance, menstruating females must absorb about 2 mg of iron 
daily.

Pregnancy
The daily iron requirement during pregnancy is about 3.4 mg; if 
spread out as a daily average over the 3 trimesters, it would be about 
1000 mg per pregnancy. The fetus accumulates ∙250 mg of iron from 
maternal stores via the placenta; added to this is the iron requirement 
for increased maternal blood volume and iron loss at delivery due to 
bleeding. Thus, a single pregnancy without supplemental iron could 
exhaust the mother’s iron stores.

In iron-deficiency anemia, would you expect synthesis of 
ALAS2 to increase or decrease? Explain.

CheCkpoint 12-1

iron Metabolism in the Mitochondria
Most iron entering erythroid cells is routed to the mitochondria for 
hemoglobin synthesis and iron-sulfur (Fe-S) cluster (iron containing 
functional group) assembly. Mitochondrial ferritin serves as an iron 
storage molecule and is highly expressed in tissue with numerous 
mitochondria. It also is highly expressed in the sideroblasts of patients 
with X-linked sideroblastic anemia with ataxia (XLSA/A).

Frataxin is the protein in the mitochondrial matrix that is thought 
to play a role in mitochondrial iron export and storage.20

Iron Requirements
Normally, humans maintain a relatively constant body concentra-
tion of iron throughout their life. This is accomplished by establish-
ing a positive iron balance during growing years and maintaining an 

M12_MCKE6011_03_SE_C12.indd   208 01/08/14   9:14 pm



Chapter 12   •   anemias of DisorDereD iron metabolism anD heme synthesis  209

infancy/Children
In infancy, rapid growth of body size and hemoglobin mass requires 
more iron in proportion to food intake than at any other time of life. 
During the first 6 months of life, an infant synthesizes ∙50 g of new 
hemoglobin. In addition, iron is needed for tissue growth. At birth, nor-
mal iron stores of 30 mg are adequate to see the infant through the first 
4 to 5 months of life but can be depleted quickly in an infant whose 
primary dietary intake is unfortified cow’s milk. Extraction of iron 
from human breast milk is very efficient, enabling infants to acquire a 
large proportion of the iron present. Premature infants are at an even 
higher risk of rapid iron depletion because much of the placental trans-
fer of iron occurs in the last trimester of pregnancy, and they have a 
faster rate of postnatal growth than full-term infants. In one study the 
prevalence of iron deficiency at 1 year corrected age of preterm very-
low-birth-weight infants was 45%.22 It is recommended that full-term 
infants begin iron supplements no later than 4 months of age and that 
low-birth-weight infants begin no later than 2 months of age.23

Iron requirements are also high in childhood, especially in 1- to 
2-year-olds. Globally, about 25% of preschool children have iron-
deficiency anemia.24

laBOratOry aSSeSSMent OF irOn
Clinically useful indicators of iron status change sequentially as body 
iron changes from replete to deficiency or overload. Additionally, 
coexisting conditions can affect test results. Because no single indi-
cator or combination of indicators reveals true body iron status in 
all circumstances, it is recommended that multiple parameters be 
used to assess iron status.25 Laboratory testing to determine iron sta-
tus includes measurement of serum iron, total iron-binding capacity 
(TIBC), calculation of the percent saturation of transferrin, serum 
ferritin, and serum transferrin receptor (sTfR) (for reference intervals 
see Table F, back cover). An indirect assessment of iron availability is 
provided by the zinc protoporphyrin (ZPP) assay.

Iron Studies
Transferrin can be measured as a protein by immunochemical methods, 
but because the percent saturation (with iron) is helpful in the differential 
diagnosis of anemia, it is usually measured functionally as the maximum 
amount of iron able to be bound in the serum (TIBC). The measured 
serum iron and TIBC are used to calculate the percent saturation.

As a general rule, changes in the quantity of total body storage 
iron are accompanied by fluctuations in the serum iron and TIBC. 

Disease MCv Serum iron Saturation (%) Ferritin
Serum transferrin 
receptor

Iron-deficiency anemia Low Low Low Low Increased

Acute infection normal Low Low Increased normal

Anemia of chronic disease normal or low Low Low to normal normal to increased normal

Thalassemia minor Low normal normal normal normal to increased

Hypoplastic/aplastic anemia normal to increased High High Increased normal

Acute hepatitis normal Increased normal to increased Increased normal

Chronic liver disease normal to increased Low to normal normal to increased Increased normal

★	 taBle 12-7 Iron Status Parameters in Patients with Various Diseases

A patient’s iron studies revealed serum iron 100 mcg/dL 
and TIBC 360 mcg/dL. Calculate the percent saturation 
and UIBC. Are these values normal or abnormal?

CheCkpoint 12-2

As storage iron increases, serum iron increases and TIBC decreases; 
conversely, if storage iron decreases or is absent, serum iron decreases 
and TIBC increases. A transferrin saturation below 15% is an indica-
tor of ID, whereas a saturation above 50% suggests iron overload and 
possibly hemochromatosis.

Ferritin can be measured in the serum, where its concentration 
is proportional to the amount of storage iron in the body. Gener-
ally, serum ferritin levels <12 mcg/L indicate depletion of iron 
stores while levels 71000 mcg/L indicate iron overload. Decreased 
serum ferritin levels can be the first indication of developing IDA. 
Serum ferritin levels decrease before the exhaustion of mobilizable 
iron stores, whereas abnormalities in the TIBC and serum iron may 
become detectable only after iron stores are depleted. Ferritin is an 
acute phase reactant, so care should be used in interpreting serum 
ferritin levels in infectious or inflammatory states. Concomitant ID 
can be masked if other tests of iron status are not considered. Refer to 
Table 12-7 ★ for the variations in tissue iron in various disease states.

Small amounts of TfR can be identified in serum (sTfR) by sensi-
tive immunoassay techniques. The level of circulating sTfR mirrors 
the amount of cellular receptor. The sTfR is inversely proportional to 
the amount of body iron because cellular receptor synthesis increases 
when cells lack sufficient iron. The majority of sTfR is derived from the 
erythroid cells in the bone marrow; the concentration is directly pro-
portional to erythroid activity and parallels the reticulocyte count. The 
level of sTfR is not affected by concurrent disease states as is serum fer-
ritin. Circulating sTfR increases in iron-deficiency anemia but not ane-
mia of chronic disease and thus is useful in the differential diagnosis.

When iron is not available for incorporation into the protopor-
phyrin ring to form heme or heme synthesis is disturbed, zinc is an 
alternate protoporphyrin ligand and can be incorporated into the ring, 
forming zinc protoporphyrin (ZPP). As a result, excess protoporphy-
rin in the form of ZPP can accumulate in the cell. The ZPP formed 
during RBC development persists for the life of the cell and thus 
reflects iron supply over the preceding weeks. ZPP can be detected by 
measuring fluorescence in the blood.
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irOn-DeFiCienCy aneMia
Iron deficiency is the most common nutritional deficiency in the 
world. It is prevalent in countries where grain is the mainstay of 
the diet or meat is scarce. Unfortunately, these are generally coun-
tries where hookworm infestation is endemic. The combination of 
decreased availability of dietary iron and chronic blood loss from 
parasitic infection increases the risk of developing IDA. Malnutri-
tion is associated not only with decreased iron intake but also with 
decreased intake of other essential nutrients including folate. Thus, 
causes of anemia associated with malnutrition can be multifactorial.

Historical Aspects
In the United States between 1870 and 1920, chlorosis, a word used to 
describe the condition of ID, was so common in young women that 
it was believed that every female had some form of the disease dur-
ing puberty.26 The word chlorosis was coined because of the greenish 
tinge of the skin in these patients; however, often the greenish hue was 
not apparent but pallor (paleness of the skin) was pronounced. Other 
classic clinical signs and symptoms of anemia were present including 
shortness of breath on exertion, lethargy, and heart palpitations. These 
chlorotic girls were found to have decreased numbers of red cells and an 
increase in the proportion of serum to cells in their blood. Some of the 
chlorotic girls were also noted to have unusual appetites, craving sub-
stances such as chalk, cinders, charcoal, and bugs. As therapy for these 
patients, doctors prescribed iron salts even though the exact nature of 
the disease had not been identified. Some physicians linked chlorosis 
to dietary habits; others implicated menstruation as a possible cause 
of the disease because chlorosis affected girls in puberty but not boys.

Etiology
ID can occur because of normal or pathologic conditions that result 
in an increased demand for iron, malabsorption, or poor diet. In 
malabsorption or with an iron-deficient diet, iron stores can become 
depleted over a period of years. With an increase in the demand for 
iron, iron depletion can occur more rapidly, sometimes over a period 
of months.

Dietary Deficiency
In most developed countries, inadequate dietary intake of iron is rarely 
the cause of anemia (except in infancy, pregnancy, and adolescence). 
Diet and socioeconomic status, however, are factors in the develop-
ment of iron deficiency in children.

Blood loss
The average adult male in the United States ingests many times more 
iron than is required. It would take an adult male about 8 years to 
develop IDA if he absorbed no iron during that period of time. ID in 
adult males is almost always due to chronic blood loss from the gas-
trointestinal or genitourinary tracts. For each milliliter of blood lost, a 
loss of about 0.5 mg of iron occurs. Gastrointestinal lesions leading to 
blood loss include peptic ulcers, hiatal hernia, malignancies, alcoholic 
gastritis, excessive salicylate ingestion, hookworm infestation, and 
hemorrhoids. The correlation of ID and GI lesions in elderly patients 
is high.27 Genitourinary tract blood loss occurs less frequently and can 
result from lesions within the genitourinary system.

Complete Blood Count (CBC)
The normocytic, normochromic red blood cells are gradually replaced 
by microcytic, hypochromic cells in ID. The time it takes for abnormal 
cells to replace the normal population depends on the extent of the 
demand for iron and the amount available. The RDW increases as 
the microcytic cells replace the normocytic cells. Some hematology 
analyzers give the proportion of hypochromic cells. Analyzers may 
also give the mean cellular hemoglobin of reticulocytes (CHr, MCHr) 
or reticulocyte hemoglobin equivalent (CHret) (Chapter  11). The 
CHr measures the functional availability of iron during hemoglobin 
synthesis in the erythrocyte. It provides an early indication of iron-
restricted erythropoiesis before anemia develops.

hepcidin
Hepcidin is the primary controller of iron supply and storage because 
of its effect on iron absorption and ferroportin1. Although hepcidin 
measurement has the potential to increase diagnostic accuracy of 
iron-metabolism disorders, a simple, inexpensive, widely available 
test has not been developed.

Ferrokinetics
Quantitative measurement of internal iron exchange (ferrokinetics) is 
useful in understanding the pathophysiology of certain erythropoietic 
disorders. Ferrokinetic studies monitor the movement of radioactively 
labeled iron (59Fe) from the plasma to the bone marrow and its sub-
sequent uptake into developing erythroblasts. Plasma iron is labeled 
by intravenous injection of a trace amount of 59Fe. The labeled iron 
binds to transferrin for transport. Its clearance from the plasma can be 
followed by counting the radioactivity that remains in the plasma at 
intervals up to 90 minutes. The rate at which iron leaves the plasma is 
called the plasma iron turnover (PIT) rate, and its primary determi-
nant is tissue need. The PIT is a good indicator of total erythropoiesis 
and correlates well with the erythroid cellularity of bone marrow.

The amount of iron used for effective hemoglobin synthesis can 
also be measured by determining the amount of 59Fe incorporated 
into circulating erythrocytes over time. Normal erythrocyte utiliza-
tion is 70–90% of the injected 59Fe by day 10–14. This is termed the 
erythrocyte iron turnover (EIT) rate. The EIT is a good measure of 
effective erythropoiesis and correlates with the reticulocyte produc-
tion index.

The normal discrepancy between the rate at which iron leaves 
the plasma (PIT = 0.7 mg/day/dL) and the rate at which it moves 
from marrow to circulating erythrocytes (EIT = 0.56 mg/day/dL) 
suggests that the red cell utilization (RCU) of iron is 6100%. Some 
of the labeled iron can enter the liver or bone marrow macrophages. 
In addition, 5–10% of bone marrow iron is involved in ineffective 
erythropoiesis, causing a loss of the labeled iron by intramedullary 
destruction of abnormal erythrocytes.

A rapid or increased PIT coupled with a normal or increased 
RCU indicates increased erythropoiesis. A normal to increased PIT 
coupled with a decreased RCU indicates ineffective erythropoiesis, 
and a decreased PIT with corresponding decreased RCU indicates 
decreased erythropoiesis.

Ferrokinetic studies can be valuable in locating sites of medullary 
and extramedullary erythropoiesis by counting surface radioactivity 
over the liver, spleen, and sacrum.
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A 30-year-old female and a 25-year-old male both had 
bleeding ulcers. assume that they acquired the ulcer 
at the same time, were losing about the same amount 
of blood, had equal amounts of storage iron to begin 
with, and were taking in about 15 mg of dietary iron each 
day. Would you expect that the woman and man would 
develop ID at the same time? Explain.

CheCkpoint 12-3

Thus, ID can range in severity from reduced iron stores with no 
functional effect (Stages 1 and 2) to severe anemia with deficiencies 
of tissue iron-containing enzymes (Stage 3). Laboratory evaluation of 
iron status is helpful in defining these 3 stages (Table 12-8 ★).

•	 Stage 1 During iron depletion, iron stores are exhausted as indi-
cated by a decrease in serum ferritin. There is no anemia and eryth-
rocyte morphology is normal, but the red cell distribution width 
(RDW) is frequently elevated. The abnormal RDW can be the first 
hematologic indication of a developing ID in the nonanemic patient.

In hospitalized patients, the RDW is not as specific, and the 
serum ferritin not as sensitive in detecting ID.31 Hospitalized 
patients have a high incidence of other diseases that can affect these 
parameters.

•	 Stage 2 The second stage of ID is characterized by iron-deficient 
erythropoiesis. There is insufficient iron to insert into the protopor-
phyrin ring to form heme. As a result, the protoporphyrin accumu-
lates in the cell and complexes with zinc to form ZPP. Bone marrow 
sideroblasts are absent; macrophage iron is not seen.

Anemia and hypochromia are still not detectable, but the 
erythrocytes can become slightly microcytic. The CHr, which 
measures the functional availability of iron during hemoglobin 
synthesis, can decrease even when anemia is absent (Chapter 11).32

•	 Stage 3 A long-standing negative iron flow eventually leads to 
the last stage of iron deficiency: IDA. Blood loss can significantly 
shorten the time for this stage to develop. All laboratory tests for 
iron status become markedly abnormal. The most significant find-
ing is the classic microcytic hypochromic anemia.

It is apparent, then, that when microcytic hypochromic anemia 
due to ID is present, the situation represents the advanced stage of 
severely deficient total body iron.

Clinical Features
The onset of IDA is insidious, usually occurring over a period of 
months to years. Early ID stages usually show no clinical manifesta-
tions, but as anemia develops, clinical symptoms appear. In addition to 
symptoms of anemia, a variety of other abnormalities can occur due 
to a decrease or absence of iron-containing enzymes in various tis-
sues. These include koilonychia (concavity of nails), glossitis, pharyn-
geal webs, muscle dysfunction, inability to regulate body temperature 
when cold or stressed, and gastritis.

A curious manifestation of ID is the pica syndrome. Pica is an 
unusual craving for ingesting unnatural items. The most common dys-
phagias described in patients with ID include ice-eating (phagophagia), 
dirt/clay-eating (geophagia), and starch-eating (amylophagia).33,34

Iron-deficient infants perform worse in tests of mental and 
motor development than do nonanemic infants.35 There is specula-
tion that untreated ID at this stage of human development has long-
lasting effects on the central nervous system.36 Symptoms reported 
to occur in iron-deficient children include irritability, loss of memory, 
and difficulties learning. Deficiencies of the immune system have been 
attributed to iron-related impairment of host defense mechanisms.

In the absence of iron in the gut, other metals are absorbed in 
increased amounts. This can be significant when an iron-deficient per-
son is exposed to toxic metals such as lead, cadmium, and plutonium.

In women of child-bearing age, iron loss through menstruation is 
the most frequent cause of iron deficiency.28 Blood loss is less often the 
result of intravascular hemolysis. If haptoglobin becomes depleted, the 
free circulating hemoglobin dissociates into dimers, is filtered by the kid-
neys, and appears in the urine (hemoglobinuria). This results in a loss of 
iron, the amount of which is proportional to the amount of hemoglobin 
in the urine. Some of the hemoglobin is reabsorbed in the renal tubules, 
resulting in the deposition of iron as hemosiderin in renal tubular cells 
and eventual sloughing of these cells into the urine (hemosiderinuria).

hemodialysis
Anemia is a common finding in patients with kidney disease. The 
causes are varied, but the most important factor is a loss or decrease in 
erythropoietin (EPO) production by the diseased kidneys. Thus, hemo-
dialysis patients are often given recombinant human erythropoietin 
(rHuEPO) to increase erythropoiesis. However, sufficient iron cannot 
be mobilized from storage sites rapidly enough to meet the need for a 
two- to four-fold increase in the rate of erythropoiesis that can result 
from this therapy. The result can be a functional iron deficiency.29 
Lack of an adequate response to EPO therapy is primarily due to func-
tional ID.30 However, if the patient is given intravenous iron injections 
together with rHuEPO, the hematopoietic response is enhanced.

Malabsorption
Malabsorption is an uncommon cause of ID except in malabsorption 
syndromes (such as sprue), after gastrectomy, in atrophic gastritis, and 
in achlorhydria. Gastrectomy results in impaired iron absorption due to 
the absence of gastric juice, which helps to solubilize and reduce dietary 
iron into the more easily absorbed ferrous form. In addition, with the 
loss of the reservoir function of the stomach, nutrients can transit rapidly 
through the duodenum, allowing insufficient time for iron absorption.

IDA is frequently accompanied by atrophic gastritis and achlor-
hydria, but it is not known whether achlorhydria and gastritis are 
causes of iron malabsorption or the ID is a cause of atrophic gastritis 
and hence achlorhydria. In patients with gastritis and achlorhydria, 
therapy with oral iron can be ineffective due to poor iron absorption.

Pathophysiology
Defined as a diminished total body iron content, ID develops in sequen-
tial stages during a period of negative iron balance (losing more iron 
than is absorbed in the gut). These stages are commonly referred to as:

•	 Iron depletion
•	 Iron-deficient erythropoiesis
•	 IDA
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Parameter reference interval
Stage 1 Storage iron 
Depletion; no anemia Stage 2 iDe Stage 3 iDa

Ferritin (mcg/L) Male 20–300 Decreased Decreased Decreased

Female 12–200

sTfR (mg/L) 1.15–2.75 normal Increased Increased

TfR-F Index 0.63–1.80 Increased Increased Increased

Serum iron (mcg/dL) Male 65–180 normal Decreased Decreased

Female 50–180

TIBC (mcg/dL) 250–450 normal or slight increase Increased Increased

saturation % Male 20–45 normal Decreased Decreased

Female 15–45

ZPP (mcg/dL) whole 
blood corrected to 
volume of packed red 
cells of 0.35 L/L

Male 1–27

Female 11–45

Increased Increased Increased

Male hemoglobin (g/L) 140–174 normal normal Decreased

Female hemoglobin (g/L) 120–160 normal normal Decreased

RBC morphology normocytic, normochromic normocytic, normochromic normocytic, normochromic Microcytic, hypochromic

sTfR = serum transferrin receptor; TfR@F = transferrin receptor-ferritin; TIBC = total iron binding capacity; ZPP = zinc protoporphyrin

★	 taBle 12-8 Laboratory Test Profile of Fe Status in Developing Iron Deficiency

Threshold
for IDE

Normal Stage 1:
Iron depletion

Stage 2: Iron-deficient
erythropoiesis (IDE)

Stage 3: Iron-
deficiency
anemia (IDA)

Storage iron
(serum ferritin)

Transport iron
(% transferrin saturation)

Functional iron
(hemoglobin)

Laboratory Features
Practice guidelines for diagnosis and therapy of iron deficiency are 
inconsistent.26 However, laboratory tests are essential for an accurate 
diagnosis and in evaluation of therapy.

Peripheral Blood
The blood picture in well-developed ID is microcytic (MCV 55–74 
fL) and hypochromic (MCHC 22–31 g/dL, MCH 14–26 pg) 
(Figure  12-9  ■). Because ID develops progressively, any gradation 
between the well-developed microcytic hypochromic iron-deficient 
blood picture and normal can occur. Microcytosis and anisocytosis, 
characterized by an increased RDW, are usually the first morphologic 

signs, developing even before anemia (Chapter 11). The blood film dem-
onstrates progressive poikilocytosis. The most frequent poikilocytes are 
target cells (codocytes), elliptocytes, and dacryocytes (teardrop cells).

The typical blood picture can be masked if the iron-deficient 
patient has a concurrent vitamin B12 or folate deficiency (causes of 
macrocytic anemia). In these cases, microcytosis may become appar-
ent only after vitamin B12/folic acid replacement therapy.

Both the relative and absolute number of reticulocytes can 
be normal or even slightly increased, but the reticulocyte count is 
decreased relative to the severity of the anemia with an RPI of 6 2. 
A decreased CHr is an early indicator of iron-restricted erythropoiesis 
in nonanemic individuals. In patients on chronic hemodialysis, the 
CHr has been shown to be superior to the presence of hypochromic 
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■	 Figure 12-9 Microcytic, hypochromic anemia of 
iron deficiency. Compare size of RBCs to nucleus of 
small lymphocyte in center. Note the anisocytosis and 
 poikilocytosis (peripheral blood; Wright-Giemsa stain; 
1000* magnification).

Jose, the 83-year-old patient, had a CBC upon admission. 
The results were:

2. How would you describe his anemia morphologically?

CaSe StuDy (continued from page 199)

RBC 4.15 * 1012/L
Hb 81 g/L (8.1 g/dL)
Hct 0.26 L/L (26%)
Platelets 174 * 109/L
WBC 2.8 * 109/L

red cells in detecting iron deficiency. Using a cutoff of CHr 626, the 
CHr has a sensitivity of 100% and a specificity of 73%.37 In compari-
son, the sensitivity and specificity in detecting iron deficiency when 
the percentage of hypochromic red cells is 72.5% is 91% and 54% 
respectively.

The leukocyte count is usually normal but can increase because of 
chronic marrow stimulation in long-standing cases or after hemorrhage. 
With concomitant hookworm infestation, eosinophilia can be present.

Platelets can be normal, increased, or decreased. Thrombocyto-
sis frequently accompanies ID, and has been proposed to be related 
to ID caused by chronic blood loss. Thrombocytopenia can occur in 
patients with severe or long-standing anemia, especially if accompa-
nied by folate deficiency. Platelet numeric abnormalities can be cor-
rected with treatment that replenishes iron stores.

The serum ferritin level is decreased in all stages of ID and can be 
the first indication of a developing ID state. Serum  ferritin is  generally 
considered the single best test to detect iron  deficiency. Once serum 
ferritin levels fall below 12 mcg/L, the levels no  longer correlate with 
storage iron because stores are exhausted. Serum  ferritin is an impor-
tant test to differentiate IDA from other  microcytic hypochromic 
anemias. Levels are normal to increased in ACD unless complicated 
by ID and increased in sideroblastic  anemia and thalassemia.

Because serum ferritin is an acute phase reactant, the lower 
limit of the reference interval for this parameter could need to be 
adjusted to detect ID in some patient populations (Web Table 12-1). 
It has been suggested that to detect ID in patients with concomitant 
ACD, inflammation, infection, pregnancy, and a wide range of other 
medical problems, the lower limit of serum ferritin should be raised 
from 12 g/L.30,38–41 It has also been suggested that the threshold level 
of serum ferritin for a diagnosis of ID in the aged subject be raised 
because serum ferritin levels rise with age.42

The sTfR assay has proved useful in detecting and differentiat-
ing IDA and ACD. Patients with ID have a mean sTfR level over twice 
(13.91 + 4.63 mg/L) that of normal individuals (5.36 + 0.82 mg/L). 
Conversely, patients with chronic disease and acute infection (ACD) have 
mean levels almost identical to those of normal individuals. A combina-
tion of sTfR and serum ferritin can be used to calculate the sTfR-F index:

sTfR@F Index = sTfR/log ferritin

This index can improve detection of subclinical iron-deficient 
states in healthy individuals.43,44 An index of more than 1.8 indicates 
depletion of iron stores.

Combinations of serum ferritin, MCV, TIBC, percent saturation, 
and sTfR can eliminate the need for costly, inconvenient, and pain-
ful bone marrow examination to assess iron stores in patients with 
inflammation or chronic disease and in early stages of ID.38,45,46

erythrocyte Protoporphyrin (eP) Studies
The ZPP measurement correlates inversely with serum ferritin con-
centration and is more cost effective.47 It can detect iron depletion 
before anemia develops and thus is a good screening tool for the early 
stages of ID. Because the number of nonanemic toddlers with iron 
depletion is significant and ID has a detrimental effect on develop-
ment in children, ZPP rather than the hematocrit should be utilized 
as the screening test for ID.48 ZPP is also more diagnostically efficient 
than serum iron or serum ferritin in screening for ID in the pres-
ence of infection or inflammation and in hospitalized patients with 
microcytic anemia.47,49 Thus, ZPP can be a valuable screening assay 
for these populations.

The level of ZPP is useful also as a screening test to differenti-
ate ID and thalassemia, the two most common causes of microcytic 
hypochromic anemia. Whereas ZPP can be elevated in thalassemia, 
the increase in ID is 3 to 4 times higher than in thalasssemia.50 When 
laboratory analysis reveals a high ZPP combined with a high RDW, ID 
is strongly suggested.51 The RDW is typically normal or only slightly 
elevated in thalassemia trait. Web Table 12-2 lists other conditions 
associated with increased EP levels.

In patients with concurrent lead poisoning, the ZPP cannot 
be used to distinguish ID and thalassemia because lead inhibits 

iron Studies
Iron studies on iron-deficient patients help establish the  diagnosis. 
The serum iron is decreased, usually less than 30 mcg/dL, the TIBC 
is increased, and transferrin saturation is decreased to less than 15%. 
Serum iron concentration has a diurnal variation with highest levels 
in the morning, so sampling time is an important consideration.
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the anemia is not alleviated for weeks. The dysphagias also are cor-
rected before the anemia.

A response to iron therapy is defined as an increase of 1 gm 
hemoglobin in 1 month. Because reticulocytes are new red blood 
cells just released from the bone marrow, reticulocyte counts and 
IRF give a snapshot of recent red blood cell production (Chapter 11). 
Reticulocyte response to iron therapy begins about the 3rd day after 
the start of therapy, peaks at about the 9th to 10th day (4–10% reticu-
locytes), and declines thereafter. An increase in CHr (Chapter 11) is 
an early indicator of the availability of functional iron and its incor-
poration into hemoglobin over the last several days. The CHr begins 
to increase well in advance of an increase in reticulocytes and hemo-
globin.37,54 If therapy is successful, the hemoglobin should rise until 
levels within reference intervals are established, usually within 6–10 
weeks. To restore iron stores, extended therapy with small amounts of 
iron salts may be required (usually for 6 months) after the hemoglobin 
has returned to normal.

Because of the high prevalence of ID in toddlers, screening all 
1-year olds for iron deficiency and/or anemia is a well-accepted prac-
tice. It has been suggested that if the hemoglobin concentration is 
decreased, a therapeutic trial of iron be initiated in this population. If 
anemia persists after 1 month of therapy, further evaluation is neces-
sary55 (Web Figure 12-1).

aneMia OF ChrOniC DiSeaSe
ACD, also called anemia of inflammation or infection (AI) is 
usually defined as the anemia that occurs in patients with chronic 
infections, chronic inflammatory disorders, trauma, organ failure, 
or neoplastic disorders not due to bleeding, hemolysis, or marrow 
involvement (Table 12-9 ★). ACD is characterized by low serum iron 
but normal iron stores. The anemia appears to be a specific entity 
and does not relate to any nutritional deficiency. Anemias associated 
with renal, endocrine, or hepatic insufficiency are usually excluded 
from ACD.

ACD is the most common anemia other than IDA. It accounts 
for the anemia in more than one-third of anemic hospitalized patients 
without blood loss. Anemia is present in up to 50% of patients with 
malignant solid tumors and is often the clue that leads to a diagnosis 
of cancer. The most common anemia in these patients is ACD.

Pathophysiology
The causes of ACD are multifactorial (Table 12-10 ★). Most of the 
pathophysiology is linked to inflammatory cytokines. ACD is char-
acterized by hypoferremia, decreased transferrin (decreased TIBC), 
increased serum ferritin, and increased iron in bone marrow macro-
phages. This suggests a block in the mobilization of iron from mac-
rophages for recycling to the bone marrow erythroblasts. Because 
macrophages recycle 10–20 times more iron than is absorbed by 
enterocytes, any changes in iron flux through the macrophages affect 
iron balance more rapidly than changes in iron absorption and trans-
port by enterocytes. Absorption of iron in the intestine is decreased, 
which can lead to iron deficiency over time.

Studies reveal that the block in iron release from macrophages is 
mediated by hepcidin, which is produced in response to interleukin 6 (IL-6)  

ferrochelatase, the enzyme needed to incorporate iron into the proto-
porphyrin ring. Consequently, the free erythrocyte porphyrin com-
plexes with zinc, and ZPP is increased in lead poisoning whether or 
not iron is available.

Bone Marrow
The bone marrow shows mild to moderate erythroid hyperplasia 
with a decreased M:E ratio. Total cellularity is often moderately 
increased. This increase in marrow erythropoietic activity without 
a corresponding increase in peripheral blood reticulocytes suggests 
an ineffective erythropoietic component. With appropriate iron ther-
apy, the erythroid hyperplasia initially increases and then returns to 
normal. A common finding (not exclusive to IDA) is the presence of 
poorly hemoglobinized erythroblasts with scanty irregular (ragged) 
cytoplasm. This morphology is most evident at the polychromato-
philic stage. Erythroid nuclear abnormalities are sometimes present 
and can resemble the changes found in dyserythropoietic anemia. 
These changes include budding, karyorrhexis, nuclear fragmentation, 
and multinuclearity. Stains for iron reveal an absence of hemosid-
erin in the macrophages, a consistent finding in ID. Sideroblasts are 
markedly reduced or absent. Evaluation of iron stores using serum 
iron studies eliminates the need for bone marrow examination in 
most cases.

Therapy
Once the cause of the anemia has been established, treatment prin-
ciples are to address the underlying disorder (e.g., bleeding ulcer), 
administer iron, and observe the response. The anemia is usually cor-
rected by the oral administration of ferrous sulfate. Parenteral iron 
therapy, which is more dangerous and expensive than oral iron ther-
apy, is indicated only rarely for unusual circumstances. Intravenous 
iron dextran is often required in patients with chronic renal disease 
who are receiving therapy with rHuEPO.52 To maintain a two-fold to 
three-fold increase in the rate of erythrocyte production in patients 
treated with rHuEPO, enough iron should be given to maintain serum 
iron concentrations at 80–100 mcg/dL.53

Iron-deficient patients treated with iron experience a return of 
strength, appetite, and a feeling of well-being within 3–5 days, whereas 

Reflex testing for anemia on Jose followed based on the 
CBC results. The following test results were obtained:

3. Calculate percent saturation.

4. Is this value normal, decreased, or increased?

5. What disease, if any, does this value suggest?

CaSe StuDy (continued from page 213)

Reticulocyte count 2.6%
Serum iron 18 mcg/dL
TIBC 425 mcg/dL
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Iron studies show decreased serum iron (10–70 mcg/dL), 
decreased to normal TIBC (100–300 mcg/dL), normal to low trans-
ferrin saturation (10–25%), and normal to increased serum ferritin. 
Serum ferritin can be helpful in distinguishing this anemia from IDA. 
Although serum iron is low in both anemias, serum ferritin, which 
reflects body iron stores, is normal or increased in ACD and low in 
IDA. Because ACD is characterized by iron-deficient erythropoiesis, 
the ZPP levels are increased.

It is important to remember that ferritin is an acute phase  reactant 
and is very often increased in inflammatory conditions. Therefore, in 
ACD serum ferritin can be normal even if concurrent ID exists. If 
serum ferritin falls in the interval of 20–100 mcg/L in ACD, another 
means of assessing iron should be considered, such as sTfR assay, 
 sTfR-ferritin index, or bone marrow examination.61 Serum TfR is high 
in IDA but normal in uncomplicated ACD. The sTfR-ferritin index is 
increased in iron deficiency and decreased in ACD.

Category Conditions

Chronic infections (after 
1–2 months of sustained infection)

Pulmonary infections
Subacute bacterial endocarditis

Pelvic inflammatory disease

Osteomyelitis

Chronic urinary tract infection

Chronic fungal disease

Tuberculosis

Chronic, noninfectious 
inflammation

Rheumatoid arthritis
Rheumatic fever

Systemic lupus erythematosus

Sterile abscess

Regional enteritis

Ulcerative colitis

Other Malignant diseases

Alcoholic liver disease

Congestive heart failure

Thrombophlebitis

Ischemic heart disease

Severe tissue trauma

Thermal injury

Fractures

★	  taBle 12-9 Conditions Associated with Anemia 
of Chronic Disorders

• Block in release of iron from macrophages due to increased 
hepcidin

• Cytokine inhibition of EPO production

• Direct cytokine inhibition of erythropoiesis

• Shortened erythrocyte survival

★	  taBle 12-10 Mechanisms of Anemia in Anemia 
of Chronic Disease

How does the peripheral blood picture in ACD differ from 
that seen in IDA?

CheCkpoint 12-4

bacterial toxins capable of hemolyzing erythrocytes. Of all mecha-
nisms described, the block in release of iron from macrophages 
appears to be the most significant in the pathogenesis of ACD.

Clinical Features
The signs and symptoms of ACD are usually those associated with the 
underlying disorder. Rarely severe, the degree of the anemia roughly 
correlates with the activity of the underlying disease.

Laboratory Features
Many of the laboratory test results are nonspecific in ACD, but with 
clinical signs and primary diagnosis, they help to establish the ACD 
diagnosis. This is important because ACD does not usually require 
therapy for the anemia.

Peripheral Blood
A mild anemia with a hemoglobin of not <90 g/L and hematocrit of 
not <0.27 L/L is characteristic. Erythrocytes are usually normocytic 
(MCV 785 fL) and normochromic but can present as normocytic, 
hypochromic, or in long-standing cases, microcytic and hypochromic 
(Figure 12-10 ■). The reticulocyte production index is 62. The white 
blood cell count and platelet count are normal unless they are altered 
due to the primary disease state.

and other inflammatory cytokines found in ACD (Web Figure 12-2). 
These cytokines upregulate the transcription factors STAT3 and SMAD, 
which activate the hepcidin gene promoter. Hepcidin plays a role in the 
body’s innate immune system, which is designed to sequester iron from 
pathogens and thus restrict their growth.

Other contributing factors to this anemia are decreased erythro-
poietin (EPO) production and direct suppression of erythropoiesis by 
cytokines56,57 (Table 12-10 ). In general, the EPO levels in patients with 
anemia of chronic disease are lower than in anemic patients with simi-
lar hemoglobin levels but without chronic disease.58,59 This finding 
suggests a blunted EPO response to anemia in ACD. Pharmacologic 
doses of EPO overcome this inhibitory effect and correct the anemia 
in some patients.60

ACD is also associated with shortened erythrocyte survival as 
a result of extracorpuscular factors. The reason for the decreased 
erythrocyte life span is unknown, but several mechanisms have been 
suggested including nonspecific macrophage activation, hemolytic 
factors elaborated by tumors, vascular factors, and the presence of 

6. How do the patient’s iron study results help in differ-
entiating the diagnosis of iron deficiency from ACD?

7. What additional iron test that was not done would be 
most helpful in this case?

CaSe StuDy (continued from page 214)

M12_MCKE6011_03_SE_C12.indd   215 01/08/14   9:14 pm



part iii   •   the anemias216

of its pathophysiologic relationship to these anemias through a block 
in heme synthesis.

Sideroblastic Anemias
Mutations that affect the first enzymatic step in heme synthesis, the 
formation of ALA, result in sideroblastic anemia (Chapter 6). Muta-
tions in the subsequent steps of heme synthesis result in metabolic 
disorders called porphyrias. Sideroblastic anemia (SA) is the result of 
diverse clinical and biochemical manifestations that reflect multiple 
underlying hereditary, congenital, or acquired pathogenic mecha-
nisms. However, all types are characterized by (1) an increase in total 
body iron, (2) the presence of ring sideroblasts in the bone marrow, 
and (3) hypochromic anemia.

Classification
The classification of SA is arbitrary at best, and many different 
schemes of classification exist. The one in Table 12-11 ★ is among 
the most descriptive and separates those that are inherited and those 
that are acquired.

The most common form of hereditary SA is due to a defec-
tive X-linked recessive gene. Although carrier females often show 
a dimorphic population of both morphologically abnormal and 

Bone Marrow
The bone marrow usually shows an increased M:E ratio because of a 
decrease in erythrocyte precursors. The proportion of younger eryth-
roblasts increases. Poor hemoglobin production is apparent, especially 
in the polychromatophilic erythroblasts. The proportion of sidero-
blasts decreases to <30%; however, the macrophages appear to have 
increased amounts of hemosiderin in the form of coarse iron aggre-
gates (Figure 12-10b). This finding helps to distinguish ACD from 
IDA. In IDA, macrophage iron and sideroblasts are absent.

Bone marrow examination is usually not necessary for distin-
guishing ACD from IDA. An algorithm using the MCV, serum ferritin, 
and iron saturation can correctly differentiate and classify most cases 
of ACD and IDA.50

therapy
Anemia can be alleviated by successful treatment of the underlying 
disease. Anemia is usually mild and nonprogressive; thus, transfusion 
is rarely warranted except in older patients with vascular disease and 
circulatory insufficiency.

aneMiaS aSSOCiateD with 
aBnOrMal heMe SyntheSiS
These anemias are associated with defects in enzymes of the heme 
biosynthetic pathway leading to abnormal heme synthesis. Iron incor-
poration into the protoporphyrin ring to form heme can be blocked. 
In contrast to IDA, the positive iron balance in these anemias can 
lead to an increase in iron stores predominantly in the spleen, liver, 
and bone marrow. Serum ferritin levels > 250 mcg/L in the male and 
>200 mcg/L in the female indicate increased iron stores.

The conditions discussed in this section include sideroblastic 
anemia and the porphyrias. Lead poisoning also is included because 

hereditary acquired

• Sex linked

• Autosomal recessive

• Idiopathic refractory sideroblastic 
anemia (IRSA) or refractory anemia 
with ring sideroblasts (RARS)

• Secondary to drugs, toxins, lead

• Associated with malignancy

★	 taBle 12-11 Classification of Sideroblastic Anemia

■	 Figure 12-10 (a) Blood film from a patient with anemia of chronic disease. Hb 96 g/L; MCV 
76 fL; MCH 24 pg; MCHC 30.6 g/dL. The erythrocytes appear  microcytic (peripheral blood; 
Wright-Giemsa stain; 1000* magnification). (b) Bone marrow from same patient in (a) stained 
with Prussian blue. Note the  macrophages with abundant blue staining iron (bone  marrow; 
Prussian blue stain; 1000* magnification).

a b
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Significant ineffective erythropoiesis is characterized by bone 
marrow erythroid hyperplasia. This increased erythropoietic activity 
results in increased iron absorption in the gut. Iron overload can be 
significant and can lead to complications such as cardiac failure and 
diabetes.

Other hereditary forms of SA have been described but are less 
common than the sex-linked type.65

acquired Sideroblastic anemia
Acquired SA can be categorized as refractory anemia with ring sid-
eroblasts (RARS) and those secondary to drugs or toxins. RARS is an 
acquired stem cell disorder and is discussed in the chapter on myelo-
dysplastic syndromes (Chapter 25).

SA secondary to drugs or toxins is the result of the interference 
of the drugs or toxins with the activity of heme enzymes. Lead and 
alcohol are the most common causes of this form of SA.

Lead Poisoning. Lead poisoning (plumbism) has been recognized 
for centuries. In children, it generally results from ingestion of flaked 
lead-based paint. Lead was removed from paint sold after 1978. Chil-
dren from lower socioeconomic backgrounds are at increased risk; 
those between 1 and 3 years of age are at greatest risk. Clinically, lead 
toxicity in children is associated with hyperactivity, low IQ, concentra-
tion disorders, hearing loss, and impaired growth and development. 
In adults, lead poisoning is primarily the result of inhalation of lead 
or lead compounds from industrial processes. It is the most common 
disease of toxic environmental origin in the United States.66

Many states require laboratories and physicians to report elevated 
blood lead levels to the state health department, which can report to 
the Centers for Disease Control and Prevention (CDC). Although 
average blood lead levels have dropped by 80% since the late 1970s, 
about 7,000 adults had blood lead levels of >25 mcg/dL in 2009 
(40 states reporting).67 In 2010, hundreds of thousands of children 
under age 6 were reported to have blood lead levels >5 mcg/dL, the 
level at which the CDC recommends public health actions be initiated 
(46 states reporting).68 (In 2012, the CDC set a new acceptable blood 
lead level at for children [see Web Table 12-3]).

Lead serves no physiological purpose. Although lead poisoning 
consistently shortens the erythrocyte life span, the anemia accom-
panying plumbism is not primarily the result of hemolysis but of a 
marked abnormality in heme synthesis. Once ingested, lead passes 
through the blood to the bone marrow where it accumulates in the 
mitochondria of erythroblasts and inhibits cellular enzymes involved 
in heme synthesis. The heme enzymes most sensitive to lead inhibition 
are d@aminolevulinic acid dehydrase (d@ALA@D) and ferrocheletase 
(heme synthase) (Chapter 6). Other enzymes can be affected at higher 
lead concentrations. Thus, the synthesis of heme is disturbed at the 
conversion of d@ALA to porphobilinogen (catalyzed by d@ALA@D); 
urine excretion of d@ALA increases as a result. Incorporation of iron 
into protoporphyrin to form heme (which uses the enzyme ferrochela-
tase) is also disrupted. The effect of lead on ferrochelatase is competi-
tive inhibition with iron; iron accumulates in the cell, and EP (in the 
form of ZPP) is strikingly increased.

Studies have revealed that microcytic, hypochromic anemia is 
not characteristic of elevated lead levels in most children. Evidence 
suggests that the presence of a microcytic anemia in plumbism 
is most likely due to complications of ID or to the coexistence of 

normal erythrocytes, they rarely have anemia. Affected males dem-
onstrate the typical SA findings. In rare instances, both sexes are 
equally affected, implying the presence of another hereditary form 
that is transmitted in an autosomal recessive manner. In the heredi-
tary forms, anemia can become apparent in infancy but most com-
monly appears in young adulthood. Occasionally, symptoms do not 
occur until age 60.

The acquired forms of sideroblastic anemia are more common 
than the hereditary forms. The acquired forms are classified accord-
ing to whether the basis of the anemia is unknown (idiopathic) or is 
secondary to an underlying disease or toxin (secondary type). The 
idiopathic form, refractory anemia with ring sideroblasts (RARS), 
can affect either sex in adult life. It is included in a group of acquired 
stem cell disorders called myelodysplastic syndromes (Chapter 25) 
that have a tendency to terminate in acute leukemia. The acquired 
secondary type SAs are associated with malignancy, drugs, or other 
toxic substances. In this type, once the underlying disorder is effec-
tively treated or the toxin removed, the anemia abates.

Pathophysiology
Studies of patients with SA have shown disturbances of the enzymes 
regulating heme synthesis. Ring sideroblasts are specific findings for 
these heme enzyme abnormalities. Ring sideroblasts are formed from 
an accumulation of nonferritin iron in the mitochondria that encircle 
the erythroblast nucleus. The mitochondria eventually rupture as they 
become iron laden. When stained with Prussian blue, the iron appears 
as blue punctate deposits circling the nucleus (ring sideroblasts). Iron 
within the erythroblasts is normally deposited diffusely throughout 
the cytoplasm in siderosomes.

hereditary Sideroblastic anemia
The most common form of hereditary SA is sex linked and due to an 
abnormal d@aminolevulinic acid synthase enzyme (ALAS).

There are two different forms of ALAS, the nonerythroid or 
hepatic form (ALAS1) and the erythroid form (ALAS2). Nonery-
throid ALAS1 is coded for by a gene (chromosomal region 3p21) 
expressed in all tissues. The erythroid form, ALAS2, is coded for by a 
gene on the X chromosome (Xp21-q21). ALAS2 is the first and rate-
limiting enzyme in heme synthesis.

Sex-linked SA (XLSA) is due to an abnormal ALAS2 gene that is 
the result of heterogeneous mutations in the catalytic domain of the 
protein.62 More than 22 different mutations have been described.63 
The mutations are located in exons 5–11 with most being single-base 
mutations affecting the site at which the enzyme binds the cofactor 
pyridoxal 5′@phosphate.

Evidence indicates that the activity of ALAS2 depends on the 
presence of pyridoxal phosphate. This cofactor binds to the enzyme 
and is crucial for its stability, maintenance of a conformation optimal 
for substrate binding and product release, and its catalytic activity. In 
17 of the ALAS2 mutations, a partial to complete clinical response to 
pharmacologic doses of pyridoxine occurs. Excess pyridoxine possibly 
enhances the abnormal ALAS enzyme activity by stabilizing it after 
synthesis.62 In the pyridoxine-refractory sex-linked SA, the mutation 
appears to affect the processing of ALAS2 precursor mRNA (which 
terminates ALAS2 translation prematurely) or abolishes its enzymatic 
function.63,64
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interfering with absorption, storage, and release. Serum iron levels 
are increased during drinking episodes but return to normal after 
cessation.

Associated with Malignancy. Ring sideroblasts can be found in dis-
eases other than sideroblastic anemia, including hematologic malig-
nancies (e.g., leukemia, malignant histiocytosis, multiple myeloma, 
lymphoma) (Web Table 12-5 ). Some investigators believe that the 
presence of ring sideroblasts in these disorders suggests that the malig-
nancy can result from an abnormal clone of pluripotential stem cells 
that affects the erythroid as well as other cell lineages. Occasionally 
ring sideroblasts appear in the bone marrow following treatment of 
malignant disease (e.g., multiple myeloma, Hodgkin’s disease). The 
appearance of ring sideroblasts after treatment is considered a poor 
prognostic sign because these cases almost always terminate in acute 
leukemia.

Clinical Features
In patients with acquired sideroblastic anemias secondary to drugs 
or malignancy, the manifestations of the underlying disorder domi-
nate. Patients with hereditary sideroblastic anemia or RARS, however, 
generally show primary signs and symptoms of anemia. In hereditary 
sideroblastic anemias, most patients also exhibit signs associated with 
iron overload including hepatomegaly, splenomegaly, and diabetes. In 
the latter stages of the disease, cardiac function can be affected.

laboratory Features
Refer to Table 12-13 ★ for laboratory findings in sideroblastic anemia.

Peripheral Blood
The anemia is usually moderate to severe. A dimorphic picture of 
normochromic and hypochromic cells is characteristically seen in 
inherited and acquired secondary forms of SA (Figure  12-11  ■). 
Dual populations of macrocytes and microcytes or normocytes can 
be found. Hypochromic macrocytes are especially prevalent in RARS, 
whereas hypochromic microcytes are more common in the heredi-
tary form of SA. Macrocytes are also common in SA associated with 
alcoholism.

If a dimorphic erythrocyte population is present, the MCV, 
MCH, and MCHC can be normal because these parameters represent 
an average of all erythrocytes, thus emphasizing the need for careful 
examination of CBC parameters and the blood smear. The RDW and 
erythrocyte histogram/cytogram are useful in detecting these dual 
populations. The RDW is increased, and the RBC histogram/cyto-
gram shows two peaks representing the dual population.

α-thalassemia trait.69–71 One study found that 33% of African Ameri-
can children with lead poisoning and microcytosis had α-thalassemia 
trait.69

Coexistent ID and lead poisoning put children at a higher risk for 
developing even more serious complications because children absorb 
larger portions of lead in iron-deficient states and the competitive 
inhibition of ferrochelatase by lead is even greater in the absence of 
iron. Thus, it is critical to make a diagnosis of ID when it coexists with 
lead poisoning.

Although the ZPP measurement has been utilized to screen 
for lead in the past, it is no longer recommended as an appropri-
ate screening tool because ZPP does not rise until lead levels reach 
approximately 20 mcg/dL.72 Lead levels can impair neuropsychologic 
development. Screening generally should be done by direct lead mea-
surements. ZPP also cannot be used to differentiate IDA and thal-
assemia in the presence of coexistent lead poisoning because of the 
increase in erythrocyte protoporphyrin caused by lead.

Alcoholism. Anemia is a common finding (up to 62%) in hospital-
ized chronic alcoholics.31 Megaloblastic and sideroblastic anemia 
occur in the majority, but anemia in this population has many other 
causes including ACD, IDA, acute blood loss, and chronic hemolysis73 
(Table 12-12 ★). Less than one-half have an isolated cause for the 
anemia (Web Table 12-4). Studies show that sideroblastic anemia is 
particularly common among alcoholics with a poor diet and can be 
associated with a concomitant decrease in folic acid and megaloblasto-
sis (Chapter 15). The presence of a dimorphic erythrocyte population 
and siderocytes in the peripheral blood are clues to a diagnosis of SA. 
Alcohol is believed to interfere with some enzymes of hemoglobin 
synthesis including inhibition of the synthesis of pyridoxal phosphate 
and of activity of uroporphyrinogen decarboxylase and ferrochelatase 
but enhancement of activity of d@ALAS. Alcoholics with a poor diet 
can also have an inadequate intake of pyridoxine. Alcohol is directly 
toxic to hematologic cells as evidenced by the frequent presence of 
vacuoles in bone marrow precursor cells, thrombocytopenia, and 
granulocytopenia.

Interpreting laboratory tests in alcoholism is difficult because 
the alcohol has effects on multiple parameters. Even in the absence 
of megaloblastosis and anemia, the cells are frequently macrocytic 
(MCV 100–110 fL). Alcohol has a direct effect on folate metabolism, 

• Dual population of hypochromic and normochromic erythrocytes

• Pappenheimer bodies in erythrocytes

• normal or increased platelets

• Increased serum iron, serum ferritin, and percentage of saturation

• Ring sideroblasts in the bone marrow

★	  taBle 12-13 Laboratory Findings in Sideroblastic 
Anemia

• Megaloblastosis associated with folate deficiency

• Iron-deficiency anemia from chronic or acute blood loss

• Sideroblastic anemia from toxic effects of alcohol on enzymes 
needed for heme synthesis

• Hemolytic anemia

Chronic hemolysis due to splenic sequestration

Spur cell anemia occurring in the setting of severe liver dis-
ease, splenomegaly, and jaundice

Transient hemolytic anemia associated with portal hypertension 
and acute congestive splenomegaly

★	  taBle 12-12 Mechanisms of Anemia in Chronic 
Alcoholism
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■	 Figure 12-11 Blood film from a patient with 
 sideroblastic anemia. Two populations of erythrocytes 
are present: hypochromic and normochromic. Anisocytosis 
is present with microcytes, macrocytes, and normocytes. 
This is the dimorphic blood picture typical of sideroblastic 
anemia. Note also the numerous inclusions (Pappenheimer 
bodies) (peripheral blood; Wright-Giemsa stain; 1000* 
magnification).

Other laboratory test results can be abnormal. Even though the 
bone marrow is usually hyperplastic, the reticulocyte production index 
is 6 2, indicating that the anemia has an ineffective erythropoietic 
component. Other indications of ineffective erythropoiesis include a 
slightly increased serum bilirubin, (usually 6 2.0 mg/dL), decreased 
haptoglobin, and increased lactate dehydrogenase (LD). Iron studies 
show increased serum iron, normal or decreased TIBC with increased 
saturation levels (sometimes reaching 100%), and increased serum 
ferritin. Leukocyte and platelet counts are usually normal but can be 
decreased. Thrombocytosis is found in about one-third of patients.

In alcoholics, the direct and indirect effects of alcohol complicate 
the interpretation of laboratory tests used to diagnose anemia, includ-
ing MCV, serum iron, TIBC, serum ferritin, and red cell and serum 
folate (Figure 12-13 ■).

Other abnormalities of erythrocytes are often seen. Poikilocyto-
sis and target cells can be present. Erythrocytes can contain Pappen-
heimer bodies (iron deposits) (Chapter 37). When Pappenheimer 
bodies are present, reticulocyte counts must be performed carefully 
because both RNA and Pappenheimer bodies take up supravital 
stains. However, Pappenheimer bodies stain with both Romanowsky 
and Prussian blue stains, whereas reticulated RNA does not stain with 
either. Nucleated erythrocytes are rarely present.

Basophilic stippling can be seen in any of the SAs. However, 
coarse punctate basophilic stippling, resulting from aggregated ribo-
somes and degenerating mitochrondria, is a particularly characteristic 
feature of lead poisoning (Figure 12-12 ■). The punctate stippling 
occurs in the reticulocyte and is found in developing erythroblasts. It 
has been shown that the granules in these stippled erythroblasts con-
tain free ionized iron and the hemoglobin production in the cells is 
grossly deficient. Many stippled cells in the peripheral blood in lead 
poisoning are actually siderocytes.

■	 Figure 12-12 Peripheral blood smear from a patient 
with lead poisoning. Note the heavy basophilic stippling 
in the erythrocyte (peripheral blood; Wright-Giemsa stain; 
1000* magnification).

■	 Figure 12-13 An algorithm for diagnosis of anemia in 
alcoholics.

Hypersegmented
PMNs
or >3%

macroovalocytes
or MCV > 110fL

Serum ferritin

sTfR
Serum iron

TIBC

Further
evaluation

Normal
or increased

<20 ng/mL

TIBC
increased

sTfR
increased

and
serum iron
decreasedTIBC

normal/low

Serum iron
normal/

increased
and sTfR
normal

IDA

Probable folic acid
deficiency

MCV, peripheral blood smear evaluation,
serum ferritin

8. Do the iron studies in Jose (serum iron 18 mcg/dL, 
TIBC 425 mcg/dL) suggest SA?

CaSe StuDy (continued from page 215)

Bone Marrow
Bone marrow changes include erythroid hyperplasia often accom-
panied by various degrees of megaloblastosis. The megaloblastosis is 
sometimes responsive to folate, which indicates the presence of a com-
plicating folate deficiency. Erythroblasts appear poorly hemoglobinized 
with scanty, irregular cytoplasm. Macrophages contain increased 
amounts of storage iron. Ring sideroblasts constitute more than 40% of 
the erythroblasts (Figure 12-14 ■). Ring sideroblasts are erythroblasts 
with iron granules that encircle one-third or more of the nucleus. The 
siderotic granules are larger than those found in normal sideroblasts. In 
hereditary SA, the abnormal granules occur primarily in the later stages 
of erythroblast development (e.g., polychromatophilic and orthochro-
matic erythroblast stages). In the idiopathic and secondary forms, the 
abnormal granules occur beginning with the earlier erythroblast stages.
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Secondary SA resulting from a disease, toxin, or drug may be cor-
rected by successful treatment of the disease or by elimination of the 
toxin/drug.

heMOChrOMatOSiS
Hemochromatosis describes the clinical disorder that results in 
parenchymal tissue damage from progressive iron overload. Hemo-
chromatosis typically is not associated with anemia but is included in 
this chapter because iron studies are markedly abnormal in patients 
with this disorder. Hemochromatosis should be considered when 
symptoms are present, when there is a family history of the disorder, 
or when iron studies suggest iron overload. Iron overload is said to 
exist when serum ferritin is 7200 mcg/L in premenopausal women 
or 7300 mcg/L in men and postmenopausal women. A persistent 
transferrin saturation of Ú45% is often recommended as the value 
that indicates further investigation is necessary.75 In hemochromato-
sis, excess iron deposits are stored not only in macrophages but also 
in hepatocytes, cardiac cells, endocrine cells, and other parenchymal 
tissue cells and interfere with the normal function of these cells. This 
situation has potentially fatal consequences, especially in relation to 
cardiac and hepatic dysfunction.

Hemochromatosis is classified as hereditary or secondary. The 
hereditary form is caused by genetic mutations. The secondary type 
is associated with other hematologic diseases and a variety of other 
conditions (Table 12-14 ★).

hereditary

• Classical hemochromatosis: HFE–associated mutations (type I)

• Juvenile hemochromatosis (type 2)

• Hemojuvelin (HJV) mutations (type 2A)

• Hepcidin (HAMP) mutations (type 2B)

• Transferrin-receptor 2 deficiency (type 3)

• Ferroportin deficiency (type 4)

• DMT1 mutations

• Congenital atransferrinemia

• Aceruloplasminemia

Secondary

• Anemias with ineffective erythropoiesis (e.g., sickle cell anemia, 
thalassemia, refractory anemias with erythroid hypercellular bone 
marrow, X-linked sideroblastic anemia)

• Chronic transfusions

• Chronic liver disease

• Viral hepatitis

• Dietary iron overload

• Overload from injections or ingestion of iron supplements

• Alcoholism

• Insulin-resistance-associated hepatic iron overload

• African dietary iron overload

• Porphyria cutanea tarda

• Medicinal iron ingestion

★	 taBle 12-14 Causes of Iron Overload

Ring sideroblasts must be present for an SA diagnosis; however, 
it is important to recognize that other disease entities can have ring 
sideroblasts present without being SA.

Molecular Studies
If hereditary sex-linked SA is suspected based on erythrocyte 
morphology and iron studies, the patient should be tested for the 
presence of ALAS2 gene mutations. This can be done by study-
ing genomic DNA or cDNA (from RNA) from reticulocytes63 
(Chapter 42). If a mutation is found, other family members should 
be tested because even if anemia is not present, there is a risk of 
iron overload. Molecular studies also allow a distinction between 
hereditary SA and RARS.

9. Do Jose’s laboratory test results and clinical history 
indicate that a bone marrow examination is necessary?

CaSe StuDy (continued from page 219)

therapy
Pyridoxine therapy is generally tried on patients with hereditary SA; 
650% experience a return to normal hemoglobin levels with therapy, 
although some have a partial response. In some patients, iron over-
load decreases responsiveness to pyridoxine, but when the iron load is 
reduced by phlebotomy, hemoglobin concentration increases.74 Folic 
acid is administered to those with megaloblastic features. Although 
the anemia can be treated, iron overload is the primary complica-
tion of SA. Sometimes the risk of hemochromatosis is lessened by the 
removal of excess body iron through phlebotomy or chelation ther-
apy. Iron overload is monitored by iron studies (percent saturation of 
transferrin, serum ferritin). Female carriers should also be monitored 
for iron overload. Some patients live for many years tolerating their 
anemia well; others die because of complications of iron overload, 
infections, or bone marrow failure.

■	 Figure 12-14 Ring sideroblasts (bone marrow; 
Prussian blue stain; 1000* magnification).
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mutation is cys282 S tyrosine: C282Y. Less common are the muta-
tions his63 S asp: H63D; and ser65 S cys: S65C. Clinical signs of 
the disease can be found in homozygous C282Y and compound het-
erozygosity for C282Y and H63D. The mechanism of the way muta-
tions in the HFE protein affect iron metabolism is unclear but can 
involve interactions of HFE with other proteins in addition to TfR 
(see earlier discussion of “Systemic Iron Balance, HFE”). Finding 
decreased hepatic expression of hepcidin in HFE-related HH sug-
gests that the mutation affects upstream regulation of hepcidin. About 
3–4 mg of iron a day is absorbed from the GI tract as compared with 
the usual 1–2 mg, resulting in an accumulation of about 0.5–1.0 gm/
year. The capacity of cells to store iron by complexing with apoferritin 
is exceeded, and “free” intracellular iron accumulates. This free iron 
facilitates the buildup of reactive oxygen species that cause cell injury 
and cell death and leads to organ failure. Most of the excess iron is 
deposited in the liver. Mutations of the TfR2 gene result in a disease 
that is clinically indistinguishable from HFE-associated HH.

Other less common forms of HH are due to mutations in other 
genes involved in iron sensing and regulation, but all appear to result 
in deregulation of hepcidin expression.

Mutations in the ferroportin gene can decrease the amount of 
functional ferroportin on the cell surface, blocking iron export and 
resulting in retention and accumulation of iron in macrophages. This 

Hereditary Hemochromatosis
etiology and Pathophysiology
Hereditary hemochromatosis (HH) is characterized by increased iron 
absorption in the gut and progressive iron overload. It is a genetic dis-
order with a prevalence of 1 in 200–250 persons. One in ten Cauca-
sians in the United States is a carrier. It is the most common genetic 
abnormality in those with a European ancestry. Most of the heredi-
tary forms of iron overload involve a deficiency of hepcidin either as 
a result of a mutation involving the hepcidin gene (HAMP) or muta-
tions of genes whose products regulate hepcidin expression (HFE, 
TfR2, HJV, DMT1, transferrin). The result is an increase in absorption 
of iron in the intestine and/or uncontrolled release of iron from mac-
rophages and duodenal enterocytes into the plasma iron pool. Iron 
in excess of that needed for erythropoiesis and myoglobin produc-
tion is deposited in hepatocytes and parenchymal tissue cells, result-
ing in an increase in total body iron stores. Most mutations in genes 
that affect the regulation of iron metabolism are recessive disorders 
(Table 12-15 ★).

The most common form of HH in populations of European ori-
gin is due to mutations in the HFE gene, identified in 1996.76 Muta-
tions result in an autosomal recessive disorder of low penetrance with 
adult onset. Clinical disease is more common in males than females. 
The HFE gene is mapped to chromosome 6p21,3. The most common 

Disorder Defect/Mutation Fe absorption Fe Deposition Site(s) Plasma iron Ferritin

acquired

Iron-loading anemias 
(ineffective erythropoi-
esis; e.g., thalassemia, 
XLSA)

Erythropoietic drive 
and possibly GDF-15 
suppress hepcidin 
synthesis

Increased Macrophage Increased Increased

Anemia of chronic dis-
ease (ACD)

IL-6 increases hepcidin, 
which binds ferropor-
tin and traps iron in 
macrophage

Decreased Macrophage Decreased normal to increased

Transfusion induced Gain of 1 mg iron/mL 
erythrocytes transfused

normal Parenchymal tissue Increased Increased

hereditary

Hereditary hemochro-
matosis (autosomal 
recessive)

HFE gene, 6p21; TfR2 
gene, 7q22

Increased Parenchymal tissue Increased Increased

Juvenile hemochro-
matosis (autosomal 
recessive)

HJV gene 1q21; HAMP 
(hepcidin) gene, 
19q13; HFE and TfR2 
(TfR2) genes

Increased Parenchymal tissue Increased Increased

Hereditary 
hemochromatosis
(autosomal dominant)

(a) Ferroportin associ-
ated with impaired iron 
export

(b) Ferroportin associ-
ated with hepcidin 
resistance

SLC40A1 (Ferroportin) 
gene, 2q32

SLC40A1 gene, 2q32

normal or low but 
defective export of iron 
from macrophages

normal but increased 
export of iron from 
duodenal enterocytes

Predominantly deposi-
tion in macrophages

Parenchymal tissue: 
heart, liver, pancreas, 
other organs

normal but increases 
with progression of 
disease

Increased

Increased

Increased

★	 taBle 12-15 Summary of Acquired and Hereditary Iron Overload Disorders
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in chronic liver disease. Serum iron studies are abnormal in 40–50% of 
patients with chronic viral hepatitis, alcoholic liver disease, and non-
alcoholic steatohepatitis. Alcohol disrupts normal iron metabolism 
and results in excess iron deposition in the liver in about one-third 
of alcoholics.81

Treatment
Phlebotomy is usually the treatment for HH. Each unit of blood 
removes about 250 mg of iron from the body. It is suggested that fol-
lowing initial venesection therapy to deplete iron stores, iron status be 
monitored annually by serum ferritin levels.82

Treatment of secondary hemochromatosis sometimes includes 
iron chelation (e.g., deferoxamine) to bind iron and enable urinary 
excretion. Only a very small amount of iron is available for chelation 
(from the labile pool) at any given time; thus, continuous infusion of 
the chelator over a long period of time is required to remove this iron. 
Chelation therapy is the primary form of treatment for transfusion-
induced hemochromatosis.

type of mutation produces only minor clinical manifestations. Alter-
natively, mutations can cause resistance of ferroportin to internaliza-
tion and degradation induced by hepcidin. The result is loss of control 
of iron export from enterocytes and macrophages, which leads to iron 
overload in parenchymal cells of the liver and other organs. Ferropor-
tin mutations are inherited as dominant disorders. Aceruloplasmin-
emia affects expression of ferroportin on the cell surface leading to 
ferroportin degradation.

Clinical Findings
Clinical penetrance of the most common form of HH, HFE-mutation, 
is incomplete with only 1 in 5,000 affected individuals having clini-
cal symptoms. About 81% of symptomatic patients have the C282Y/
C282Y genotype. Asymptomatic patients who have the C282Y/C282Y 
genotype or the H63D/C282Y genotype should have their serum iron 
and ferritin levels monitored because they are at risk for developing 
iron storage disease. Clinical findings include chronic fatigue, arthral-
gia, infertility, impotence, cardiac disease, diabetes, and/or cirrhosis.77 
Hyperpigmentation of the skin is also found.

laboratory Findings
Screening tests for hemochromatosis usually include percent satura-
tion of transferrin and serum ferritin. The criterion for a diagnosis of 
hemochromatosis is usually Ú45% transferrin saturation. Saturation 
often approaches 100%. Adding serum ferritin analysis increases spec-
ificity for HH; iron overload is suggested when the serum ferritin is 
elevated. Although an increase in transferrin saturation is sensitive for 
hemochromatosis, DNA testing to identify the mutated gene is neces-
sary for a definitive diagnosis. Biopsy of the liver and/or bone marrow 
usually is not needed. Liver enzymes are often elevated. Anemia is not 
characteristic except in aceruloplasminemia (when a normocytic, 
normochromic anemia is present) and in DMT1 mutations (when a 
severe microcytic, hypochromic anemia is present).78

Screening for HH is controversial. Some recommend popula-
tion screening with transferrin saturation testing and suggest that 
laboratories include transferrin saturation in their routine lab pan-
els.79 Genetic screening is still costly for population screening, and 
unresolved ethical issues including patient privacy, counseling, and 
insurance concerns exist. With the recognition of the low penetrance 
of clinical disease (61%), interest in large-scale screening has largely 
disappeared. It is recommended, however, that both symptomatic and 
asymptomatic first-degree relatives of those with HH be tested with 
genetic screening because transferrin saturation will not detect car-
riers.80 The goal of screening and identifying the disease early is to 
allow treatment with phlebotomy before the onset of clinical disease.

Secondary Hemochromatosis
Secondary hemochromatosis is associated with a number of condi-
tions including anemias that have an ineffective erythropoiesis com-
ponent and increased iron absorption. These include b-thalassemia, 
congenital dyserythropoietic anemia, and X-linked sideroblastic ane-
mia. An increase in GDF-15 associated with ineffective erythropoiesis 
could be responsible for suppressing hepcidin synthesis, leading to an 
increase in iron absorption in these conditions. Iron overload often 
develops in patients who have transfusion-dependent anemias such 
as sickle cell disease and thalassemia. Iron overload can also be found 

What is the risk of population genetic screening for HH? 
What is the benefit of population genetic screening for 
HH?

CheCkpoint 12-5

POrPhyriaS
Heme is an iron-chelated porphyrin ring. Its biosynthesis occurs in 
most cells, but the major sites of synthesis are erythroid cells of the 
bone marrow and hepatocytes. Thus, the activity of the enzymes cata-
lyzing porphyrin metabolism is highest in these cells.

The porphyrias represent a group of inherited disorders char-
acterized by a block in porphyrin synthesis. Abnormal porphyrin 
metabolism is due to a defect in one or more of the enzymes in the 
heme synthesis pathway. As a result of these enzyme deficiencies, the 
porphyrin precursors behind the enzyme defect accumulate in tissues, 
and large amounts are excreted in the urine and/or feces. These excess 
porphyrin deposits cause most of the symptoms and clinical findings 
associated with porphyria. The most common findings include photo-
sensitivity, abdominal pain, and neuropathy (motor dysfunction, sen-
sory loss, mental disturbances). However, usually adequate production 
of heme for hemoglobin synthesis occurs.

Although rare, the porphyrias have received wide recognition 
and stimulated interest because the disease affected the royal fami-
lies of England and Scotland, especially those descended from Mary, 
Queen of Scots. Historians have described George III as suffering 
from a mental and physical disorder thought to have been porphyria. 
Princess Charlotte, the granddaughter of George III and heir to the 
throne, died in childbirth; her death was attributed to an acute por-
phyria attack at the time of delivery.

Two forms of porphyria (erythropoietic and hepatic) are 
described, depending on the primary site (bone marrow or liver) of 
defective porphyrin metabolism (Table 12-16 ★). Only the erythro-
poietic porphyrias affect the erythrocytes. Therefore, these porphyrias 
are discussed here.
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Metabolites in excess

Porphyria
Mode of 
inheritance enzymatic Defect urine Feces erythroid Cells tissue Source

erythropoietic
Congenital  
erythropoietic  
porphyria (CEP)

Autosomal 
recessive

Uroporphyrinogen III 
synthase

Uroporphyrin I, 
Coproporphyrin I

Coproporphyrin I, 
Uroporphyrin I

Uroporphyrin I, 
Coproporphyrin I

Erythropoietic

Erythropoietic  
protoporphyria (EPP)

Autosomal 
dominant

Ferrocheletase 
(heme synthase)

normal Protoporphyrin Protoporphyrin Erythropoietic 
and occasionally 
hepatic

hepatic and 
erythropoietic
Hepatoerythropoietic 
porphyria (HEP)

Recessive Uroporphyrinogen 
decarboxylase

Uroporphyrin Uroporphyrin ZPP Hepatic and 
erythropoietic

hepatic
Acute intermittent 
porphyria (AIP)

Autosomal 
dominant

Porphobilinogen 
deaminase

@-ALA, Porphobilinogen Sometimes  
Coproporphyrin  
and Protoporphyrin

normal Hepatic

Hereditary  
coproporphyria (HCP)

Autosomal 
dominant

Coproporphyrinogen 
oxidase

Coproporphyrin III, 
Uroporphyrin (in attack)

Coproporphyrin III normal Hepatic

Variegate porphyria 
(PV)

Autosomal 
dominant

Protoporphyrinogen  
oxidase

Porphobilinogen, 
@-ALA, Uroporphyrin, 
Coproporphyrin

Protoporphyrin

Coproporphyrin

normal Hepatic

Porphyria cutanea 
tarda (PCT)

Autosomal 
dominant

Uroporphyrinogen 
decarboxylase

Uroporphyrin I,  
Uroporphyrin III,  
Coproporphyrin (slight)

Protoporphyrin

Coproporphyrin

normal Hepatic

ALA dehydratase  
deficiency  
porphyria (ADP)

Autosomal 
recessive

ALA dehydratase @-ALA, Coproporphyrin III — normal Hepatic

★	 taBle 12-16 Classification and Characteristics of the Porphyrias

Pathophysiology
The erythropoietic porphyrias result from an abnormality of the 
enzymes in the heme biosynthetic pathway within the erythroblasts 
of the bone marrow. At least two types exist: congenital erythropoietic 
porphyria (CEP) and erythropoietic protoporphyria (EPP). They are 
classified according to the particular enzyme defect and the excessive 
porphyrin intermediates produced. Although CEP is associated with 
hemolytic anemia, anemia in EPP is rare.

Porphyrins are functionless products produced by the irrevers-
ible oxidation of type I and type III porphyrinogens. Porphyrinogens 
of the type III series are the precursors of heme, whereas the type I 
isomers do not produce any useful metabolites and cannot be used 
in heme synthesis (Chapter 6). In normal heme synthesis, both type 
I and III isomers are formed in a 1:10,000 ratio. Normally, most por-
phyrinogens are readily converted to heme, and very small amounts 
of the porphyrin intermediates are formed. If for some reason exces-
sive amounts of porphyrinogens are produced, the corresponding 
oxidized porphyrin compounds also increase. Porphyrins are tetra-
pyrroles and resonating compounds (contain alternating single and 
double bonds); erythrocytes that contain these substances show red 
fluorescence with UV light.

Congenital erythropoietic Porphyria (CeP)
CEP (Gunther’s disease) is characterized by the presence of exces-
sive amounts of type I porphyrins: uroporphyrin I (UroI) and 

coproporphyrin I (CoproI). A defect in uroporphyrinogen III syn-
thase results from point mutations in the gene, shifting the porphobi-
linogen into the functionless UroI isomer (Figure 12-15 ■). However, 
enough UroIII is produced to generate adequate amounts of heme. 
This suggests that a deficiency of uroporphyrinogen III synthetase 
is not the only abnormality. Another possibility for the excessive 
amounts of UroI isomer is hyperactivity of uroporphyrinogen I syn-
thase. Validation of either of these hypotheses requires purification, 
characterization, and accurate measurement of these enzymes.

The excess porphyrins are deposited in body tissues and excreted 
in urine and feces. Intense fluorescence with ultraviolet light can verify 
their presence. The cause of the hemolytic anemia that accompanies 
CEP is unclear but is thought to be associated with the excessive por-
phyrin deposits within erythrocytes. The finding that normal erythro-
cytes infused into CEP patients have a normal life span supports this. 
The erythrocytes in CEP can be subject to photohemolysis as they 
pass through the dermal capillaries exposed to UV light. The erythro-
cytes show increased photohemolysis in vitro, but whether this occurs 
in vivo is uncertain.

erythropoietic Protoporphyria (ePP)
EPP is characterized by an overproduction of protoporphyrin, the 
immediate precursor of heme, and is associated with a defect in fer-
rochelatase (Figure 12-10). Adequate amounts of heme are produced, 
however, and no anemia is present. Excess protoporphyrin IX builds 
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■	 Figure 12-15 The formation of heme from glycine and succinyl-coenzyme A involves the 
 production of porphyrinogen intermediates. Normally, only very small amounts of the series I iso-
mers are formed. However, in a group of congenital disorders called porphyrias, there is a block 
in porphyrin metabolism due to a defect in one or more of the enzymes involved in porphyrin 
metabolism, and there is a build-up of porphyrin intermediates depending on which enzyme is 
involved. In congenital erythropoietic porphyria, there is an abnormality in conversion of porphobi-
linogen to uroporphyrinogen III, and large amounts of the functionless series I isomers are formed. 
These isomers are oxidized to porphyrin and accumulate in the tissues. Another form of porphyria, 
erythropoietic protoporphyria, is characterized by excessive production of protoporphyrin due to 
an abnormality of the ferrocheletase enzyme. Other porphyrias noted in this figure are classified as 
hepatic because the site of abnormal metabolism is the liver.

Glycine + Succinyl coenzyme A

d-Aminolevulinic acid

Porphobilinogen

ALA synthetase

ALA dehydrase

Acute intermittant porphyria
(uroporphyrinogen I synthase)
                   +
Congenital erythropoietic porphyria
(uroporphyrinogen III synthase)

(uroporphyrinogen I
synthase)

(uroporphyrinogen decarboxylase)

Porphyria cutanea tarda
(uroporphyrinogen decarboxylase)

Hereditary coproporphyria
(coproporphyrinogen oxidase)

Uroporphyrinogen III Uroporphyrin III

Coproporphyrinogen III

Variegate porphyria
(protoporphyrinogen oxidase)

Protoporphyrinogen III

Erythropoietic protoporphyria
(ferrochelatase)

Protoporphyrin IX

Heme

Coproporphyrin III

Uroporphyrinogen IUroporphyrin I

Coproporphyrinogen ICoproporphyrin I

up in the cell, can leak into skin dermal capillaries, and can be found 
in the skin, liver, blood, and feces. Due to its insolubility in water, pro-
toporphyrin is not present in the urine. This porphyria is thought to 
be of both erythropoietic and hepatic origin.83

Clinical Features
CEP is a rare autosomal recessive disease with ∙130 cases reported. 
EPP is inherited as an autosomal dominant trait, but recessive inheri-
tance is possible.84 About 300 cases of EPP have been reported, but 
the actual rate of occurrence is probably masked due to the subtlety of 
the clinical signs and the absence of colored porphyrins in the urine.

The first signs of CEP occur in infancy. The urine is colored 
pink to reddish brown, depending on the amount of uroporphyrin 
excreted. This is usually first noted as a pink stain on the infant’s diaper. 
The excess porphyrins in the skin create an extreme photosensitiv-
ity to sunlight. Vesicular or bullous eruptions appear on uncovered 
areas shortly after exposure to sunlight. The lesions heal slowly and 
can become infected. Repeated eruptions and skin injury cause scar-
ring and can lead to severe mutilation of the face, ears, and hands. The 
excess porphyrin stains the teeth a brown discoloration. Under UV 
light, the teeth fluoresce bright red. Hypertrichosis affects the entire 
body but is especially present in exposed areas. The hair can be blond 
and downy or dark and coarse. Splenomegaly is a consistent finding 
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contain large amounts of protoporphyrin; protoporphyrin is not 
found in the urine. The protoporphyrin in erythrocytes is free (FEP), 
not bound to zinc as in IDA and lead poisoning. The FEP is higher 
than in other disorders associated with an increase in erythrocyte pro-
toporphyrin levels. This block in heme synthesis, which occurs in the 
reaction just prior to insertion of iron into the porphyrin ring, would 
be expected to cause an accumulation of iron within the erythroblasts. 
The fact that this iron buildup does not occur has not been explained.

Prognosis and Therapy
Individuals with CEP do not usually survive beyond the fifth decade of 
life. Attempts to decrease the excess porphyrins have been unsuccess-
ful, but the quality of life for CEP patients has improved by minimiz-
ing the scarring and mutilation with effective dermatologic treatment. 
Avoiding exposure to sunlight is critical. Splenectomy has sometimes 
resulted in a decrease of porphyrin production and helped ameliorate 
the hemolytic anemia. Evidence for long-term success with splenec-
tomy, however, is questionable. Blood transfusion in conjunction with 
administration of chelators to reduce iron overload suppresses eryth-
ropoiesis and decreases or eliminates symptoms. Bone marrow trans-
plantation is suggested in severe phenotypes because the predominant 
site of porphyrin production is the bone marrow.

Treatment of EPP is to protect the skin from sunlight and mini-
mize the toxic effects of protoporphyrin on the liver. In most patients 
with EPP, high doses of @-carotene improve tolerance to sunlight. Blood 
transfusions and hematin can be utilized to suppress erythropoiesis. 
Splenectomy can be helpful if hemolysis and splenomegaly are promi-
nent. Cholestyramine can promote excretion of liver protoporphyrin.85

Genes of the heme biosynthetic pathway have been cloned, and 
mutations associated with porphyrias have been identified. Gene therapy 
may be an option for porphyrias in the future.82 This type of therapy 
involves inserting a functional gene into specific hematopoietic or hepatic 
stem cells of the patient, restoring normal heme synthesis pathways.

and is usually progressive with the disease. A mild to severe hemolytic 
anemia is present with erythrocyte life span decreased to as little as 
18 days. Patients with CEP do not exhibit the abdominal pain or neu-
rologic and psychotic signs associated with some hepatic porphyrias.

Clinical signs of EPP are more subtle, and its course is relatively 
mild in comparison with CEP. Photosensitivity is not severe, and scar-
ring is usually absent. Sunlight exposure leads to erythema and urti-
caria. Protoporphyrin accumulates in the erythrocytes, which causes 
them to fluoresce intensely, but there is no hemolytic anemia. Occa-
sionally hepatic damage occurs.

Laboratory Features
Congenital erythropoietic Porphyria
The peripheral blood in CEP exhibits a mild to severe normocytic 
anemia with anisocytosis and poikilocytosis. The blood smear reveals 
significant polychromatophilia and nucleated erythrocytes. The 
erythrocytes fluoresce with UV light.

The bone marrow in CEP shows erythroid hyperplasia. A 
large portion of the erythroblasts demonstrates intense fluores-
cence with UV light. The fluorescence is localized principally in 
the nuclei. The fact that not all erythroblasts fluoresce suggests that 
two populations of erythrocytes exist, one of which is normal.

Serum iron and storage iron are usually normal. Haptoglobin is 
absent, and unconjugated bilirubin as well as urinary and fecal urobi-
linogen are increased.

Large amounts of uroporphyrin I and coproporphyrin I are 
excreted in the urine and feces. These isomers are also found in the 
plasma and in erythrocytes.

erythropoietic Protoporphyria (ePP)
The blood and bone marrow in EPP usually reveal no abnormalities 
on routine examination; however, under UV light, the cytoplasm of 
erythroblasts fluoresces intensely. The erythrocytes, plasma, and feces 

Summary
hemoglobin synthesis requires adequate production of heme 
and globin. inadequate amounts of either can result in ane-
mia—usually microcytic, hypochromic anemia. Defects in heme 
synthesis could be due to either faulty iron or porphyrin metab-
olism (Table 12-17 ★ ).

Many proteins, including hepcidin, ferroportin1, hephaes-
tin, DMT1, DCytB, HFE, TfR, GDF-15, HIF-2, and transferrin, 
play a role in iron homeostasis. The anemias with a faulty iron 
metabolic component include IDA and ACD. IDA is due to inad-
equate amounts of iron for heme synthesis; iD usually occurs 
because of blood loss or a nutritional deficiency of iron. ACD 
has several pathophysiologic mechanisms related to cytokines 
produced as a result of inflammation or infection. The major 
mechanism is a block in reutilization of macrophage iron. The 
erythrocytes are normocytic, normochromic, but in long-stand-
ing anemia, they can be microcytic, hypochromic.

Abnormal porphyrin metabolism results in SA and porphyr-
ias. SA is due to defective porphyrin synthesis and a block in 
the insertion of iron into the porphyrin ring to form heme. The 
erythrocyte population in SA characteristically contains cells 
that are normochromic and hypochromic (dual population). 
The bone marrow has ring sideroblasts. Hereditary SA is due to 
defective ALAS2, the enzyme in the first step of heme synthesis. 
SA can also occur because of the effects of drugs or toxins on 
enzymes involved in heme synthesis.

Iron studies are helpful in differentiating these disorders. 
Serum iron is decreased in IDA and ACD; it is normal to increased 
in SA. The serum transferrin is increased and saturation decreased 
if total body iron is decreased, whereas if storage iron is  normal 
or increased, the serum transferrin is normal or decreased with 
 normal or increased saturation. Serum ferritin is a reliable  indicator 
of iron stores except in the presence of inflammation or infection 
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when it can be falsely increased. Serum ferritin is decreased in ID 
and normal or increased in SA, ACD, and hemochromatosis. The 
serum transferrin receptor assay is useful in differentiating ID and 
ACD. Levels are increased in ID and normal in ACD.

Hemochromatosis is a disorder characterized by total 
body iron excess. Anemia is not a characteristic of this dis-
order, but it is included in this chapter to help the reader 
compare and differentiate iron study results with those associ-
ated with defective heme synthesis. Hemochromatosis can be 
caused by a genetic defect or chronic transfusions. The most 
common hereditary form of hemochromatosis (HH) is due to 
a mutation of the HFE gene. Mutations in several other genes 

associated with iron metabolism can also cause HH. These 
mutations are believed to affect the synthesis or function of 
hepcidin. Serum iron studies reflect the excessive iron over-
load with increased serum ferritin and a very high saturation 
of transferrin.

Porphyria is a heterogeneous group of hereditary disorders 
due to a block in porphyrin synthesis. The defect involves one 
of the critical enzymes in the porphyrin metabolic pathway. Two 
forms, CEP and EPP, have an erythropoietic component. Eryth-
rocytes have very high levels of free erythrocyte protoporphyrin, 
and excess porphyrins are deposited in tissues and excreted in 
feces/urine.

Condition etiology CBC iron Studies Other

Iron-deficiency anemia inadequate iron due to 
deficient dietary intake; 
decreased absorption; 
increased loss

Microcytic, hypochromic, 
anisocytosis, poikilocytosis

Decreased serum iron, 
serum ferritin, and percent 
saturation of transferrin; 
increased TIBC and sTfR

Increased ZPP (do 
not use to evaluate if 
possibility of concur-
rent lead poisoning); 
decreased reticu-
locyte hemoglobin 
(CHr, MCHr, RET-He); 
increased sTfR-F index 

Anemia of chronic disease Impaired release of iron 
from macrophages due to 
increased hepcidin induced 
by cytokines; inhibition 
of EPO production and 
impaired erythropoiesis; 
shortened erythrocyte 
survival

normocytic, normochromic; 
in long-standing cases can 
be microcytic, hypochromic

Decreased serum iron and 
low to normal TIBC; low/
normal transferrin satura-
tion; increased or normal 
serum ferritin; sTfR normal

Increased ZPP, 
decreased sTfR-F index

Sideroblastic anemia Defect in enzymes needed 
for heme synthesis; can be 
hereditary or acquired (sec-
ondary to drugs/toxins)

Dual population of nor-
mochromic and hypo-
chromic erythrocytes and 
macrocytic, microcytic or 
macrocytic, normocytic 
erythrocytes

Increased serum iron and 
transferrin saturation; nor-
mal or decreased TIBC; 
increased serum ferritin

Bone marrow shows 
ring sideroblasts; 
peripheral blood eryth-
rocytes can contain 
Pappenheimer bodies

Hemochromatosis (no 
anemia)

Hereditary: genetic muta-
tions resulting in deficiency 
of ferroportin or hepcidin; 
acquired: transfusion, iron 
injections, chronic liver 
disease

no anemia or character-
istic peripheral blood cell 
morphology except in 
DMT1 and ferroportin -1 
mutations

Increased serum iron; trans-
ferrin saturation (Ú45%), 
and increased serum ferritin

Molecular testing 
to identify mutated 
gene is suggested if 
transferrin saturation is 
more than 45%

Porphyrias (anemia not 
characteristic)

Block in porphyrin synthesis 
due to defect in enzymes 
for heme synthesis; CEP 
and EPP affect erythrocytes

CEP: normocytic hemolytic 
anemia; anisocytosis and 
poikilocytosis; polychro-
matophilia; nucleated RBCS

EPP: no abnormalities

Storage iron and serum iron 
normal

CEP: increased uro-
porphyrin I and cop-
roporphyrin I excreted 
in urine and feces, 
plasma, and erythro-
cytes; series III isomers 
also increased

CEP, EPP: normoblasts 
demonstrate intense flu-
orescence with UV light

★	  taBle 12-17 Summary of Conditions Associated with Abnormal Heme Synthesis 
and/or Iron Metabolism/Utilization
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Review Questions
Level i

 1. What is the iron transport protein called? (Objective 3)

 A. ferritin

 B. transferrin

 C. hemosiderin

 D. albumin

 2. The term sideropenic is most closely associated with which 
of the following anemias? (Objective 1)

 A. iron deficiency

 B. sideroblastic

 C. lead poisoning

 D. anemia of chronic disease

 3. Microcytic, hypochromic erythrocytes are most character-
istic of which of the following anemias? (Objective 5)

 A. megaloblastic

 B. lead poisoning

 C. iron deficiency

 D. anemia of chronic disease

 4. Which of the following individuals is most likely to require 
an increased intake of iron? (Objective 4)

 A. adult male

 B. menopausal female

 C. mother of three preschool children

 D. 75-year-old male

 5. The basic defect in sideroblastic anemia is: (Objective 6)

 A. inadequate iron intake

 B. inadequate absorption of iron in the gut

 C. cytokine inhibition of erythropoiesis

 D. defect in enzymes regulating heme synthesis

 6. Anemia(s) characterized by defective heme synthesis 
includes: (Objective 6)

 A. hemochromatosis

 B. megaloblastic anemia

 C. thalassemia

 D. sideroblastic anemia

 7. The most common cause of ID in middle-aged men is: 
(Objective 6)

 A. inadequate iron in the diet

 B. cancer

 C. prescription drugs

 D. chronic bleeding

 8. Which of the following is most often associated with micro-
cytic, hypochromic anemia? (Objective 5)

 A. lead poisoning

 B. ID

 C. sideroblastic anemia

 D. anemia of chronic disease

 9. Which of the following best describes hemosiderosis? 
(Objective 7)

 A. decrease in serum iron

 B. increase in serum iron

 C. increase in macrophage iron

 D. increase in total body iron

 10. A patient with anemia of chronic disease would be expected 
to have which set of laboratory test results? (Objective 5)

 A. MCV decreased, serum iron increased, serum ferritin 
increased, TIBC and percent saturation increased

 B. MCV normal, serum iron increased, serum ferritin 
decreased, TIBC and percent saturation decreased

 C. MCV normal, serum iron decreased, serum ferritin 
increased, TIBC and percent saturation decreased

 D. MCV decreased, serum iron decreased, serum ferritin 
decreased, TIBC and percent saturation decreased

Level ii

RBC 3.3 * 1012/L
Hb 9.3 g/dL
Hct 0.29 L/L
PLT 168 * 109/L
WBC 4.0 * 109/L
Differential

Segmented neutrophils 60%
Band neutrophils 9%
Lymphocytes 25%
Monocytes 3%
Eosinophils 3%

Reticulocyte count 1.0%

Serum iron 274 mcg/dL
Total iron-binding capacity (TIBC) 285 mcg/dL

RBC morphology: Anisocytosis with microcytic, hypochromic 
RBCs, and normocytic, normochromic RBCs present
Laboratory data for anemia workup:

Use this history for questions 1–4.

A 75-year-old male experiencing mental confusion and fatigue 
was seen by his physician. Laboratory tests were ordered:
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 1. Which anemia of defective heme synthesis is associated 
with this type of red cell morphology? (Objective 8)

 A. sideroblastic anemia

 B. anemia of chronic disease

 C. iron-deficiency anemia

 D. erythropoietic porphyria

 2. Which laboratory result(s) is (are) most useful in distinguish-
ing this patient’s anemia from IDA? (Objective 9)

 A. bone marrow

 B. mean cell volume

 C. hemoglobin

 D. iron studies

 3. From the results of these laboratory studies, how would 
you describe the patient’s red blood cells? (Objective 8)

 A. microcytic, hypochromic

 B. dual population of microcytes and normocytes

 C. macrocytic, normochromic

 D. normocytic, normochromic

 4. A bone marrow examination was performed and sections 
were stained with Prussian blue. Numerous sideroblasts 
were present with a large number of ring sideroblasts. 
What is the most probable cause of this anemia? (Objec-
tives 6, 8, 10)

 A. poor diet

 B. chronic blood loss

 C. abnormality of ALAS2

 D. increased iron requirement

 5. A hematocrit is not recommended to screen for iron defi-
ciency in children because: (Objectives 1, 2, 8, 9)

 A. it is not sensitive enough to pick up anemia in children

 B. iron deficiency can be present without the presence of 
anemia

 C. high levels of lead will affect the hematocrit accuracy

 D. serum ferritin is more cost effective

 6. If a child with lead poisoning also had a significant 
 microcytic, hypochromic anemia, what complicating 
pathology/pathologies should be considered? (Objec-
tive 14)

 A. iron deficiency

 B. thalassemia

 C. iron deficiency and thalassemia

 D. thalassemia and sideroblastic anemia

 7. What laboratory test is best for screening for iron defi-
ciency in a population of 1- to 3-year-old children who 
have a high incidence of elevated blood lead levels? 
(Objective 14)

 A. hematocrit

 B. serum ferritin

 C. serum iron

 D. ZPP

 8. A 2-year-old child was tested for blood lead level. The 
result was 25 mcg/dL. He also had microcytic, hypochromic 
anemia. The child’s parents were questioned, and it was 
determined that the source of lead was a painted crib in his 
day care center. The child was enrolled in another day care 
center. Follow-up testing revealed that the blood lead level 
was within normal limits but the microcytic, hypochromic 
anemia was still present. Which follow-up test(s) would you 
recommend to help identify the etiology of this anemia? 
(Objectives 9,14,15)

 A. serum iron, serum ferritin, TIBC, % saturation

 B. hemoglobin electrophoresis

 C. molecular diagnostic testing for sideroblastic anemia

 D. molecular diagnostic testing for hemosiderosis

 9. A health maintenance organization (HMO) has a contract 
for laboratory testing services with your laboratory. The 
HMO has decided to screen its members for hereditary 
hemochromatosis. Which laboratory test will you recom-
mend for this screening? (Objective 18)

 A. serum iron

 B. % transferrin saturation

 C. serum ferritin

 D. molecular test for mutated HFE gene

 10. In regard to question 9, what test should you recommend 
be done reflexively on patients with an abnormal screening 
test? (Objective 18)

 A. molecular test for HFE gene

 B. serum iron

 C. serum ferritin

 D. % saturation
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define hemoglobinopathy.
 2. Explain the basis of defects resulting in the production of variant 

hemoglobins.
 3. Explain the basis of the hemoglobin electrophoresis method in 

 identifying variant hemoglobins.
 4. Describe the epidemiology of sickle cell anemia (SCA) and other 

hemoglobinopathies.
 5. Identify the globin chain defects causing SCA, hemoglobin C (HbC) 

 disease, and hemoglobin E (HbE) disease.
 6. Associate laboratory analyses with their use in detecting and  identifying 

hemoglobinopathies.
 7. Recognize and identify abnormal laboratory test results,  including 

peripheral blood findings and screening and confirmatory tests, 
 typically associated with homozygous and heterozygous conditions 
involving sickle hemoglobin (HbS), HbC, HbD, and HbE and compound 
heterozygous conditions involving HbS and other variant hemoglobins.

 8. List major clinical findings typically associated with the 
 hemoglobinopathies listed in Objective 7.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare the synthesis and concentration of variant hemoglobins in 

homozygous and heterozygous conditions.
 2. Compare the prevalence of hemoglobins S, C, D, and E.
 3. Compare and contrast the pathophysiology of common hemoglobin 

variants in terms of altered solubility, function, and stability.
 4. Analyze the structure of the hemoglobin molecule in sickle cell anemia 

(SCA) and relate it to the pathophysiology of the disease.
 5. Contrast clinical findings in persons who are homozygous and 

 heterozygous for hemoglobins S, C, D, and E and in those who have 
combined heterozygosities for these variant hemoglobins.

(continued)
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232 SECTION III   •   ThE ANEmIAS

OveRview
When hemoglobin’s molecular structure is altered, the molecule’s 
function, stability, and/or solubility can change, often resulting in 
anemia and other clinical consequences. Laboratory screening tests 
for hemoglobin variants are based on the altered characteristics of 
the hemoglobin molecule. If screening tests are abnormal, reflex tests 
are required to confirm the presence of a variant hemoglobin. The 
laboratory’s role is not limited to detecting variant hemoglobins but 
extends to monitoring a patient’s condition over the course of an 
illness and during treatment. This chapter discusses the most com-
mon variant hemoglobins including epidemiology, pathophysiology, 
clinical findings, laboratory findings, and treatment. Emphasis is on 
the correlation of clinical history and symptoms with laboratory 
tests and interpretation of test results.

intROductiOn
Clinical diseases that result from a genetically determined 
 abnormality of the structure or synthesis of the hemoglobin 
 molecule are called hemoglobinopathies. The abnormality is 
associated with the  globin chains; the heme portion of the molecule 
is normal. The globin abnormality can be either a qualitative defect 

 6. Identify and explain the basis of current therapies for 
SCA.

 7. Evaluate and interpret mobility patterns obtained on 
cellulose acetate and citrate agar gel  hemoglobin 
 electrophoresis when structurally abnormal 
 hemoglobins are present.

 8. Select, evaluate, and interpret tests used in detecting and 
identifying abnormal hemoglobins.

We will refer to this case throughout the chapter.

Shane, a 16-year-old African American male with a 
 previously diagnosed hemoglobinopathy, was  admitted 
to the hospital complaining of severe pain in his knees and 
back. Two of his four siblings have the same  disorder. He 
has been admitted to the hospital on numerous  occasions 
throughout his life for complications of his  disease. 
 Physical examination reveals a thin male in acute distress, 
complaining of severe pain. A head, eyes, ears, nose, and 
throat (HEENT) exam is positive for corkscrew vessels of 
the schlerae, schleral icterus, and small,  ill-defined, mobile 
(shotty) cervical lymph nodes. Abdominal exam revealed 
no splenomegaly, hepatomegaly, tenderness, or masses. 
Vital signs included temperature 37.8°C, blood pressure 
95/70, and pulse 82. Blood was drawn for laboratory tests, 
and a chest radiograph and mRI of the head were ordered.

Consider whether the patient’s current condition is 
likely to be related to his previous diagnosis and what 
the laboratory’s role is at this time.

case study

Objectives—Level II (continued)
 9. Design a laboratory-testing algorithm for optimizing tests 

used in detecting and identifying variant hemoglobins.
 10. Evaluate laboratory test results and medical history of a 

clinical case for a patient with a hemoglobinopathy and 
suggest a possible diagnosis.

 11. Explain the physiologic abnormality resulting in unstable 
hemoglobins, methemoglobinemia, and hemoglobin 
 variants with increased or decreased oxygen affinity.

 12. Interpret laboratory findings associated with the disorders 
in Objective 11.

Key Terms
Aplastic crisis
Autosplenectomy
Compound heterozygote

Hemoglobin electrophoresis
Hemoglobinopathy
Irreversibly sickled cell (ISC)

Ischemic
methemoglobinemia
Sequestration crisis

Thalassemia
Vaso-occlusive crisis

• Name and describe basic laboratory procedures used to screen 
for and assess anemia. (Chapters 10, 11, 37)

• Recognize abnormal values and results for basic hematologic 
procedures. (Chapters 10, 11, 37)

• Describe the classification systems of anemias. (Chapter 11)

Level ii
• Explain the genetic control of globin chain synthesis. (Chapter 6)
• Describe the ontogeny of hemoglobin types. (Chapter 6)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

Level i
• Describe erythrocyte metabolism and erythrocyte destruction. 

(Chapter 5)
• Describe the structure and function of hemoglobin; list variant 

hemoglobins. (Chapter 6)
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disease, however, remained a mystery until Linus Pauling in 1949 
discovered the altered electrophoretic mobility of the hemoglobin 
in patients with sickle cell disease.4 The molecule’s altered electrical 
charge was ascribed to a molecular abnormality of the globin chain.

More than 1100 abnormal hemoglobins have since been 
 identified.5 A molecular database of abnormal hemoglobins can 
be accessed at http://globin.cse.psu.edu/globin/hbvar/menu.
html. The number of identified b@chain mutations exceeds the 
 number  identified for a@, d@, or g@chains (Table 13-1 ★). Part of the 
 explanation for this distribution likely resides in the genetics and phe-
notypic expression of the globin gene loci. Hemoglobin F (g@chain) 
is expressed to a significant extent only during fetal development; 
therefore, variant F hemoglobins are unlikely to be detectable after 
3–6 months of age. Mutations affecting the g@chain locus with the 
potential to produce a significant clinical abnormality would likely 
cause fetal death. At birth and in the first few months of life, as b@chain 
synthesis becomes predominant, residual abnormal HbF is masked by 
the increasing concentration of HbA in children carrying mutations 
of the g-chain, producing milder clinical presentations.

Because HbA2 (d@chain) is usually a minor component of the 
total hemoglobin in adults, HbA2 variants are also unlikely to cause 
clinical complications and are discovered “ accidentally” during labora-
tory evaluation for other purposes.

Two copies of the a@chain gene are found on each of the number 
16 chromosomes, resulting in a total of four genes. Thus, a mutation of 
a single a@locus resulting in a variant a@chain@containing hemoglobin 
produces only a small amount of the abnormal hemoglobin and is less 
likely to cause clinically significant disease.

The b@gene, which is found in a single copy on each  chromosome 
11, is most likely to be associated with a clinical phenotype when 
mutated because the b@globin chain is a component of HbA, the 
major adult hemoglobin.

Identification of Hemoglobin Variants
Most structural hemoglobin variants result from a single amino acid 
substitution or deletion in the globin polypeptide chain. The majority 
of structural variants result in no clinical or hematologic abnormality 
and have been discovered only by population studies or family stud-
ies. Mutations result in clinical manifestations only when the solubility, 
stability, or function (oxygen affinity) of the hemoglobin molecule is 
altered. These phenotypic variants produce both clinical and hemato-
logic abnormalities of varying severity, depending on the nature and site 
of the mutation. Laboratory tests designed to detect and identify hemo-
globin variants are based on the molecule’s altered structure or function.

in the globin chain (structural abnormality) or a quantitative defect 
in globin synthesis.

Qualitatively abnormal hemoglobin molecules arise from genetic 
mutations in the coding region of a globin gene, resulting in amino 
acid deletions or substitutions in the globin protein chain. These 
mutations cause structural variation in one of the globin chain classes 
(structural hemoglobin variants). The nomenclature of these disorders 
is discussed in the later section “Nomenclature.” The most common 
clinical disorder of this type of mutation is sickle cell anemia.

The quantitative globin disorders result from various genetic 
defects that reduce synthesis of structurally normal globin chains. 
The quantitative disorders are known collectively as thalassemias.

Clinical disorders are also associated with combination defects 
involving both structural defects and quantitative deficiencies 
of hemoglobin. Compound heterozygotes possess two different 
 abnormal alleles of a gene coding for globin chains. An example is 
thalassemia in combination with sickle cell (Chapter 14).

As a result of the globin chain defects, hemoglobinopathies can 
be associated with a chronic hemolytic anemia or can be asymptom-
atic. Clinical expression of the hemoglobinopathy varies, depending 
on the class of globin chain involved (a, b, d, or g), the severity of 
hemolysis, and the compensatory production of other normal globin 
chains. Some of the hemoglobinopathies produce no clinical signs 
or symptoms of disease and are identified only through population 
 studies specifically designed to reveal “silent” carriers. As discovery 
of silent carriers increases, the incidence of these genetic disorders is 
proving to be much higher than originally thought.

Hemoglobinopathies are believed to be the most common lethal 
hereditary diseases in humans.1 More than 330,000 infants worldwide 
are born each year with inherited hemoglobin disorders such as sickle 
cell and thalassemia.2 Many affected children live in low-income 
countries, and many die before age 5.

Hemoglobinopathies are found worldwide but occur 
most  commonly in African blacks and ethnic groups from the 
 Mediterranean basin and Southeast Asia. The geographic locations 
where the quantitative and qualitative hemoglobin disorders are 
found frequently overlap; thus, it is not uncommon for individuals to 
have both a structural hemoglobin variant and a form of thalassemia. 
This could partly explain the extreme variation in clinical findings 
associated with hemoglobinopathies.

This chapter discusses the structural hemoglobin variants and 
Chapter 14 discusses the thalassemias and combination disorders.

stRuctuRaL HemOgLObin vaRiants
The largest group of hemoglobinopathies results from an  inherited 
structural change in one of the globin chains; however, rate of  synthesis 
of the abnormal chain usually is not significantly impaired. Any of the 
globin chain classes, a, b, d, or g, can be affected.

Sickle cell anemia (SCA), the most common structural 
 hemoglobin variant, was reported by James Herrick of Chicago in 
1910.3 He described the typical crescent-shaped sickled erythrocytes 
in a young black student from the West Indies. Following this initial 
report, additional cases of the disease were described, and the  clinical 
pattern of SCA was established. The pathophysiologic aspects of the 

globin Polypeptide gene number of variants

a1@ and/or a2@globin gene(s) 424

b@globin gene 571

d@globin gene 69

Ag@globin gene 38

gg@globin gene 58

from globin.cse.psu.edu/globin/hbvar/menu.html (accessed march 14, 2014).

★ tabLe 13-1 Structural Variants of Globin Genes
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Other traditional tests for abnormal hemoglobins are based on 
altered physical properties of the structural variants. These include 
solubility tests, heat precipitation tests, and tests for Heinz bodies. The 
uses of these methods are included in the following discussion of the 
corresponding specific structural variants. Procedures are included 
in Chapter 37.

Techniques are also available to identify the specific  molecular 
defect of hemoglobin disorders.10 These techniques are discussed in 
Chapter 42. The polymerase chain reaction (PCR) has been  incorporated 
into diagnostic procedures for identifying point  mutations because it 
enhances sensitivity and reduces the amount of DNA and time required 
for analysis. Prenatal diagnosis can be  carried out in the first trimester of 
pregnancy using DNA obtained from chorionic villus sampling. In cases 
of hemoglobinopathies caused by known common mutations, such as 
sickle cell anemia, the fetal DNA can be analyzed directly. If prenatal 
diagnosis is desired when the exact mutation is not known, the parents’ 
DNA could be analyzed first (e.g., restriction fragment length polymor-
phism [RFLP]) to help identify the presence of a mutation (Chapter 42).

Methods of Analysis
Hemoglobin carries an electrical charge resulting from the  presence 
of ionized carboxyl (COO-) and protonated (H+) amino (NH3

 +) 
groups. The type (net positive, net negative) and strength of the 
charge depend on both the amino acid sequence of globin chains in 
the  hemoglobin molecule and the pH of the surrounding medium. 
Many amino acid substitutions alter the molecule’s electrophoretic 
charge, enabling the detection of a structural hemoglobin vari-
ant by hemoglobin  electrophoresis. Some substitutions can 
cause  identical changes in the net charge of the molecule; thus, two 
 different mutant hemoglobins can have identical electrophoretic 
mobility. Other substitutions do not alter the charge of the globin 
chain, and the variant hemoglobin migrates identical to the “normal” 
globin chain. By varying the medium and pH of the procedure, many 
clinically significant hemoglobins can be detected and identified. 
Methods for performing hemoglobin electrophoresis, examples of 
electrophoretic patterns, and more complete discussions of the tests 
that follow are included in Chapter 37.

The most common clinically symptomatic hemoglobinopathies 
involve abnormalities of the b@globin chain, resulting in a decrease 
or absence of HbA (a2b2) and sometimes an increase in HbF (a2g2) 
and/or HbA2 (a2d2). A band representing the mutant hemoglobin 
may also be present. Typically, an elevation in HbF and/or HbA2 is 
the clue to the presence of a hemoglobinopathy, although HbF can 
be elevated in other hematologic disorders as well. HbF concentra-
tions  710% can be measured by electrophoresis and densitometry. 
Smaller but  significant increases in HbF can be measured more accu-
rately by alkali denaturation and other methods. HbF distribution 
among the erythrocyte population is evaluated by acid elution tests. 
These tests are based on the fact that HbF is more resistant to alkali 
and acid  treatment than other hemoglobins.

Results of laboratory tests provide essential information when a 
hemoglobinopathy is suspected. The hemoglobin concentration from 
the CBC indicates whether anemia is present. RDW and erythrocyte 
indices should be evaluated to help distinguish hemoglobinopathies 
from thalassemia, which usually causes a microcytic, hypochromic 
anemia. A review of the blood smear can reveal specific poikilocytes, 
such as sickle cells.

An important next step is to detect hemoglobin variants and 
 quantify hemoglobins A2 and F.6 Several options, ranging from 
 traditional electrophoresis on solid media to newer  methods, are avail-
able; many laboratories use a combination of tests. Figure 13-1 ■  shows 
the  electrophoretic mobility of normal and abnormal  hemoglobins 
using cellulose acetate (pH 8.4) and citrate agar gel (pH 6.2). Some 
 laboratories are using advanced  testing methods such as isoelectric 
focusing (IEF), high-performance  liquid  chromatography (HPLC), or 
capillary electrophoresis (CE).7 These laboratory methods are suitable 
for testing large numbers of  individuals for  hemoglobinopathies and 
offer improved  resolution and identification of certain hemoglobin 
variants over results obtained with alkaline electrophoresis.8 HPLC has 
the advantage over electrophoresis of quantifying low  concentrations 
of HbA2 and HbF.7 All states in the United States mandate newborn 
screening  programs for sickle cell disease,9 often using HPLC or mass 
spectrometry  methods that are appropriate for high-volume testing. 
Unfortunately, these methods may be unavailable for testing residents 
of developing and low-income countries.

Why is it not possible for all structural hemoglobin  variants 
to be identified by hemoglobin electrophoresis?

CheCkpoint 13-1

■  FiguRe 13-1 Electrophoretic patterns of 
 hemoglobins. The top and middle patterns are 
controls for  electrophoresis by cellulose acetate at 
pH 8.4 and citrate agar gel at pH 6.2 showing the 
mobility patterns for normal and  abnormal hemo-
globins. Note that some hemoglobins that move 
together on cellulose acetate (pH 8.4) (e.g., HbS, D, 
G) can be separated on citrate agar gel (pH 6.2). The 
bottom  pattern shows an electrophoretic pattern 
of a patient with normal hemoglobin using cellulose 
acetate at pH 8.4.

Hemoglobin Electrophoresis Controls
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of disease, the abnormal hemoglobin usually constitutes 90–95% of 
the total hemoglobin. This is explained by the effect of the abnormal 
globin chain on the formation of the hemoglobin tetramers. The 
normal a@chain has a net positive charge; the normal b@chain (bA) 
has a negative charge, and ab dimers form initially through positive-
negative electrostatic interactions. b@chain mutants with a lesser 
negative charge than bA form ab dimers more slowly than do bA 
(and, conversely mutations that increased the negative charge of the 
b@globin chain would form ab dimers more rapidly). Both bS and bC 
mutations cause a net reduction of the b@chain negative charge and 
form abS or abC dimers more slowly than abA dimers. As a result, 
heterozygotes have ∙60% HbA and ∙35940% HbS or HbC. If HbS 
or HbC  constitutes 750% of the total hemoglobin in a heterozygote, 
the patient could have inherited two different abnormal  hemoglobin 
genes (compound heterozygote) or a form of thalassemia in 
 combination with the structural hemoglobin variant (Chapter 14).

Nomenclature
The first abnormal hemoglobin discovered was called 
 hemoglobin S (HbS) because it was associated with crescent (sickle)-
shaped  erythrocytes (S for sickle). Subsequently, other hemoglobin 
 variants were discovered and were given successive letters of the 
alphabet according to electrophoretic mobility beginning with the 
letter C. The letter A was already being used to describe the normal 
adult  hemoglobin, HbA. The letter B was not used to avoid confusion 
with the ABO blood group system. The letter F had been designated 
to describe fetal hemoglobin, HbF. The letter M was given to those 
hemoglobins that tended to form methemoglobin (HbM).

As more variants were discovered, it was recognized that the 
alphabetical system was not sufficient and a different  nomenclature 
system was needed. Thus, subsequent hemoglobins were given 
 common names according to the geographic area in which they 
were discovered (e.g., Hb Ft. Worth). It also became apparent that 
some  variants with the same letter designation (same  electrophoretic 
 mobility) had different structural variations. If the hemoglobin has 
the electrophoretic mobility of a previously lettered hemoglobin, 
that letter is used in addition to the geographic area (e.g., HbG 
Honolulu).

A standardized hemoglobin nomenclature has been recommended 
for use. All variants should be given a scientific designation as well as 
a common name. The scientific designation includes the following:  
(1) the mutated globin chain, (2) the position of the affected amino acid, 
(3) the helical position of the mutation, and (4) the amino acid substitu-
tion. (If the mutation affects amino acids between helices, the number of 
the amino acid and the letters of the two bracketing helices are used.) For 
example, HbS is designated b6 (A3) Glu S Val. The mutation is in the 
b@chain affecting the amino acid in the sixth position of the completed 
polypeptide located in the A3 helix  position. The amino acid valine is 
substituted for glutamic acid. Hemoglobins with amino acid deletions 
include the word missing after the amino acid and helix designation (e.g., 
b56959 [D7–E3] missing). The advantage of the helical designation is 
that amino acid substitutions in the same helix can lead to similar func-
tional and structural  alterations of the hemoglobin molecule, allowing a 
better understanding of the clinical manifestations of each.

Not all globin chain mutations cause symptoms of disease; thus, 
many go undetected. Only those that cause clinical symptoms are likely 
to be brought to a physician’s attention. If an individual is  homozygous 
for the gene coding for a structural b@globin mutant, no HbA is pro-
duced, and the term disease or anemia is used to describe the specific 
disorder (e.g., sickle cell anemia). If one of the genes coding for the 
b@chain is normal and the other b@gene codes for a structural variant, 
both HbA and the abnormal hemoglobin are produced, and the word 
trait is used to describe the heterozygous disorder (e.g., sickle cell trait).

With the most common b@chain hemoglobin variants (HbS, 
HbC), the abnormal hemoglobin usually accounts for 650% of the 
total hemoglobin in the trait form, whereas in the homozygous state 

What does the term silent carrier mean when referring to 
a hemoglobinopathy?

CheCkpoint 13-2

1. Identify a laboratory test needed to determine Shane’s 
hemoglobinopathy.

case study (continued from page 232)

Pathophysiology
The structural hemoglobin variants cause symptoms if the amino 
acid substitution occurs at a critical site within the molecule. Muta-
tions that cause clinical signs of disease affect the solubility, function 
(oxygen-affinity), and/or stability of the hemoglobin molecule.

altered solubility
If a nonpolar amino acid is substituted for a polar residue near the 
molecule’s surface, the solubility of the hemoglobin molecule can be 
affected. Hemoglobin S and hemoglobin C are examples of this type of 
substitution. In the deoxygenated state, the HbS molecule polymerizes 
into insoluble, rigid aggregates. The majority of surface  substitutions, 
however, do not affect the tertiary structure, heme function, or  subunit 
interactions and are therefore innocuous.

altered Function
Some amino acid substitutions can affect the oxygen affinity of 
 hemoglobin by stabilizing heme iron in the ferric state, producing 
 methemoglobin, which cannot combine with oxygen (Chapter  6). 
 Hemoglobins M and Chesapeake are examples. Mutations within the 

Results of hemoglobin electrophoresis were 90% HbS, 
9% hbf, and 1% HbA2.

2. What is the abnormal hemoglobin causing Shane’s 
disease?

3. Is Shane heterozygous or homozygous for the disorder?

4. What is this disorder called?

case study
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frequency. Children with sickle cell trait are infected with the malar-
ial parasite, but the parasite counts remain low. It has been  suggested 
that resistance to malaria occurs because parasitized cells sickle more 
readily, leading to sequestration and phagocytosis of the infected cell 
by the spleen. Other as yet undefined factors could also contribute 
to reduced malarial susceptibility in individuals with HbS.12 Epide-
miological data suggest there could be similar selective advantages 
to HbE and HbC.11 Molecular evidence indicates that the identical 
sickle mutation arose independently in these geographic areas at least 
five times.

Pathophysiology
Sickle cell anemia is caused by a mutation (GAG S GTG  conversion) 
in the HBB gene (hemoglobin b gene). This  mutation results in the sub-
stitution of nonpolar valine for polar glutamic acid at the sixth amino 
acid position in the A3 helix of the bchain:b6 (A3) Glu S Val (see 
the previous “Nomenclature”  section for explanation)—and produces 
the mutant hemoglobin, HbS. The amino acid substitution is on the 
surface of the molecule,  producing a net decrease in negative charge; 
hence, it changes the molecule’s electrophoretic mobility. The solubility 
of HbS in the deoxygenated state is markedly reduced, producing a 
tendency for deoxyhemoglobin S molecules to polymerize into rigid 
aggregates. The cells may assume a crescent shape, depending on the 
extent of polymerization of the HbS molecules. Polymerization is 
reversible on reoxygenation.

Polymerization is time dependent. A time delay occurs between 
deoxygenation and the formation of a significant amount of HbS 
polymers. The development of significant polymerization and red 
cell distortion takes ∙294 minutes. The delay time for polymeriza-
tion is important in considering the overall clinical consequences of 
HbS. Even though most red cells contain some sickle hemoglobin 
polymer at the oxygen concentration in venous blood, the majority 
of the cells do not sickle during their journey through the circulation 
because they reach the lungs and are reoxygenated before significant 
polymerization and cell distortion occur. The length of delay depends 
highly on temperature, pH, ionic strength, and oxygen tension in the 
cell’s environment. Hypoxia, acidosis, hypertonicity, and temperatures 
higher than 37°C promote deoxygenation and the formation of HbS 
polymers. The spleen, kidney, retina, and bone marrow provide a suf-
ficiently hypoxic, acidotic, and hypertonic microenvironment to pro-
mote HbS polymerization and sickling.

subunit interface, a1b2, can affect the allosteric properties of the  molecule, 
leading to increased or decreased oxygen affinity.  Considerable move-
ment occurs at the a1b2 contact region on oxygenation, which  triggers 
these allosteric interactions (Chapter 6). High oxygen-affinity hemo-
globin variants produce congenital erythrocytosis whereas decreased 
oxygen-affinity variants produce pseudoanemia and cyanosis.

altered stability
Amino acid substitutions that reduce the stability of the  hemoglobin 
tetramer result in unstable hemoglobins. The mutations usually 
 disrupt hydrogen bonding or hydrophobic interactions that retain 
the heme component within the heme-binding pocket of the globin 
chain or that hold the tetramer together. The result is a weakening 
of the binding of heme to globin and detachment of the heme or 
the disruption of the integrity of hemoglobin’s tetrameric structure. 
 Consequently, hemoglobin denatures, aggregates, and precipitates 
as Heinz bodies. Clinically, the unstable hemoglobin variants are 
sometimes known as congenital Heinz body hemolytic anemias. 
In addition to altering the molecule’s stability, disruption of normal 
conformation also can affect the molecule’s function.

The mutation in HbJ-Capetown, a92, Arg S gln,  stabilizes 
hemoglobin in the R state (Chapter 6). What functional 
effect does this have on the hemoglobin molecule?

CheCkpoint 13-3

Hb Peripheral blood, Homozygotes Hb Present on electrophoresis mutation Lys geographic distribution

HbS Normocytic, normochromic anemia; 
reticulocytosis; poikilocytosis with 
 sickled and boat-shaped cells

homozygous: hbS, f, A2

heterozygous: hbA, S, f, A2

b6(A3) glu S Val Tropical Africa and mediterranean 
areas, middle East, India, Nepal

HbE microcytic, hypochromic anemia; 
 target cells

homozygous: hbE, f, A2

heterozygous: hbA, E, f, A2

b26(B8) glu S Lys Burma, Thailand, Cambodia, 
 malaysia, Indonesia

HbC Normocytic, normochromic anemia 
with reticulocytosis; poikilocytosis 
with folded, irregularly contracted 
cells; target cells

homozygous: hbC, f, A2

heterozygous: hbA, C, f, A2

b6(A3) glu S Lys West Africa

★ tabLe 13-2 Summary of the Most Common Hemoglobin Variants

sickLe ceLL anemia
Worldwide, sickle cell anemia is the most common  symptomatic 
hemoglobinopathy with greatest prevalence in tropical Africa 
(Table 13-2 ★). Gene frequency in equatorial Africa can exceed 20%. 
The sickle cell gene is also common in areas around the  Mediterranean, 
the Middle East, India, Nepal, and in geographic regions in which 
there has been migration from endemic areas, such as North, Central, 
and South America.11 Sickle cell anemia occurs in 0.3–1.3%, and sickle 
cell trait occurs in 8–10% of African Americans.

It is interesting to note that geographic areas with the  highest 
 frequency of sickle cell genes are also areas where infection with 
 Plasmodium falciparum is common. This correlation strongly 
 suggests that HbS in heterozygotes confers a selective advantage 
against fatal malarial infections, resulting in an increase in the gene 
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Oxygen affinity of Hbs
The oxygen affinity of HbS differs from that of HbA, resulting in 
important physiologic changes in vivo. HbS has decreased oxygen 
affinity, and the 2,3-BPG level of homozygotes is increased. This 
decreased oxygen affinity, depicted by a shift to the right in the 
 oxygen dissociation curve, facilitates the release of more oxygen to 
the tissues. However, this phenomenon increases the concentration of 
 deoxyhemoglobin S, promoting the formation of sickle cells.

Red blood cell (Rbc) destruction
The primary cause of anemia in sickle cell anemia is  extravascular 
 hemolysis. Erythrocyte survival depends on intracellular HbF 
 concentration and degree of membrane damage.16 Changes in 
the erythrocyte membrane resulting in increased fragility coupled 
with Heinz body formation from denatured HbS lead to increased 
 membrane shedding (vesiculation), a decreased cell surface area, and 
the removal of the cell by the mononuclear phagocyte system.17 The life 
span of circulating HbS erythrocytes can decrease to as few as 14 days. 
The sluggish blood flow and the hypoglycemic, hypoxic  environment of 
the spleen promotes HbS polymerization and sickling, further  slowing 
blood circulation in the splenic cords and enhancing phagocytosis of 
erythrocytes containing HbS. Eventually, however, the spleen loses its 
functional capacity as repeated ischemic crises (see “Vaso-Occlusive 
Crisis”) lead to splenic tissue necrosis and atrophy. With splenic atro-
phy, other cells of the mononuclear phagocyte  system in the liver and 
bone marrow take over the destruction of these abnormal cells.

Clinical Findings
The first clinical signs of sickle cell anemia appear at about 6 months of 
age when the concentration of HbS predominates over HbF. Clinical 
manifestations result from chronic hemolytic anemia, vaso-occlusion 
of the microvasculature, overwhelming infections, and acute splenic 
sequestration.

anemia
A moderate to severe chronic anemia as the result of extravascular 
hemolysis is characteristic of the disease. Gallstones, a  complication 
of any chronic hemolytic disorder, are commonly found due to 
 cholestasis and increased bilirubin turnover. Folate deficiency due to 
increased erythrocyte turnover can further exacerbate the anemia, 
producing megaloblastosis (Chapter 15). Over time, iron overload 
and resultant complications, can develop.

Hemodynamic changes occur in an attempt to compensate for 
the tissue oxygen deficit; as a result, symptoms of cardiac overload 
including cardiac hypertrophy, cardiac enlargement, and eventually 
congestive heart failure are frequent complications of the disease.

The hyperplastic bone marrow, secondary to chronic hemolysis, 
is accompanied by bone changes, such as thinning of cortices and a 
“hair-on-end” appearance in x-rays of the skull. Hyperplasia results 
from a futile attempt by the marrow to compensate for premature 
erythrocyte destruction. Conversely, aplastic crises can accompany 
or follow viral, bacterial, and mycoplasmal infections. This temporary 
cessation of erythropoiesis in the face of chronic hemolysis leads to 
an acute worsening of the anemia. The aplasia can last from a few 
days to a week and because of the significantly decreased red cell life 
span, can induce a catastrophic fall in the hemoglobin concentration. 

Sickling (delay time) also depends on intracellular hemoglobin 
composition (the proportion of HbA, HbS, HbA2, and HbF present) 
as well as total hemoglobin concentration (MCHC). Non-S hemo-
globins increase the delay time for polymerization, presumably by 
interfering with the HbS polymerization process. Altering erythro-
cyte contents by increasing the concentration of HbF forms the basis 
of an important treatment for SCA. The delay time is also inversely 
related to the total hemoglobin concentration. The more concentrated 
the hemoglobin solution is within the cell (the higher the MCHC), 
the shorter is the delay time and the greater is the potential for HbS 
aggregates to form. Using this concept, attempts are made to treat the 
disease by hydrating the cells, which would decrease the MCHC and 
prevent sickling.

Polymerization of deoxyhemoglobin S begins when the  oxygen 
saturation of hemoglobin falls below 85% and is generally  complete 
at about 38% oxygen saturation. The HbS aggregates cause the 
 erythrocyte to become rigid and less deformable. With repeated 
cycles of deoxygenation, polymerization, and sickling, disruption of 
cation homeostasis occurs, resulting in an increase in intracellular 
Ca++ and loss of K+ and water from the cell. This cellular dehydration 
increases the MCHC, predisposing the cell to sickling on subsequent 
 deoxygenation. In addition, the increased MCHC is associated with an 
increase in cytoplasmic viscosity and a decrease in cell  deformability. 
HbS is also prone to oxidation. Oxidation of membrane proteins and 
lipids weakens critical skeletal associations. Repeated  sickling tends 
to decouple the lipid bilayer from the membrane  skeleton, and loss 
of membrane phospholipid asymmetry occurs. The aggregates also 
damage the erythrocyte membrane directly, and with the weakened 
cytoskeleton, the cell’s fragility increases.

irreversibly sickled cells
The sickled erythrocyte can return to a normal biconcave shape upon 
reoxygenation of the hemoglobin; however, as described above, with 
repeated cycles of sickling, the erythrocyte membrane undergoes 
changes that cause it to become leaky and rigid. After repeated sickling 
episodes, the cells become irreversibly sickled cells (ISCs), which 
are locked in a sickle shape whether oxygenated or deoxygenated (i.e., 
regardless of polymerization state of the hemoglobin molecules). This 
is due to abnormal interactions of red cell skeletal proteins, most likely 
caused by oxidative damage and increased Ca++ concentrations. The 
ISC is the result of permanent alterations of the submembrane skel-
etal lattice.13 From 5–50% of the circulating erythrocytes in sickle cell 
anemia are ISCs. This varies from person to person but is relatively 
constant for a given individual. The ISCs have a very high MCHC and 
a low MCV. They are ovoid or boat shaped with a smooth outline and 
lack the spicules characteristic of deoxygenated sickled cells.

The ISCs are removed by mononuclear phagocytes in the 
spleen, liver, or bone marrow. ISCs account for most, if not all, of 
the sickle forms on a peripheral blood smear (most reversible sickle 
cells regain a discocyte shape when the blood is exposed to air while 
making the slide). The ISCs can also initiate or increase the severity 
of  vaso-occlusive crises because of impaired cell deformability and 
increased cell adherence to vascular endothelium. The mechanism for 
this  interaction between sickled cells and the endothelium is unclear 
but could be related to changes in the surface properties of sickled cells 
and  endothelial cells as well as plasma factors.14,15
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Recurrent occlusive episodes can lead to infarctions of tissue 
of the genitourinary tract, liver, bone, lung, and spleen. The chronic 
organ damage is accompanied by organ dysfunction. Although 
 splenomegaly is present in early childhood, repeated splenic infarc-
tions eventually result in splenic fibrosis and calcifications (usually 
by age 4 or 5). This organ damage, secondary to infarction, is known 
as  autosplenectomy. As a result, splenomegaly is rare in adults 
with this disease. Aseptic necrosis of the head of the femur is com-
mon. Dactylitis, a painful symmetrical swelling of the hands and feet 
(hand-foot syndrome) caused by infarction of the  metacarpals and 
metatarsals, is often the first sign of the disease in infants. Recurrent 
priapism is a characteristic, painful complication that occasionally 
requires surgical intervention.

The slow flow of blood in occlusive areas can lead to 
 thrombosis. Thrombosis of the cerebral arteries resulting in stroke 
is common. Magnetic resonance imaging shows evidence of sub-
clinical  cerebral infarction in 20–30% of children with sickle cell 
anemia. If the  arterioles of the eye are affected, blindness can 
occur. Chronic leg ulcers, found also in other hemolytic anemias, 
can occur at any age. The ulcers appear without any known injury. 
These painful sores do not readily respond to treatment and can 
take months to heal.

Placental infarctions in pregnant women with sickle cell disease 
can be a hazard to the fetus. Maternal anemia often becomes more 
severe during pregnancy. In addition, other clinical findings can 
be exacerbated during pregnancy, endangering the life of both the 
mother and the fetus.

bacterial infection
Overwhelming bacterial infection is a common cause of death in 
young patients, and fever is treated as a medical emergency. The risk of 
septicemia from encapsulated microorganisms, such as Streptococcus 
pneumoniae and Haemophilus influenzae, is extremely high in chil-
dren with SCA who have not received vaccines against these organisms. 
Bacterial pneumonia is the most common infection, but meningitis is 
also prevalent. The reasons for this increased susceptibility to infec-
tion are not fully understood but could be related to functional asple-
nia, impaired opsonization, and  abnormal complement activation.18 
The spleen is particularly  important for host defense in the young. 
Significant impairment of in vivo neutrophil adherence to vascular 
endothelium in HbS disease also occurs. This could prevent neutro-
phils from rapidly relocating to areas of inflammation.18 Prophylactic 
penicillin is given to  children with sickle cell anemia beginning at age 
three months to reduce morbidity and mortality from infection, but 
compliance with therapy may not be optimal. The pneumococcal, 
meningococcal, and H. influenzae type B vaccines protect patients 
from infections with S. pneumoniae, Neisseria meningitidis, and H. 
influenzae, reducing the incidence of infection. Children with sickle 
cell anemia are also routinely  immunized for hepatitis B and seasonal 
influenza.

Increasing evidence suggests that many cases of aplasia occur as a 
result of  infection with human parvovirus B19. Parvovirus also causes 
a cessation of erythropoiesis in normal individuals, but with a  normal 
RBC life span, normal blood cell production in these  individuals is 
restored before any clinically significant changes in erythrocyte 
 concentration take place.

vaso-Occlusive crisis
HbS cells are poorly deformable. Sickled cells have difficulty 
 squeezing through small capillaries, and consequently, the rigid 
cells tend to aggregate in the microvasculature, increasing vascular 
stasis.  Erythrocytes behind the blockage release their oxygen to the 
 surrounding hypoxic tissue, deoxygenate, polymerize, and sickle, 
increasing the plug’s size (Figure 13-2 ■). Erythrocytes from nearby 
capillaries are forced to give up more oxygen than they normally 
would to feed the  oxygen-deprived tissue around the blockage. These 
cells then form rigid aggregates of deoxyhemoglobin S, expand-
ing the blockaded region. If severe, lack of oxygen can cause local 
 tissue  necrosis. Vaso-occlusion occurs more often in tissues prone to 
 vascular stasis (spleen, marrow, retina, kidney).

The blockage of the microvasculature by rigid sickled cells 
accounts for the majority of the clinical signs of sickle cell anemia. 
The occlusions do not occur continuously but sporadically, causing 
acute signs of distress. These episodes are called vaso- occlusive 
 crises and are the most frequent causes of hospitalization. The crises 
can be  triggered by infection, decreased atmospheric oxygen pressure, 
dehydration, or slow blood flow, but frequently they occur without 
any known cause. The occlusions are accompanied by pain, low-grade 
fever, organ dysfunction, and tissue necrosis. The episodes generally 
last for 4–5 days and subside spontaneously.

Why do newborns with sickle cell anemia not experience 
episodes of vaso-occlusive crisis?

CheCkpoint 13-4

■  FiguRe 13-2 An illustration showing the way sickle 
cells block a vessel and precipitate a vaso-occlusive crisis.

Normal

Normal RBC Normal flexible RBC

RBC with HbS

Sickled RBCs

O2

O2

O2

RBCs with HbS behind
the nonflexible RBC
give up their oxygen to
the surrounding
hypoxic tissue causing
them to sickle

An RBC that has
undergone repeated
sickling episodes
becomes stiff.
Nonflexible RBC is
caught up in the micro-
vasculature

As more RBCs with
HbS give up their
oxygen a blockade is
formed
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counts than do normal individuals, especially children 610 years of 
age.21 Platelet counts are also frequently higher than normal. After the 
age of 40, the hemoglobin concentration, reticulocyte count, leukocyte 
count, and platelet count decrease.22

The blood smear shows variable anisocytosis with polychro-
matophilic macrocytes and variable poikilocytosis with the presence 
of sickled cells and target cells. Nucleated erythrocytes can usually be 
found. The RDW is increased. During and following a hemolytic crisis, 
the RDW increases linearly with increases in reticulocytes.23 If the 
patient is not experiencing a crisis, sickled cells may not be present.

In older children and adults, signs of splenic  hypofunction 
are apparent on the peripheral blood smear with the presence of 
 basophilic stippling, Howell-Jolly bodies, siderocytes, and poikilocytes.

acute splenic sequestration
In young children sudden splenic pooling of sickled erythrocytes 
(sequestration crisis) can cause a massive decrease in erythrocyte 
mass within a few hours. Thrombocytopenia can also occur. Hypo-
volemia and shock follow. At one time, splenic sequestration was the 
leading cause of death in infants with sickle cell anemia. Early diagno-
sis, instruction of parents in detecting an enlarging spleen, and rapid 
intervention with transfusion have decreased morbidity and mortality 
associated with splenic sequestration.

acute chest syndrome
This illness resembling pneumonia is the most common cause of 
death in children with sickle cell disease and the second most common 
cause of hospitalization.19 Clinical findings include cough, fever, chest 
pain, dyspnea, chills, wheezing, and pulmonary infiltrates. Hemoglo-
bin concentration and oxygen saturation decrease.20 The etiology of 
acute chest syndrome is not clear. In children, an infectious agent can 
often be identified. Other possible causes include pulmonary edema 
from overhydration, fat embolism from infarcted bone marrow, and 
hypoventilation due to pain from rib infarcts or from narcotic analge-
sics used to combat pain. The long-term effects of recurrent episodes 
of acute chest syndrome are unknown.

iron Overload
Excessive iron storage (hemosiderosis) is observed as a complication 
for some patients due to the use of transfusion therapy, erythropoiesis-
induced increase in iron absorption, and an overall increase in lon-
gevity for patients with SCA. Hepatic fibrosis and cirrhosis related to 
hemosiderosis can occur. The serum ferritin assay is useful for moni-
toring storage iron levels in patients with SCA and can indicate the 
need for iron chelation therapy.

The chest radiograph showed consolidation in the left 
lower lobe, indicating that Shane has pneumonia.

5. What physiological conditions does Shane have that 
could lead to sickling of his erythrocytes?

6. What is the cause of Shane’s pain and acute distress?

7. Why might Shane be more susceptible to pneumonia 
than an individual without sickle cell disease?

case study (continued from page 235)

Laboratory Findings
Peripheral blood
A normocytic, normochromic anemia is characteristic of sickle cell 
anemia; however, with marked reticulocytosis, the anemia can appear 
macrocytic (Figure 13-3 ■). Reticulocytosis from 10–20% is  typical. 
The hemoglobin ranges from 6–10 g/dL (60–100 g/L) and the hema-
tocrit from 18–30% (0.18–0.30 L/L). A calculated hematocrit from an 
electronic cell  counter is more reliable than a centrifuged microhema-
tocrit because excessive plasma trapped by sickled cells in centrifuged 
specimens falsely elevates the manual hematocrit.

The Cooperative Study of Sickle Cell Disease revealed that 
individuals homozygous for HbS have higher steady-state leukocyte 

Admission laboratory data on Shane included:

case study

WBC 16.4 * 109/L
RBC 2.5 * 1012/L
Hb 78 g/L
Hct 0.24 L/L
PLT 467 * 109/L

Differential: Segs 76%, bands 10%, lymphs 9%, monos 
3%, eos 1%, basos 1%; RbC morphology: Sickle cells 
3+ , target cells 1+ , ovalocytes 1+ , polychromasia, 3 
NRBC/100 WBCs, Howell-Jolly bodies

8. Which of Shane’s hematologic test results are 
 consistent with a diagnosis of sickle cell anemia?

9. What does the presence of polychromatophilic 
 erythrocytes signify?

10. Why is the absolute neutrophil count elevated?

11. What is the significance of ovalocytes on the blood 
smear?

12. What is the significance of Howell-Jolly bodies on the 
smear?

■  FiguRe 13-3 Hemoglobin S disease (sickle cell 
 anemia). Note abnormal boat-shaped, sickled, and 
ovoid  erythrocytes (peripheral blood; Wright-Giemsa 
stain; 1000*  magnification).
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Therapy
Disease management and treatment for patients with SCA is  extensive 
and multifaceted, and frequent monitoring of patient status using 
 laboratory assays is needed. Treatment includes both immediate 
and  prophylactic or long-term approaches. Immediate  transfusion 
 therapy may be ordered for complications of SCA, including 
stroke,  vaso-occlusion in other organs, splenic sequestration, acute 
chest  syndrome, aplastic crises, and others. Transfusion with units 
from  normal donors dilutes the amount of HbS present, restores 
 oxygenation of tissues, and temporarily suppresses erythropoiesis of 
new cells containing HbS. Simple transfusion or exchange transfusion 
may be used, often with units that are screened for HbS and fully (or 
partially) antigen matched.24 Preoperative transfusion is helpful in 
preventing the complications of anesthesia-induced sickling. Long-
term transfusion therapy can be useful in preventing complications 
of sickle cell anemia but is somewhat controversial due to potential 
side effects and lack of definitive treatment guidelines. Recent data 
have shown that transfusion therapy is useful in prevention of stroke 
and other complications in children with SCA.25 Complications of 
chronic transfusion therapy include transmission of blood-borne 
diseases, hyperviscosity,  alloimmunization, expense, inconvenience, 
and iron overload.

Various pharmacologic agents have been used to reduce 
intracellular sickling by increasing the level of HbF. Of these, only 
hydroxyurea (HU) has FDA approval for preventing vaso-occlusive 
crises in patients with sickle cell anemia. HU is widely used and 
elevates HbF in most HbS-containing erythrocytes by activating 

Other diagnostic tests
IEF in agar gels, CE, and HPLC can be used to identify abnormal 
hemoglobins such as HbS. Preferred methods for prenatal screening 
and diagnosis use DNA-based analysis (polymerase chain reaction) 
to detect point mutations in globin gene sequences. DNA testing pro-
vides a genotype diagnosis and eliminates the need for later neonatal 
testing when the phenotype results can be inconclusive. The molecular 
techniques are discussed in Chapter 42.

Other Laboratory Findings
Other laboratory findings are less specific. The hemolytic nature of the 
disease causes indirect bilirubin to increase, haptoglobin to decrease, 
and uric acid and serum lactic dehydrogenase (LD) to increase. 
Serum ferritin is typically increased. These tests offer no diagnostic 
 information on sickle cell anemia but can be performed to evaluate 
complicating conditions.

bone marrow
Bone marrow aspiration shows erythroid hyperplasia, reflecting the 
attempt of the bone marrow to compensate for chronic hemolysis. 
Erythrocyte production increases to 4–5 times normal. If the patient 
is deficient in folic acid, megaloblastosis can be seen. Iron stores are 
most often increased but can be diminished if hematuria is excessive. 
Bone marrow examination is not usually performed because it yields 
no definitive diagnostic information.

Hemoglobin electrophoresis
The presence of HbS is often confirmed by hemoglobin  electrophoresis, 
although other methods for its detection can be used.  Electrophoresis 
on cellulose acetate at pH 8.4 shows 80–95% HbS (Table 13-3 ★). 
HbF ranges from 5–20%. High levels of HbF (25–35%) can indicate 
compound heterozygosity for HbS and hereditary persistence of fetal 
hemoglobin (Chapter 14). HbA2 is normal. Newborns have 60–80% 
HbF with the remainder HbS. In infants 63 months of age with small 
amounts of HbS, electrophoresis on citrate agar gel at pH 6.2 permits 
more reliable separation of HbF from both HbA and HbS. Citrate agar 
gel electrophoresis is also useful in separating HbD and HbG from 
HbS. Both of these nonsickling hemoglobins migrate with HbS on 
alkaline electrophoresis with paper or starch gel but migrate with HbA 
on agar gel electrophoresis at acid pH.

solubility test
The solubility test is a rapid test for detecting HbS in the heterozygous 
or homozygous state. In severe anemia, the amount of HbS can be 
too low to be accurately detected, and the procedure may need to be 
altered. This test should not be used as a screening test for newborns 
because of high levels of HbF and the low  concentration of HbS in this 
age group. Unstable hemoglobins can give a false positive test if many 
Heinz bodies are present. Other rare hemoglobin variants (e.g., HbC 
Harlem, HbI) can also give positive tests. False positive tests can occur 
with elevated plasma proteins and lipids.

sickling test
Another confirmatory test that is performed less often is the sodium 
metabisulfite slide test for sickling. This test is positive in both sickle 
cell anemia and sickle cell trait.

Hemoglobin (%)

condition a a2 F s c

Normal adult 97 3 61 0 0

Normal neonate 20–25 61 75–80 0 0

*SCD (SS) 0 N 5–20 80–95 0

S trait (SA) 50–65 N N 35–45 0

C disease 0 N 67 0 790

C trait (CA) 60–70 N N 0 30–40

SC disease 0 ? ? 750 650

*SCD = sickle cell disease

★ tabLe 13-3 Hemoglobin Electrophoresis Results 
in Clinical Conditions

The LD level was reported as 1260 U/L (reference interval 
75–200 U/L).

13. What is the significance of Shane’s elevated LD?

case study (continued from page 239)
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because, statistically, one of four children born to parents each of 
whom has the trait will have sickle cell anemia and two of four will 
have the trait.

Complications of splenic infarction and renal papillary necro-
sis have occasionally been reported in affected individuals subjected 
to extreme and prolonged hypoxia such as flying at high altitude in 
unpressurized aircraft or following general anesthesia.

Hematologic parameters, including hemoglobin  concentration, 
are normal. No sickled cells or other abnormalities are observed 
on smears. Sickling can be induced with the sodium metabisulfite 
test, however, and the solubility test is also positive. Hemoglobin 
 electrophoresis results show 50–65% HbA, 35–45% HbS, normal 
HbF, and normal or slightly increased HbA2. If HbA constitutes 
650% of the total hemoglobin in sickle cell trait, the patient is 
probably  heterozygous for another hemoglobinopathy such as 
thalassemia.

OtHeR sickLing disORdeRs
Sickle cell disease/sickle cell disorder (SCD) are terms used to 
describe clinical conditions in which erythrocyte sickling occurs due 
to the presence of HbS. Compound heterozygous conditions (geno-
types with two different hemoglobin mutations, heterozygous for 
each) may be considered SCD with variable clinical consequences. 
Some but not all of the clinical problems typical of sickle cell anemia 
apply to other SCD. Hydroxyurea and transfusion therapies could be 
needed, depending on disease severity. The combination of bS with 
some forms of b thalassemia can be quite severe, requiring patient 
management and therapies comparable to those of sickle cell anemia. 
Hemoglobin electrophoresis and other methods including IEF and 
HPLC are needed to confirm the diagnosis of a combined disorder 
involving HbS. See “Hemoglobin S/C Disease” and Chapter 14 for 
additional information on combined disorders.

genes controlling g@globin chain production. Children and adults 
respond well to HU, experiencing fewer vaso-occlusive crises and 
hospitalizations. HU is an antineoplastic and antimetabolite drug 
with significant side effects of neutropenia,  reticulocytopenia, 
and thrombocytopenia. Monitoring cell counts biweekly is 
 recommended. HU is also a potential teratogen, so contraceptive 
precautions are recommended. HU does not seem to produce 
 serious irreversible toxicity and is not associated with long-term 
adverse effects on growth or development in children.26 Long-term 
risks of malignancy are unknown. Other pharmacologic agents for 
treating SCA are being investigated.

Additional aspects of treatment and patient management of SCA 
include prophylactic penicillin, folic acid, immunizations, hydration, 
and analgesics for pain.

Hematopoietic stem cell transplantation (SCT) affords the 
 potential for the cure of sickle cell disease. Results of multicenter case 
series show disease-free survival rates ranging from 80–85% with 
the best outcomes obtained when children received stem cells from 
HLA-identical siblings. Risk of complications, including graft  versus 
host disease and neurological problems, is high for patients with 
sickle cell disease undergoing SCT, especially when nonmyeloabla-
tive approaches or cells from unrelated donors are used.27  Candidates 
for SCT include children with severe complications of SCA who have 
matched sibling donors. Furthermore, SCT is extremely expensive 
and can be beyond the financial means of many patients. Gene 
 therapy, in which normal genes are inserted into a patient’s defective 
stem cells and returned to the patient, also holds a promise of cure but 
is not available at this time. Progress in finding a stable gene vector 
capable of expressing therapeutic levels of normal b@globin chains 
over time has been slow.28,29

Outline the treatment options for a patient with HbS 
 disease, pneumonia, and vaso-occlusive crisis. Discuss 
how each would affect the patient’s clinical condition.

CheCkpoint 13-5

HemOgLObin c disease
Hemoglobin C, the second hemoglobinopathy to be recognized, is the 
third most prevalent hemoglobin variant worldwide.11 The first cases 
of HbC were discovered in the combined heterozygous state with HbS; 
this is not surprising because both hemoglobinopathies are prevalent 
in the same geographic area. Hemoglobin C is found predominantly 
in West African blacks in whom the incidence of the trait can reach 
17–28% of the population. From 2–3% of African Americans carry the 
trait, and 0.02% have the disease.

Sickle Cell Trait
Sickle cell trait is the heterozygous bS state, and typically the patient 
has one normal b@gene and one bS@gene (bAbS). Sickle cell trait is 
not as severe a disorder as sickle cell anemia because the presence 
of HbA or other non-S hemoglobins interferes with the process of 
HbS polymerization, preventing sickling under most physiologic 
conditions. However, sickle cell trait cells can sickle under very low 
oxygen tension (∙15 mmHg). Although some hemoglobins other 
than HbS (especially HbC, HbD, HbE) can be incorporated into 
the polymer of deoxyhemoglobin S, the presence of molecules of 
these hemoglobins intermixed with the molecules of HbS creates 
a weakened structure and decreases the degree of polymerization. 
Because HbA constitutes 750% of the total hemoglobin, sickle cell 
trait rarely results in clinical symptoms and physical examinations 
are normal. However, it is important to diagnose sickle cell trait 

A child’s parents both have sickle cell trait. The physi-
cian orders a hemoglobin electrophoresis on the child. 
Results of electrophoresis on cellulose acetate at pH 8.4 
show 65% hbS, 30% hbA, 3% hbf, 2% HbA2. Explain 
these results, and suggest further testing that could help 
in diagnosis.

CheCkpoint 13-6
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then  homozygous HbS but more severe than homozygous HbC. 
Hb S/C disease is  considered a sickling disorder. The concentration 
of hemoglobin in individual erythrocytes (MCHC) is increased, 
and the concentration of HbS is more than in sickle cell trait (the 
 percentage of HbS is higher than that of HbC because the bC@globin 
has a less negative charge than the bS@globin; thus, the cell does not 
form abC@dimers as readily as abS@dimers). The presence of HbC 
makes the HbS/C cells more prone to sickling than cells that contain 
HbA/HbS because HbC molecules participate in the  polymerization 
process with HbS molecules more easily than do HbA molecules. 
Increased erythrocyte rigidity is noted at oxygen tensions 650 mm 
Hg. In addition, cells containing HbS/C have formation of  aggregates 
of intracellular HbC crystals.30 Thus, in HbS/C disease, both  sickling 
and crystal formation contribute to the pathophysiology of the 
disease.

The clinical signs and symptoms of the disease are similar to those 
of mild sickle cell anemia, and treatment can be indicated. Because of 
the poorly deformable red cells, patients can develop vaso-occlusive 
crises leading to the complications associated with this pathology. A 
notable difference from sickle cell anemia, however, is that in HbS/C 
disease, splenomegaly is prominent.

Mild to moderate normocytic, normochromic anemia is 
 present. The hematocrit is usually >25% (0.25 L/L), and the hemo-
globin concentration is between 10 and 14 g/dL (100 and 140 g/L). 
The higher hemoglobin concentration does not necessarily mean 
that hemolysis is less severe than in sickle cell anemia; it could be 
that the higher oxygen affinity of HbS/C cells results in higher 
erythropoietin levels.  Peripheral blood smears reveal a large num-
ber of target cells (up to 85%), folded cells, and boat-shaped cells but 
rarely sickled forms ( Figure 13-5 ■). Typical HbC crystals are rarely 
found. Some erythrocytes contain a single eccentrically located, 
densely stained, round mass of  hemoglobin that makes part of the 
cell appear empty. These cells have been referred to as billiard-ball 
cells.30 Anisocytosis and poikilocytosis range from mild to severe. 
Small, dense, misshapen cells, some with crystals of  various shapes 
jutting out at angles, have been referred to as HbSC  poikilocytes.31 
Hemoglobin electrophoresis shows a higher concentration of HbS 

Hemoglobin C is produced when lysine is substituted for glutamic 
acid at the sixth position (A3) in the b@chain [b6 (A3) Glu S Lys]. 
The mutation in the HBB gene is in the same position as the HbS 
mutation. Because the substitution is a nonpolar amino acid for 
a polar amino acid as with HbS, hemoglobin solubility decreases. 
 Intraerythrocytic crystals of oxygenated HbC can be found in the 
red cells, especially in splenectomized individuals. HbF inhibits the 
 formation of crystals. Crystal formation is enhanced when cells are 
dehydrated or in hypertonic solutions. Erythrocytes with crystals 
become rigid and are trapped and destroyed in the spleen, thereby 
reducing erythrocyte life span to 30–55 days.

Hemoglobin C disease (bCbC) is usually asymptomatic, but 
patients occasionally experience joint and abdominal pain. In  contrast 
to sickle cell anemia, the spleen is most often enlarged. Variable 
 hemolysis results in a mild to moderate anemia.

The hemoglobin ranges from 8–10 g/dL (80–120 g/L) and the 
hematocrit from 25–35% (0.25–0.35 L/L). The anemia is accompanied 
by a slight to moderate increase in reticulocytes. The stained blood 
smear contains small cells that appear to be folded and irregularly 
contracted as well as many target cells (Figure 13-4 ■). Intracellular 
hemoglobin crystals can be found if the smear has been dried slowly. 
Microspherocytes are occasionally present.

On cellulose acetate at an alkaline pH, HbC migrates with 
HbA2, HbE, and HbO-Arab. HbC can be separated from these other 
 hemoglobins by agar gel electrophoresis at an acid pH (Figure 13-1). 
For individuals with HbC disease, electrophoresis on citrate agar gel 
at acid pH demonstrates 790% HbC with a slight increase in HbF 
(not 77%).

Hemoglobin C trait (bC/bA) is asymptomatic. No hematologic 
abnormalities are produced except that target cells are noted on 
blood smears. Mild hypochromia can be present. About 60–70% of 
the hemoglobin is HbA and 30–40% is HbC.

HemOgLObin s/c disease
In hemoglobin S/C disease, both b@chains are structurally 
 abnormal. One b@gene codes for bS@chains, and the other gene 
codes for bC@chains (bSbC); thus, HbA is absent. The combined 
 heterozygous state for HbS and HbC results in a disease less severe 

■  FiguRe 13-4 Hemoglobin C disease. Note the cell in 
the top center with a HbC crystal and target cells (periph-
eral blood; Wright-Giemsa stain; 1000*  magnification).

■  FiguRe 13-5 Hemoglobin S/C disease. Notice the 
elongated cells, the cell with hemoglobin contracted to 
one side of the cell (billiard ball cell; arrow), and boat-
shaped cells. The small contracted cells are typical of 
those seen in hemoglobin C disease (peripheral blood; 
Wright-Giemsa stain; 1000*  magnification).
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HemOgLObin e
Hemoglobin E is the second most prevalent hemoglobinopathy 
worldwide.11 It is most often encountered in individuals from south-
east Asia. The trait has reached frequencies of almost 50% in areas of 
Thailand. It is estimated that 15–30% of immigrants from southeast 
Asia living in North America have HbE with the highest frequencies 
occurring in those from Cambodia and Laos. Although found mainly 
in Asians, the HbE trait can also occur in blacks.

Hemoglobin E is the result of a substitution of lysine for glutamic 
acid in the b@chain (b26[B8] Glu S Lys). The hemoglobin is slightly 
unstable when subjected to oxidant stress. Also, the nucleotide substitu-
tion creates a potential new splicing sequence so that some of the mRNA 
may be improperly processed. As a result, synthesis of the abnormal 
b@chain is decreased, and HbE trait and disease have some thalassemia-
like characteristics including an increased ratio of a:non@a@chain syn-
thesis and a@chain excess (Chapter 14). The oxygen dissociation curve 
is shifted to the right, indicating that HbE has decreased oxygen affinity.

Homozygous HbE is characterized by the presence of a 
mild, asymptomatic, microcytic hypochromic anemia (similar to 
 thalassemia) with decreased erythrocyte survival (Figure 13-7 ■). 
Target cells are prominently observed on smears. Electrophoresis 
demonstrates mostly HbE (90% or more) with the remainder HbA2 
and HbF. On alkaline electrophoresis, HbE migrates with HbA2, HbC, 
and HbO-Arab. On agar gel at an acid pH, HbE migrates with HbA.

HbE trait is asymptomatic, and hematologic parameters are 
 normal except for slight microcytosis. Hemoglobin electrophoresis at 

What is the functional abnormality of HbC and HbS? 
Why do these two abnormal hemoglobins have the same 
altered functions?

CheCkpoint 13-7

HemOgLObin d
Hemoglobin D (HbD) is the result of several molecular variants 
of which the identical variants HbD Punjab and HbD Los Angeles 
(b121[GH4] Glu S Gln) are the most common. HbD migrates with 
HbS on hemoglobin electrophoresis at alkaline pH; however, the HbD 
molecules do not sickle and have normal solubility properties. HbD 
variants are found in various ethnic groups including Indians and 
African Americans. An uncommon a@chain variant, HbG Philadel-
phia, is also included in this group due to its similar electrophoretic 
properties. The rarely observed HbD homozygous state is associated 
with a mild hemolytic anemia and the presence of target cells, but the 
heterozygous state is asymptomatic. In homozygous HbD, electropho-
resis on cellulose acetate at pH 8.4 demonstrates about 95% HbD with 
the same electrophoretic mobility as HbS. Electrophoresis on citrate 
agar at pH 6.0 allows separation of HbS and HbD. At acid pH, HbD 
migrates with HbA.

Although rare, the combined heterozygous state of HbD 
and HbS exists. HbD molecules can interact with HbS molecules, 
 producing aggregates of deoxyhemoglobin (Figure 13-6 ■). This 
produces a  relatively mild form of sickle cell anemia. HbD is also 
found in  combination with b@thalassemia, resulting in a more seri-
ous  clinical condition than when HbD is combined with a normal 
b allele.  Compound heterozygotes can be recognized by results of 
 electrophoresis and erythrocyte indices.

A 13-year-old black female had a routine physical. Her 
CBC was normal, but the differential revealed many 
 target cells. Hemoglobin electrophoresis revealed a 
band that migrated like HbS on cellulose acetate at pH 
8.4. Her hemoglobin solubility test was negative. Explain 
the results and suggest a follow-up test to determine a 
diagnosis.

CheCkpoint 13-8

■  FiguRe 13-6 A blood film from a patient with hemo-
globin D/S. Homozygous HbD does not usually cause 
anemia, but when combined with HbS, it potentiates 
the aggregating of deoxyhemoglobin and sickling of 
erythrocytes, producing a mild sickle cell anemia. Notice 
the boat-shaped cells and target cells (peripheral blood; 
Wright-Giemsa stain; 1000*  magnification).

than HbC. HbF can be increased up to 7%. No HbA is found due to 
the absence of normal b@chains.

■  FiguRe 13-7 A blood film from a patient with homozy-
gous hemoglobin E (HbEE). Note the microcytosis (com-
pare red cell size to that of the nucleus of the lymphocyte) 
and prominent target cells (peripheral blood; Wright-
Giemsa stain; 1000*  magnification).
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 5. Replacement of a hydrophobic residue with a more hydrophilic 
amino acid in the hydrophobic pocket, disrupting the conforma-
tion of the hydrophobic heme cleft

Unstable hemoglobin denatures and precipitates as Heinz bodies, 
which attach to the inner surface of the membrane, thereby  decreasing 
cell deformability. The inclusions are pitted by macrophages in the spleen, 
leaving the cell with less hemoglobin and decreased  membrane. This 
 process leads to rigid cells and their premature destruction in the spleen.

In addition to altering the molecule’s stability, disruption of the 
normal conformation also can affect the molecule’s function. Many 
of the unstable hemoglobins also have altered oxygen affinity. If the 
amino acid substitution is strategically located to affect the oxygen-
binding site, oxygen affinity can be increased or decreased. In addition, 
some unstable hemoglobin variants have a tendency to spontaneously 
oxidize to methemoglobin.

Clinical Findings
Congenital hemolytic anemia indicative of an unstable  hemoglobin 
disorder requires further investigation to establish a definitive 
 diagnosis. Family history is extremely important in defining the heredi-
tary nature of the disease. Patient history can also provide information 
about the nature of events such as infection or drug administration 
that precipitate acute hemolytic episodes. The severity of the disorder 
can range from asymptomatic to a chronic severe hemolytic anemia.

The severity of the anemia depends on the degree of instability 
of the hemoglobin tetramer and the change, if any, in oxygen affinity. 
For example, Hb Köln is an unstable hemoglobin (b@chain mutation) 
that also demonstrates increased oxygen affinity. Hemoglobins with 
increased oxygen affinity (hemoglobin-oxygen dissociation curve is 
shifted left) release less oxygen to the tissues, which results in  relatively 
higher levels of tissue hypoxia and of erythropoietin as well as higher 
hematocrits than expected relative to the severity of hemolysis. 
 Conversely, unstable hemoglobins with decreased oxygen affinity (e.g., 
Hb Hammersmith) have a hemoglobin-oxygen dissociation curve 
that is shifted right, increasing the oxygen delivery to the tissues and 
allowing patients to function at a lower hemoglobin concentration. 
When the oxygen affinity of an unstable hemoglobin is decreased, the 
reticulocyte count is not increased as much as would be expected for 
the degree of anemia relative to an uncomplicated hemolytic anemia.

Most clinical findings occur as the result of increased erythro-
cyte hemolysis. Jaundice and splenomegaly are common when there 
is chronic extravascular hemolysis. Cyanosis can result from the for-
mation of sulfhemoglobin and methemoglobin that accompanies 
hemoglobin denaturation. Weakness and jaundice frequently follow 
the administration of oxidant drugs, which increase the hemoglobin’s 
instability. Acute hemolysis can also be accompanied by the excretion 
of dark urine due to the presence of dipyrroles in the urine.

Laboratory Findings
Peripheral blood
The anemia of congenital hemolytic anemia involving unstable 
 hemoglobin variants is usually normocytic and normochromic. Occa-
sionally, MCV and MCH are slightly decreased because of the removal 
of Heinz bodies from erythrocytes and loss of hemoglobin in the spleen. 

alkaline pH shows about 35–45% HbE. The remainder is HbA with 
normal HbA2 and HbF.

Combined heterozygosity for HbE and forms of thalassemia 
are commonly observed in some population groups. The degree of 
clinical severity is variable and depends on specific genotype. See 
Chapter 14.

The red cell morphology in HbE disease and b@thalassemia 
are similar: microcytic, hypochromic anemia with target 
cells. What laboratory test(s) could differentiate these two 
conditions?

CheCkpoint 13-9

unstabLe HemOgLObin vaRiants
Unstable hemoglobins can result from structurally abnormal  globin 
chains, and 7140 unstable variants have been described. The 
 abnormal chains contain amino acid mutations at  critical internal 
portions of the chains, which affect the molecular  stability.32 The 
disorders are characterized by denaturation and precipitation of 
the abnormal hemoglobin in the form of Heinz bodies, causing cell 
rigidity, membrane damage, and subsequent erythrocyte hemoly-
sis. Although hemoglobin denaturation and hemolysis can occur 
 spontaneously, symptoms associated with acute hemolysis usually 
occur after drug administration, infection, or other events that change 
the hemoglobin molecule’s normal environment. Clinical conditions 
associated with unstable variants are known as unstable hemoglobin 
disorders or congenital Heinz body hemolytic anemias.

Pathophysiology
Most affected individuals with unstable hemoglobins are  heterozygous. 
Most unstable hemoglobins are inherited as autosomal- dominant 
 disorders, but a large number arise from spontaneous mutations 
with no evidence of hemoglobin instability in parents or other family 
members.

Unstable hemoglobin variants can result from a variety of 
 globin chain amino acid substitutions or deletions that disrupt 
the stability of the globin subunit or hemoglobin tetramer, or the 
 binding of heme to globin. Such mutations resulting in unstable 
hemoglobin variants include:

 1. Mutation of a globin amino acid that is involved in contact with 
the heme group or that results in a tendency to dissociate heme 
from the abnormal globin chains

 2. Replacement of nonpolar by polar amino acids at the interior of 
the molecule resulting in a distortion of the folding of the globin 
chain

 3. Deletion or insertion of additional amino acids, particularly in the 
helical regions of the molecule, creating instability

 4. Mutations of amino acids at intersubunit contacts (especially the 
a1b1 contact points), creating instability and a tendency to disso-
ciate into monomers
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state. Other substitutions that affect oxygen affinity include those near 
the a1b2 contacts, at the C terminal end of the b@chain, and near the 
2,3-BPG binding site. These are critical sites involved in the allosteric 
properties of hemoglobin and/or in the physiologic regulation of hemo-
globin affinity for oxygen. Either the a@ or b@chain can be affected, but 
most identified substitutions are associated with the b@chain.

Increased oxygen affinity results in congenital erythrocytosis, a 
compensatory mechanism for the reduced release of oxygen to the 
tissues. Hemoglobinopathies causing permanent methemoglobin 
 formation are associated with pseudocyanosis, whereas cyanosis 
 characterizes hemoglobins with decreased oxygen affinity.

Hemoglobin Variants with 
Increased Oxygen Affinity
High-affinity hemoglobins are inherited as autosomal dominant traits. 
All such hemoglobins discovered have been in the heterozygous state. 
The variants can result from amino acid substitutions that involve the 
a1b2 contacts. Mutations alter the quaternary structure of hemoglo-
bin to favor the R (oxy) state by either stabilizing this conformation 
or destabilizing the T (deoxy) state. Other substitutions affect the 
C-terminal end of the b@chain, which is important in maintaining the 
stability of the T form. A few substitutions affect the 2,3-BPG binding 
sites, which alter oxygen affinity when bound to hemoglobin.

The high-affinity hemoglobins bind oxygen more readily than 
normal and retain more oxygen at lower PO2 levels, which results 
in a shift to the left of the oxygen dissociation curve. The P50 of the 
hemoglobin is decreased to 12–18 mm Hg, meaning that less oxygen 
is released to tissues at the tissue PO2 of ∙26 mm Hg. The resulting 
tissue hypoxia stimulates erythropoietin release and, subsequently, 
formation of a compensatory increased erythrocyte mass. In addition 
to the primary effect of increasing oxygen affinity, secondary effects of 
the mutations, including hemoglobin instability, reduced Bohr effect, 
and reduced cooperativity of the oxygen binding, can also occur.32

Erythrocyte counts and hematocrit levels are increased, and hemo-
globin levels are increased to about 20 g/dL (200 g/L). Other hemato-
logic parameters are normal. About half of the hemoglobin variants have 
an altered electrophoretic mobility, enabling diagnosis by starch gel or 
cellulose acetate electrophoresis. Diagnosis is established by measuring 
oxygen affinity (determining the P50 of the patient’s hemoglobin).

Individuals with these hemoglobin variants are asymptomatic. A 
ruddy complexion is occasionally apparent as a result of the erythro-
cytosis. The importance of identifying the presence of a high-affinity 
hemoglobin is for the differential diagnosis and exclusion of other 
causes of erythrocytosis and the avoidance of unnecessary and expen-
sive diagnostic and therapeutic interventions.

Hemoglobin Variants with 
Decreased Oxygen Affinity
Low oxygen-affinity hemoglobins result from mutations that stabilize 
or favor the deoxygenated (T) conformation of the hemoglobin mol-
ecule or destabilize the oxygenated (R) form. These mutations impair 
oxygen binding or reduce heme–heme subunit interactions (coop-
erativity). Low oxygen-affinity hemoglobins are often associated with 
mutations involving the a1b2 contact points, which are involved in 

The reticulocyte count is typically increased. The blood smear can show 
basophilic stippling, pitted cells (bite cells), and small contracted cells.

If splenic function is efficient, Heinz bodies are not  detectable in 
peripheral blood cells. Heinz bodies can be found in the  peripheral 
blood following splenectomy; however, this finding is not  specific 
for unstable hemoglobin disorders. Heinz bodies can also be seen 
in  erythrocyte enzyme abnormalities that permit oxidation of 
 hemoglobin, in thalassemia, and after administration of oxidant drugs 
in normal individuals. Heinz bodies of unstable hemoglobins can be 
generated in vitro by incubation of the erythrocytes with  brilliant 
 cresyl blue or other redox agents. These intracellular inclusions  cannot 
be observed on smears stained with Wright’s stain.

Other Laboratory Findings
Many unstable hemoglobins identified to date have the same charge 
and electrophoretic mobility as normal hemoglobin. Only about 45% 
can be identified by electrophoresis. Hemoglobin A2 and HbF are 
sometimes increased, which could suggest the presence of an  abnormal 
hemoglobin when it is not detected by its electrophoretic pattern.

The presence of an unstable hemoglobin (i.e., one that  precipitates 
more readily than normal hemoglobin) may be demonstrated by 
screening tests, including the heat denaturation test or isopropanol 
precipitation test. When a hemoglobin solution is heated to 50°C 
for 1 hour, an unstable hemoglobin variant will show precipitation. 
Normal hemoglobins will not precipitate. An unstable hemoglobin 
is also precipitated within 20 minutes in the isopropanol (17% by 
volume) precipitation test. Normal hemoglobin remains in solution 
30–40 minutes. More definitive identification of unstable hemoglobin 
 variants can be made by using isoelectric focusing, HPLC analysis of 
globin chains, or genetic testing for globin gene abnormalities.

a. Explain why patients with an unstable hemoglobin 
variant usually experience acute hemolysis only after 
administration of certain drugs or with infections.

b. A patient is suspected of having a congenital Heinz 
body hemolytic anemia but hemoglobin  electrophoresis 
is normal. Why is it necessary to  perform additional 
tests?

CheCkpoint 13-10

Therapy
A wide variation in the clinical presentation of patients with unstable 
hemoglobin variants exists, and many do not require therapy. Sple-
nectomy can be performed if hemolysis is severe. Patients are advised 
to avoid oxidizing drugs, which can precipitate a hemolytic episode.

HemOgLObin vaRiants witH 
aLteRed Oxygen aFFinity
Amino acid substitutions in the globin chains near the heme pocket can 
affect the hemoglobin’s ability to carry oxygen by preventing heme from 
binding to the globin chain or by stabilizing iron in the oxidized ferric 
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not occur until about the sixth month after birth when HbA (a2b2) 
becomes the major hemoglobin.

The presence of methemoglobin imparts a brownish color 
to the blood. Except for this abnormal color, no other hematologic 
 abnormality is present because methemoglobin levels are rarely higher 
than 30%. Patients with methemoglobinemia appear to be cyanotic, 
but unlike truly cyanotic people, arterial blood PO2 levels are usually 
normal (i.e., pseudocyanosis).

Hemoglobin M does not always separate from HbA at an 
 alkaline pH. Hemoglobin electrophoresis on agar gel at pH 
7.1 of a blood  sample containing HbM reveals a brown band 
(HbM)  running anodal to a red band (HbA). The pattern can 
appear sharper with IEF.  Oxidizing the erythrocyte hemoly-
sate with ferricyanide before  electrophoresis reveals a sharp 
 separation of congenital HbM and methemoglobin formed from 
HbA.  Methemoglobin formed from HbA by oxidation of iron 
has no change in molecular charge and therefore has the same 
 electrophoretic mobility as HbA.

Although HbM can be detected by spectral abnormalities of the 
hemoglobin (absorption peaks at ∙630 and 502 nm),  methemoglobin 
formed in NADH-diaphorase deficiency has a normal  absorption 
spectrum. In addition, methemoglobin formed as the result of 
NADH-diaphorase deficiency can be readily reduced by incubation 
of blood with methylene blue whereas methemoglobin caused by a 
structural hemoglobin variant such as HbM does not reduce with the 
methylene blue. To confirm NADH-diaphorase deficiency, a quanti-
tative assay of the enzyme activity is necessary. Refer to Table 13-4 ★ 
for a summary of differentiation of types of methemoglobinemia (see 
also Chapter 6, Table 6-6).

No treatment for the HbM structural variants exists because 
the abnormal hemoglobin resists reduction. However, most patients 
are asymptomatic and require no management. Most patients have 
methemoglobin levels below the level at which symptoms of oxygen 
deprivation occur.

intramolecular movement as hemoglobin goes from the oxy (R) to 
the deoxy (T) state. The low-affinity variants result in a right-shifted 
oxygen dissociation curve.

Most low oxygen-affinity hemoglobins possess enough oxygen 
affinity to become fully saturated in the lungs but at the capillary PO2 
in the peripheral tissues, they deliver higher than normal amounts of 
oxygen (i.e., become more unsaturated). Two physiologic effects result:

•	 Because oxygen delivery is so efficient, oxygen requirements of 
the tissues can be met by lower than normal hemoglobin con-
centration, producing a pseudoanemia (hemoglobin lower than 
“normal”).

•	 The amount of deoxygenated hemoglobin in the capillaries and 
veins is increased, resulting in cyanosis. However, no adverse clini-
cal effect is associated with this cyanosis. Patients are asymptomatic 
and require no treatment.

Diagnosis requires determining the P50 (the PO2 at which 
hemoglobin is 50% saturated). HPLC can also be useful in identifying 
hemoglobin variants with low oxygen affinity.

Methemoglobinemias
Methemoglobin is hemoglobin with iron oxidized to the ferric state, 
which cannot carry oxygen. Methemoglobinemia is a clinical con-
dition that occurs when methemoglobin encompasses 71% of the 
hemoglobin (Chapter 6). This condition can occur as a result of either 
acquired or inherited defects in the methemoglobin reductase system 
or as a result of the presence of a structurally abnormal globin chain. 
In the latter case, the defect results in increased formation of methe-
moglobin by rendering the molecule relatively resistant to reduction 
by methemoglobin reductase.

This structural variant of hemoglobin is called hemoglobin M 
(HbM). Nine variants of it have been described; all variants have 
been found only in the heterozygous state. Most HbM variants are 
produced by a tyrosine substitution for the proximal or distal his-
tidine in the heme pocket of the a@ or b@chains. Tyrosine forms a 
covalent link with heme iron, stabilizing the iron in the ferric state. 
The stabilized, oxidized iron is relatively resistant to reduction by the 
methemoglobin reductase pathway. If the substitution occurs in the 
a@chain, cyanosis (or actually pseudocyanosis) is present from birth 
because the a@chain is a component of HbF (a2g2), the major hemo-
globin at birth. If the substitution occurs in the b@chain, cyanosis does 

Why should red cell enzyme assays and hemoglobin 
 electrophoresis both be performed on a patient with 
congenital cyanosis?

CheCkpoint 13-11

type cause electrophoretic Pattern nadH-diaphorase activity
Reduction with 
methylene blue

Acquired Hb oxidized at a rate exceeding  
capacity of methemoglobin reductase  
system

Normal Normal Yes

Congenital

Recessive Defect in methemoglobin reductase  
 system

Normal Decreased Yes

Dominant Structural abnormality of hemoglobin (hbm)  hbm variant Normal No

★ tabLe 13-4 Causes and Characteristics of Methemoglobinemia
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Summary
The hemoglobinopathies are a group of chronic hemolytic 
anemias caused by qualitative defects in the globin chains of 
hemoglobin. Quantitative defects in globin chain synthesis 
 (thalassemias) are discussed in Chapter 14.

Qualitative defects are due to genetic mutations that cause 
a structural change in the globin chain. Although the  mutation 
can affect any of the globin chain classes, most  clinically 
 significant mutations affect the b@chain. The mutation can 
affect the  hemoglobin molecule’s solubility, stability, or  function 
 (oxygen affinity). Hemoglobin electrophoresis can be used to 
detect those mutants in which amino acid mutations cause a 
change in the hemoglobin molecule’s electrophoretic  mobility. 
However, not all variants can be detected and identified by elec-
trophoresis, and other methods such as hplC, IEf, or CE can 
be used. Other tests detect alterations in hemoglobin  solubility 
and/or stability or oxygen affinity. molecular techniques are 
available to help definitively diagnose hemoglobinopathies but 
are not always necessary for routine diagnostic purposes.

In the United States, the most common structural  variants are 
HbS and HbC. Both are characterized by decreased  hemoglobin 
solubility and can be detected electrophoretically. Hemoglo-
bin S has decreased solubility when deoxygenated, forming 

rigid aggregates and reduced erythrocyte  deformability. The 
rigid cells aggregate in the microvasculature, resulting in tissue 
hypoxia. In HbC disease, the erythrocytes become trapped and 
destroyed in the spleen when intracellular crystals of HbC form. 
generally, these variants produce a normocytic, normochromic 
anemia with anisocytosis and poikilocytosis  characteristic for the 
specific hemoglobinopathy. The blood smear in HbS  disease can 
show sickled forms and target cells. HbC disease has numerous 
target cells and irregularly contracted cells, and the erythrocytes 
occasionally contain HbC crystals. In the United States, both 
HbS and HbC are found in highest frequency among  African 
Americans. Hemoglobin E is especially prevalent in people 
from southeast Asia. HbE disease is characterized by a mild, 
 asymptomatic microcytic anemia.

Unstable hemoglobin variants produce congenital Heinz 
body hemolytic anemia. The hemoglobin denatures in the form 
of Heinz bodies, decreasing cell deformability and resulting in 
membrane damage and premature destruction. Hemoglobin 
variants with increased or decreased oxygen affinity can result 
in erythrocytosis or cyanosis, respectively. Hemoglobin  variants 
resulting in methemoglobin formation are associated with 
pseudocyanosis.

Review Questions
Level i

 1. A patient has been previously diagnosed as being 
 heterozygous for hemoglobin D. What is an important 
identifying characteristic of this hemoglobin variant? 
(Objective 7)

 A. It migrates with HbS on hemoglobin electrophoresis at 
alkaline pH.

 B. Sickled RBCs are typically observed on smears.

 C. Hemoglobin electrophoresis at alkaline pH is needed 
for its separation from another common variant.

 D. It causes severe hemolytic anemia with many target 
cells in heterozygotes.

 2. Which of the following laboratory assays are useful in 
recognizing and confirming a diagnosis for patients with 
hemoglobinopathies? (Objective 6)

 1. Hemoglobin electrophoresis
 2. RBC indices
 3. RBC morphology
 4. Hemoglobin level
 5. Chemistry assays including bilirubin, ferritin, and others

 A. 1 and 5 only

 B. 2 and 4 only

 C. 1, 3, and 4 only

 D. all of the above

 3. Which part of the standard CBC provides the most use-
ful screening information when differentiating between a 
patient diagnosis of sickle cell anemia versus thalassemia? 
(Objective 6)

 A. hemoglobin concentration alone

 B. hemoglobin and hematocrit together

 C. erythrocyte indices

 D. total WBC count and differential

 4. Which homozygous hemoglobinopathy is most consistent 
with the following laboratory test results? (Objective 7)

  Hemoglobin level mildly decreased, MCV decreased, 
 target cells and hypochromia observed on smear, a large 
band in the A2 region on alkaline electrophoresis

 A. hemoglobin C

 B. hemoglobin D

 C. hemoglobin E

 D. hemoglobin S
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 10. A hemoglobin electrophoresis showed 49% HbS, 42% 
HbC, 6% HbF, and 3% HbA2. These results are consistent 
with a diagnosis of: (Objective 7)

 A. sickle cell anemia

 B. sickle cell trait

 C. hemoglobin S/C disease

 D. hemoglobin C trait

Level ii

 1. In which U.S. population group would you expect to 
observe the lowest prevalence of clinically significant 
hemoglobinopathies? (Objective 2)

 A. African Americans

 B. Caucasian Americans

 C. Immigrants from southeast Asia

 D. Immigrants from the mediterranean basin

 2. An African American 2-year-old is seen in an outpatient 
clinic with signs and symptoms consistent with a severe 
hemoglobinopathy. Based on this presentation, this child 
is most likely homozygous for which hemoglobin variant? 
(Objective 5)

 A. HbC

 B. HbD

 C. HbE

 D. HbS

 3. A patient with a long history of anemia is referred to 
a hematologist for diagnosis. This patient recently was 
treated with a drug for an unrelated condition, but the 
therapy was discontinued following an acute episode 
of severe anemia. Other family members also appear 
to  suffer from a similar condition. The hematologist 
 suspects the patient has an unstable hemoglobin vari-
ant and asks for test suggestions. What laboratory 
results would best support the preliminary diagnosis? 
(Objective 10)

 A. Heinz bodies observed upon staining, increased 
 reticulocytes, bite cells on peripheral blood smear

 B. decreased reticulocytes, decreased indices, target 
cells on smears

 C. Howell-Jolly bodies and sickle cells observed on 
smears

 D. increased WBC concentration with abnormal 
differential

 5. Which of the following is a clinical condition whose associ-
ated laboratory findings are seen in children with sickle cell 
anemia? (Objectives 7, 8)

 A. vaso-occlusive crisis denoted by the presence of many 
sickled RBCs on smears

 B. erythrocyte aplasia denoted by a rapid increase in 
hemoglobin

 C. bacterial infection denoted by the appearance of 
Howell-Jolly bodies on smears

 D. thrombosis denoted by an increase in WBCs and 
abnormal differential

 6. Hemoglobinopathies are clinical diseases that result from 
genetically determined abnormalities of the hemoglobin 
molecule and include those involving: (Objective 1)

 1. heme structure
 2. decreased heme synthesis
 3. globin chain structure
 4. reduced globin chain synthesis

 A. 1 and 3 only

 B. 1 and 2 only

 C. 3 and 4 only

 D. all of the above

 7. Amino acid substitutions on globin chains often alter 
the hemoglobin molecule’s charge and mobility. This is 
the principle of which test for identifying hemoglobins? 
(Objective 3)

 A. HbA2 quantitation

 B. hbf quantitation

 C. hemoglobin electrophoresis

 D. solubility test

 8. Tests that quantitate HbF and HbA2 are useful in detecting 
hemoglobinopathies because: (Objective 6)

 A. they are the only valid tests available for this  
purpose

 B. they are routinely performed in most laboratories

 C. hbf and HbA2 are typically decreased in 
hemoglobinopathies

 D. hbf and HbA2 are typically increased in 
hemoglobinopathies

 9. The presence of many sickled erythrocytes on a peripheral 
blood smear is most likely to be found in a person who is: 
(Objective 7)

 A. heterozygous for HbC

 B. homozygous for HbC

 C. heterozygous for HbS

 D. homozygous for HbS
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 7. HbS is an example of a hemoglobin with a globin chain 
mutation that alters hemoglobin: (Objective 3)

 A. function

 B. solubility

 C. stability

 D. oxygen binding

 8. Cells containing large amounts of HbS sickle when which 
of the following conditions occur? (Objective 4)

 A. high oxygen tension and acidosis

 B. hypoxia and alkalosis

 C. temperatures 637°C and alkalosis

 D. temperatures 737°C and hypoxia

 9. A hemoglobin electrophoresis on cellulose acetate at pH 
8.5 is performed on a 2-year-old African American patient 
with severe anemia. An abnormal band appears halfway 
between the HbA and HbA2 positions on the strip. The 
HbF level is 10%, and the HbA2 level is normal. No HbA is 
present. What is the most likely identity of the abnormal 
hemoglobin? (Objective 7)

 A. HbC

 B. HbS

 C. HbD

 D. HbE

 10. The presence of HbE disease in an adult is best confirmed 
using which routine laboratory test? (Objective 8)

 A. hemoglobin electrophoresis

 B. CBC and peripheral blood smear

 C. solubility test

 D. PCR for molecular defect

 4. What is an advanced testing method suitable for detecting 
and identifying hemoglobin variants that you might select 
for your high-volume laboratory in a large, urban medical 
center? (Objective 9)

 A. hemoglobin electrophoresis performed at alkaline pH 
only

 B. hemoglobin solubility test

 C. high-performance liquid chromatography

 D. hemoglobin electrophoresis performed at acid pH 
only

 5. An asymptomatic patient presents with persistent erythro-
cytosis. The hematologist has ruled out polycythemia vera 
and other causes. What is an additional explanation for the 
erythrocytosis, and what laboratory assay might be useful 
in this case? (Objective 11)

 A. an unstable hemoglobin variant identified by 
 performing a Heinz body stain

 B. a high-affinity hemoglobin variant identified by 
 isoelectric focusing

 C. a crystalizable hemoglobin variant demonstrated by 
observing hemoglobin C crystals on a smear

 D. a quantitative decrease in globin chain produc-
tion indicated by observing an increased level of 
hbf

 6. Rank the following hemoglobinopathies on the basis of quan-
tity of HbS starting with the lowest amount. (Objective 1)

 1. adult with sickle cell disease
 2. adult with sickle cell trait
 3. neonate with sickle cell disease

 A. 3, 2, 1

 B. 2, 3, 1

 C. 1, 2, 3

 D. 2, 1, 3

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define thalassemia.
 2. Differentiate thalassemias from hemoglobinopathies based on defini-

tion and basic pathophysiology.
 3. Describe the typical peripheral blood morphology associated with 

thalassemia.
 4. Compare and contrast the etiology of a@ and b@thalassemia.
 5. For each of the four genotypes of a@thalassemia, describe the:
 a. Number of affected alleles
 b. Individuals affected
 c. Basic pathophysiology
 d. Symptoms
 e. Laboratory results including blood cell morphology and hemoglobin 

electrophoresis
 6. For each of the six genotypes of b@thalassemia describe the:
 a. Individuals affected
 b. Basic pathophysiology
 c. Symptoms
 d. Laboratory results including blood cell morphology and hemoglobin 

electrophoresis

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. List and describe five primary genetic defects found in thalassemias.
 2. Compare and contrast a@ and b@thalassemia.
 3. Correlate the outcomes in hemoglobin synthesis resulting from the five 

genetic defects in thalassemia.
(continued)
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and laboratory findings. Subsequently, the following are discussed for 
each type: pathophysiology, clinical findings, laboratory results, treat-
ment, and prognosis. Other thalassemia-like conditions are described 
and compared and contrasted with thalassemia. The chapter con-
cludes by describing the laboratory differential diagnosis of types of 
thalassemia and other disorders that have similar peripheral blood 
morphology.

inTRoducTion
Thalassemia constitutes a family of inherited disorders in which 
mutations in one or more of the globin genes of hemoglobin cause 
decreased or absent synthesis of the corresponding globin chains. 
More than 400 unique mutations have been described among this 
diverse group of disorders.1 Consequences of the mutation depend 
on the particular chain affected and the amount of globin chain 
produced. Limited availability of globin chains results in a reduc-
tion in the assembly of hemoglobin. Patients with mild genetic 
defects are generally asymptomatic. Patients with more severe 

 4. For all four genotypes of a@thalassemia:
 a. Correlate all three nomenclature systems: genotype, 

genotype description, and phenotype.
 b. Explain advanced pathophysiology.
 c. Describe treatment and prognosis.

 5. For all four phenotypes of b@thalassemia:
 a. List expected genotypes.
 b. Explain advanced pathophysiology.
 c. Describe treatment and prognosis.

 6. Correlate clinical severities of both a@ and b@thalassemia 
with their respective genotypes.

Objectives—Level II (continued)
 7. Compare and contrast other thalassemia and thalassemia-

like conditions including:
 a. db@thalassemia
 b. gdb@thalassemia
 c. hemoglobin Constant Spring
 d. hereditary persistence of fetal hemoglobin (hPFh)
 e. hemoglobin Lepore
 f. Thalassemia/hemoglobinopathy combination 

disorders
 8. Differentiate iron deficiency-anemia and hPFh from thal-

assemia based on results of laboratory tests and clinical 
findings.

We will refer to this case throughout the chapter.

John is a 4-year-old boy who frequently complains of 
weakness, fatigue, and dyspnea. The family moved to 
the United States from Greece before the child’s birth. 
Both parents experienced fatigue from time to time but 
never consulted a physician. Consider the types of ane-
mia most often found at this age and the laboratory tests 
that could help establish a diagnosis.

What is the significance, if any, of knowing the par-
ents’ background and medical history?

case sTudy

Key Terms
Allele
Compression syndrome
Crossover
Diploid

Double heterozygous
Extramedullary erythropoiesis
Functional hyposplenism
Gene cluster

Genotype
haplotype
heterozygous
homozygous

Ineffective erythropoiesis
P50 value
Phenotype
Zygosity

Background Basics
The information in this chapter builds on concepts presented in 
 previous chapters. To maximize your learning experience, you 
should review the following concepts before beginning this unit 
of study:

level i
• Describe the pathophysiology of hemoglobinopathies. 

(Chapter 13)
• Describe the morphologic and functional classification of ane-

mias and the associated lab tests. (Chapter 11)
• Interpret routine laboratory tests, such as CBC and differential, 

and apply both normal and abnormal results in the diagnosis of 
anemias. (Chapters 10, 11, 37)

• Describe the basic structure and function of hemoglobin and 
identify the globin chain composition of normal hemoglobin 
types. (Chapter 6)

• Describe the extravascular destruction of erythrocytes and deg-
radation of hemoglobin. (Chapters 5, 6)

level ii
• Summarize the synthesis and molecular structure of hemoglobin 

and correlate alterations in structure with function; describe globin 
chain synthesis in utero and throughout life. (Chapters 3, 6)

• Interpret hemoglobin migration patterns on  electrophoresis, 
acid elution of fetal hemoglobins, hemoglobin  solubility tests, 
and iron panels to distinguish iron metabolism disorders and 
hemoglobinopathies from thalassemias. (Chapters 12, 13, 37)

oveRview
This chapter discusses a group of hereditary anemias collectively 
called thalassemia. It begins with a general description of thalassemia, 
including the genetic defects and types, pathophysiology, and clinical 
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large screening and education programs to detect carriers. This has 
drastically reduced the number of individuals born with both homo-
zygous and heterozygous forms of the disease.

Thalassemia Versus Hemoglobinopathy
The system of categorizing thalassemias and hemoglobinopathies 
differs among hematologists. Some use hemoglobinopathy as a dis-
ease category to encompass both structural variants of hemoglobin 
(e.g., sickle cell anemia) and thalassemias. Others categorize only the 
structural variants as hemoglobinopathies and describe thalassemias 
as a separate disease entity. In this text, we refer to the two diseases as 
separate entities.

In the preceding chapter, hemoglobinopathies were defined as 
qualitative defects in the structure of globin chains resulting in pro-
duction of abnormal hemoglobin molecules. Thalassemias, on the 
other hand, are typically quantitative disorders of hemoglobin syn-
thesis that produce reduced amounts of normal hemoglobin.

The different clinical presentations of  hemoglobinopathies 
and thalassemia are a direct result of the differences in the 
types of mutations encountered in these disease states. Most 
 hemoglobinopathies result predominantly from a point  mutation 
within a globin gene that is translated into a globin chain 
 containing a single amino acid substitution. Hemoglobin types 
containing a point mutation in the globin may be produced at 
 normal  levels but are structurally abnormal. They can be unstable 
or have abnormal function. In contrast, thalassemias result from 
both deletional and nondeletional mutations in globin genes that 
reduce or  eliminate the synthesis of the corresponding globin 
chain. This results in the assembly of inadequate amounts of nor-
mal hemoglobin and a reduced oxygen-carrying capacity of the 
blood. Unlike  hemoglobinopathies, the amino acid sequence of the 
chain, if produced, is usually normal, and the chain is assembled 
into the appropriate hemoglobin, albeit in reduced amounts. In 
some of the less  common thalassemias, the globin chains can be 
lengthened or truncated (Table 14-1 ★).

defects present with symptoms that result from one or more of 
the  following: decreased production of normal hemoglobin, syn-
thesis of abnormal hemoglobins, unbalanced synthesis of a@ and 
non-a@globin chains and ineffective erythropoiesis.  Symptoms 
include anemia, hepatosplenomegaly, infections, gallstones, and 
bone deformities that alter facial features and result in pathologic 
fractures.

The thalassemias are classified according to the affected glo-
bin chain. Clinically, the most important thalassemias involve the 
a@ and b@chains because they are components of hemoglobin A, 
which makes up 97% of normal adult hemoglobin. a@Thalassemia 
results from decreased or absent production of a@globin chains, 
and b@thalassemia is caused by decreased or absent production of 
b@globin chains. Reduction in the synthesis of the d@chain, a com-
ponent of hemoglobin A2, can occur but is not associated with ane-
mia. Severe impairment of z@, P@, or g@globin synthesis is usually 
lethal in utero.

Thomas Cooley offered the first clinical description of 
 thalassemia in Detroit in 1925.2 At that time, thalassemia was 
thought to be a rare disorder restricted to the Mediterranean 
 ethnicities. Dr. Cooley’s work broadened our understanding of the 
nationalities that potentially could be affected by thalassemia and 
suggested that the disease was hemolytic in nature. By 1960, it was 
apparent that the thalassemias composed a heterogeneous group 
of genetic disorders. With the advent of molecular biology, many 
groups of researchers have widely studied thalassemias. Methods 
developed in the last 25 years have enabled researchers to mea-
sure the quantity of globin chains synthesized and identify specific 
genetic mutations.

Thalassemia is now recognized as one of the most common 
genetic disorders affecting the world’s population. Approximately 
1–5% of people are thought to be carriers of b@thalassemia.3 It is esti-
mated that between 100,000 and 200,000 individuals worldwide are 
born each year with severe forms of thalassemia, and approximately 
60,000 of those have b@thalassemia.3 In North America, about 20% 
of immigrants from Southeast Asia and 6–11% of African Americans 
have detectable a@thalassemia. Many more are silent carriers. About 
6% of individuals with Mediterranean ancestry, 5% of Southeast 
Asians, and 0.8% of African Americans have b@thalassemia along with 
people from the Middle East and India.4

Thalassemia is a major health problem in countries where these 
disorders are prevalent. Prevention is seen as an essential part in the 
management of the problem. Thus, many of these countries now have 

Differentiate the etiology of thalassemias and hemoglo-
binopathies.

CheCkpoint 14-1

disease RBc count indices
erythrocyte 
morphology abnormal hb

hb solubility 
Test ancestry

Reticulocyte 
count

hemoglobinopathy T Normocytic, 
normochromic

Target cells, sickle cells 
(in hbS), hbC crystals 
(in hbC), others

hbS, hbC, 
hbE, etc.

+  in hbS, hb 
Bart’s, and 
hbCharlem

African, mediterranean, 
middle Eastern, South-
east Asian

c c

Thalassemia cCompared with 
what is expected  
for the hb level

microcytic, 
hypochromic

Target cells, basophilic 
stippling

hbh (b4), hb 
Bart’s (g4)

Negative mediterranean, South-
east Asian,  African 

c

T = slight decrease; c = slight increase; c c = moderate increase; hb = hemoglobin, RBC = red blood cell; + = positive

★ TaBle 14-1 Comparison of Hemoglobinopathies and Thalassemias
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three remaining globin chains (a, b, and d) along with the g@chains 
are considered normal adult globin chains and combine to form 
hemoglobin A (a2b2), hemoglobin A2 (a2d2), and hemoglobin F 
(a2g2), respectively. Approximately 97% of normal adult hemoglobin 
is HbA; thus, a deficiency of either a@ or b@chains affects hemoglobin 
A assembly, reducing HbA concentration and affecting the blood’s 
oxygen-carrying capacity.

Two major types of classical thalassemia, a@thalassemia and 
b@thalassemia, have been described. When synthesis of the a@chain 
is impaired, the disease is a@thalassemia. When synthesis of the 
b@chain is affected, the disease is b@thalassemia. There have been 
reports of d@thalassemia, but its occurrence is rare and it is not clini-
cally significant because the d@chain is a component of the minor 
hemoglobin HbA2, which comprises only ∼2.5% of total hemo-
globin. Combinations of gene deletions such as db@thalassemia or 
gdb@thalassemia occur but are rare. The synthesis of all the indicated 
chains is reduced.

Occasionally synthesis of a structural globin variant decreases 
globin chain synthesis, producing the clinical picture of thalassemia 
(thalassemic hemoglobinopathy). These structural variants include 
those hemoglobins with abnormally long or short globin chains (e.g., 
hemoglobin Constant Spring) as well as variants with a point mutation 
(e.g., hemoglobin E). Hemoglobin Lepore is a hemoglobin variant in 
which the non@a@globin chains are not only structurally abnormal 
but also ineffectively synthesized. Because of their clinical similarity 
to thalassemias, these particular structural variants are discussed in 
this section.

A variant of b@thalassemia known as hereditary persistence of 
fetal hemoglobin (HPFH) is characterized by continued  production 
of increased amounts of HbF throughout life. This disorder is 
 characterized by a failure in the switch of g@chain production to 
b@chain production after birth. In homozygotes, 100% of circulating 
hemoglobin is HbF.

mutation Type Thalassemia encountered effect on Gene effect on Globin chain

Deletion (large) Predominantly a@thalassemia, some 
b@thalassemia

Loss of gene Absence of production

Promoter Predominantly b@thalassemia Impaired transcription Reduced or absent production

Nonsense Predominantly b@thalassemia In frame substitution Amino acid change

Frame shift Amino acid changes distal to shift

Longer or shorter globin chains

Stop codon Predominantly b@thalassemia Convert stop codon to amino acid codon Slightly lengthened globin chain (retained)

Significantly lengthened globin chain 
(degraded)

Splice site Predominantly b@thalassemia Create new splice sites Slightly shortened globin chain (retained)

Significantly shortened globin chain 
(degraded)

Loss of splice sites Slightly lengthened globin chain (retained)

Significantly lengthened globin chain 
(degraded)

Unaltered globin chain

★ TaBle 14-2 Five Common Genetic Defects in Thalassemia

Genetic Defects in Thalassemia
Nearly all thalassemic mutations fall into one of five categories of 
genetic lesions: gene deletion, promoter mutation, nonsense muta-
tion, mutated termination (stop) codon, and splice site mutation 
(Table 14-2 ★). Regardless of the type of mutation encountered, the 
results are the same: the globin chain encoded by the mutated globin 
gene is absent, reduced in concentration, or occasionally somewhat 
longer or shorter than normal.

If all globin genes of a single type of globin chain are affected, the 
corresponding hemoglobin is absent. Deleted genes are most com-
mon in a@thalassemia. Reduction in globin chain production from 
nondeletional mutations is more common in the b@thalassemias. The 
degree of reduction in globin chain production is a direct reflection 
of the type of mutation encountered and parallels the severity of the 
clinical disorder (Table 14-2).

What are the most common genetic mutations associated 
with a@thalassemia?

CheCkpoint 14-2

Types of Thalassemia
Because six different normal globin genes exist (a, b, g, d, P, z), at 
least six versions of thalassemia are possible. In addition, deletions 
can occur to entire gene clusters, concurrently affecting more than 
one globin chain. Of the six normal globin genes, P and z (P, z) are 
normally synthesized only early in utero, and g is produced in high 
amounts from approximately the third trimester of pregnancy until 
birth. Shortly before birth, g@chain synthesis begins to decrease but 
can still be detected in low amounts in adult life in some people. The 
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transporter of oxygen. In the fetus, when a@chains are decreased, 
excess g@chains can combine to form hemoglobin molecules with four 
g@chains, hemoglobin Bart’s (Hb Bart’s, g4). This hemoglobin also has 
a very high oxygen affinity.

Clinical Findings
Clinical findings are related to anemia, chronic hemolysis, and 
ineffective erythropoiesis (Table  14-3 ★). The combination of 
reduced HbA synthesis, ineffective erythropoiesis, and hemolysis 
results in anemia. The severity of anemia varies widely, depending 
on the specific genetic mutation and number of genes affected. 
Hypoxia from anemia is exacerbated in some cases by the presence 
of abnormal hemoglobins that have a high oxygen affinity (HbH 
and Hb Bart’s). These hemoglobins do not release oxygen readily 
to the tissues.

Chronic hemolysis has several adverse effects. Splenomegaly is 
frequently present because the spleen is a major site of extravascu-
lar hemolysis. Occasionally, the spleen can become overburdened 
by the process of erythrocyte destruction resulting in functional 
hyposplenism. In this case, the spleen’s function as a secondary 
lymphoid tissue is compromised, leading to an increase in infec-
tions (Chapter 7). Chronic hemolysis can also result in the for-
mation of gallstones formed from the large amounts of bilirubin 
excreted by the liver. The chronic demand for erythrocytes also has 
adverse effects. The bone marrow responds by increasing eryth-
ropoiesis, resulting in erythroid hyperplasia, and in some of the 
more severe thalassemias, bone marrow expansion and thinning of 
calcified bone. Consequently, patients develop skeletal abnormali-
ties and pathologic fractures. The increased iron demand needed 

Pathophysiology
Normally, equal amounts of a@ and b@chains are synthesized by the 
maturing erythrocyte, resulting in a b@chain to a@chain ratio of 1:1. 
In a@ and b@thalassemia, synthesis of one of these chains is decreased 
or absent, resulting in an excess of the other chain. If the a@chain is 
affected, there is an excess of b@chains, and if the b@chain is affected, 
there is an excess of a@chains. This unbalanced synthesis of chains 
contributes substantially to the pathophysiology in thalassemia and 
produces several effects, all of which contribute to anemia: (1) a 
decrease in total erythrocyte hemoglobin production, (2) ineffective 
erythropoiesis, and (3) chronic hemolysis.

The exact nature of the contribution of unbalanced chain pro-
duction depends on which globin chain accumulates in excess and 
on the amount of that excess. There is no compensatory downward 
adjustment of production of one globin chain when its partner globin 
subunit is not synthesized normally. Although excess b@ and g@chains 
can combine as tetramers (b4, g4) to form abnormal hemoglobins, 
a@chains do not. Excess a@chains are highly insoluble and precipi-
tate within the cell. The precipitates (Fessas bodies) bind to the cell 
membrane, causing membrane damage (which leads to apoptosis) and 
decreased erythrocyte deformability. Macrophages may destroy the 
precipitate-filled developing erythroblasts in the bone marrow, result-
ing in a large degree of ineffective erythropoiesis. Cells that survive 
the marrow environment and enter the circulation also contain pre-
cipitates that are subsequently pitted and/or removed by the spleen, 
causing chronic extravascular hemolysis.

Excess b@chains can combine to form hemoglobin molecules 
containing four b@chains, hemoglobin H (HbH, b4). This hemoglo-
bin has a high oxygen affinity and is also unstable. Thus, it is a poor 

clinical Finding pathophysiology laboratory Finding

Anemia/hypoxia Decreased hemoglobin production/erythropoiesis T/N RBC count, T  hemoglobin, T  hematocrit

Ineffective erythropoiesis microcytic/hypochromic rBCs

Presence of high-affinity hemoglobins (hbh and hb Bart’s) T  mCV, T  mCh, T  mChC

Increased extravascular hemolysis c  Reticulocyte count

Anisocytosis and poikilocytosis

Target cells, basophilic stippling, nucleated RBCs

Bm erythroid hyperplasia

c  RDW

Abnormal hemoglobin electrophoresis

Splenomegaly/hemolysis Splenic removal of abnormal erythrocytes c  Bilirubin

Ineffective erythropoiesis T  haptoglobin

Gallstones Increased intravascular and extravascular hemolysis c  Bilirubin

Skeletal abnormalities Expansion of bone marrow Bm erythroid hyperplasia

Pathologic fractures Thinning of calcified bone

Iron toxicity Iron overload

multiple transfusions c  Prussian blue staining in Bm

Increased iron absorption c  Serum iron/ferritin and T  TIBC

Bm = bone marrow; mCh = mean corpuscular hemoglobin; mChC = mean corpuscular hemoglobin concentration; mCV = mean corpuscular vol-
ume; RBC = red blood cell; RDW = red cell distribution width; TIBC = total iron-binding capacity

★ TaBle 14-3 Clinical and Laboratory Findings Associated with Thalassemia
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present even in cases without anemia. Basophilic stippling and 
nucleated erythrocytes can be present. Anisocytosis and poikilo-
cytosis are common. Precipitates of excess chains or unstable 
hemoglobin can be visualized with supravital stains. Reticulocytes 
and bilirubin are usually increased due to the chronic hemolysis, 
whereas haptoglobin can be decreased, depending on the degree of 
intravascular hemolysis.

Hemoglobin electrophoresis is always indicated if thalassemia 
is suspected. HbA is usually decreased. HbF and HbA2 are increased 
in b@thalassemia but decreased in a@thalassemia. Hemoglobin 
Bart’s and HbH can also be present in some of the a@thalassemia 
syndromes.

Bone marrow studies are not necessary for diagnosis but when 
performed show marked erythroid hyperplasia. Erythroblasts appear 
abnormal with very little cytoplasm, uneven cytoplasmic membranes, 
and striking basophilic stippling. Prussian blue stain reveals an abun-
dance of iron and occasionally a few ringed sideroblasts. Phagocytic 
“foam” cells similar to Gaucher cells have been reported in the more 
severe forms of the disease. This morphology results from partially 
digested red cell membrane lipids associated with intense ineffective 
erythropoiesis.

In areas of high prevalence of thalassemia and in certain 
 populations, screening programs to detect thalassemia carriers have 
been developed. Thus, assays that are uncomplicated, time  efficient, 
and accurate need to be used. A variety of PCR-based nucleic acid 
assays can be performed to identify mutations in thalassemia, 
including allele-specific oligonucleotide hybridization (ASO), dot 
blot and reverse dot blot assays, amplification refractory mutation 
system (ARMS), and direct sequencing9 (Chapter 43). Given the 
large number of mutations present in the human globin genes, 
a small panel of probes for mutations found in a specific ethnic 
group are initially screened for together with the wild-type allele. 
Using this approach, identification of the mutation(s) is achieved 
790% of the time. In cases where the mutation(s) are not iden-
tified, a second round of multiplex screening can be performed 
using a panel of more rare mutations; this is successful in most of 
the remaining 10% of cases. Gene sequencing can be performed to 
identify mutations that evade both rounds of screening.10 The dot 
blot methodology is used to identify a specific mutation when one 
has been identified in a specific kindred as opposed to screening for 
unknown mutation(s).11

With the development of capillary sequencing techniques, PCR 
amplified target genes can be sequenced and compared with wild-
type globin DNA to detect mutations. Until recently, direct sequenc-
ing was expensive and labor intensive, so hybridization methods for 
nucleic acid analysis were favored. Direct sequencing is now a com-
mon method of mutation identification.

Nucleic acid-based methods are being developed for prenatal 
diagnosis of thalassemias and hemoglobinopathies. Extracellular fetal 
DNA is present in the maternal circulation. If the father is a known 
heterozygote for a particular thalassemia mutation that the mother 
does not have, detection of this allele in the maternal circulation con-
firms inheritance of the paternal gene by the child.12

to support the erythropoietic activity stimulates the increased 
absorption of iron, more than the amount required for erythro-
poiesis (Chapter 12). This additional iron is not effectively incor-
porated into hemoglobin, so it accumulates in macrophages in 
the bone marrow, liver, and spleen. As this process continues, iron 
eventually accumulates in parenchymal cells of various organs and 
adversely affects organ function. Iron toxicity commonly affects 
such organs as the liver, pituitary, heart, and bone, resulting in 
dysfunctions such as cirrhosis, hypogonadism and growth fail-
ure, arrhythmias and cardiomyopathies, and pathologic fractures, 
respectively.5 The additional iron introduced through transfusion 
therapy exacerbates iron overload. Ineffective erythropoiesis in the 
bone marrow can be accompanied by extramedullary erythro-
poiesis in the liver and spleen. Extramedullary erythropoiesis can 
produce masses large enough to cause compression syndromes 
(Table 14-3).

Pregnant women with thalassemia have physiological demands 
that impact the developing fetus to a greater extent than the mother. 
A  developing fetus can experience diminished growth, premature 
birth, and even intrauterine death if the mother’s oxygen concen-
tration falls below 70 mm Hg. Pregnant women who present with a 
hemoglobin level of between 9 and 10 g/dL (90–100 g/L) around the 
time of delivery are often given a blood transfusion to improve oxygen 
delivery. To avoid iron overload caused by the combination of transfu-
sion therapy and increased iron absorption, pregnant women can be 
given deferoxamine (an iron chelator used to help eliminate excess 
iron) during and after the transfusion.6

Why do a@ and b@thalassemia result in more clinically 
severe disease than other types of thalassemia?

CheCkpoint 14-3

Laboratory Findings
Peripheral blood findings provide clues to the disease (Table 14-3). 
Thalassemias are characterized by microcytic, hypochromic  anemia 
with a decrease in MCV, MCH, and usually MCHC. The  erythrocyte 
count is often normal or slightly decreased, but increased relative 
to the hemoglobin and hematocrit levels. The Mentzer Index can 
be helpful in differentiating thalassemia from iron-deficiency 
 anemia (a  common cause of microcytic  hypochromic anemia) 
( Chapter 12).7 The index is calculated by dividing the MCV (fL) 
by the RBC count (*1012/L). If the result is 613, diagnosis favors 
thalassemia whereas if the result is 713, diagnosis favors iron 
 deficiency. The RDW can be increased or within the reference inter-
val. In iron deficiency, the RDW is most often increased (715).8 In 
practice, the CBC, Mentzer Index, and RDW should not be used as 
the only parameters to differentiate the two pathologies. In micro-
cytic hypochromic anemia, iron studies (e.g., serum ferritin) should 
be performed routinely. Target cells and microcytosis usually are 
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affected individuals
a@thalassemia is found primarily in people of Mediterranean, Asian, and 
African ancestry. In particular, it is commonly seen in blacks,  Indians, 
Chinese, and Middle Eastern people, with blacks usually expressing a 
milder  version of the disease. The reason patients of African descent tend 
to present with a milder version of a@thalassemia is because the deletion 
in this ethnic group usually involves the lower-producing a1@gene.

Genotypes
Three nomenclature systems—genotypic, genotypic description, and 
phenotypic—have been developed to classify the a@thalassemias into 
five discrete categories. The addition of the normal genotype pro-
duces a total of six possibilities. The genotypic system designates 
deleted genes as (- ) and unaffected genes as (a). The genotypic 
description system combines the zygosity state, homozygous or 
heterozygous, with either a gene symbol (a0 or a+) or a nominal 
descriptor (a@thal@1 or a@thal@2) to designate the number of deleted 
a@genes on each chromosome. Both a@thal@1 and a0 indicate the 
deletion of both a@genes on the same chromosome (cis deletion) 
(- , - ). a@thal@2 and a+ refer to one deleted and one unaffected 
a@gene on a given chromosome (- , a). The phenotypic system 
describes four clinical types, hydrops fetalis, hemoglobin H  disease, 
a@thalassemia minor, and silent carrier with the a@thalassemia 
minor  type exhibiting two clinical severities (Table  14-4 ★).13 
About 15–20% of patients have a nondeletional mutation of the 
a@thalassemia gene, designated as aT, that functions to reduce but 
not eliminate a@chain production from that gene.

A@Thalassemia Major (A0/A0 or 
A@thal@1/A@thal@1; Hydrops Fetalis)
The most severe form of a@thalassemia, a@thalassemia major, involves 
the deletion of all four a@genes (-  - /-  - ). Both parents of the thal-
assemia patient must have a@thalassemia to have a child with hydrops 
fetalis because both a@genes on each parental chromosome inherited 
by the child are deleted (a@thal@1; - , - ). a@Thalassemia major is 
found almost exclusively in Asians because that is the major ethnic 
group carrying the a@thal@1 allele.

pathophysiology
Because all four a@genes are deleted in hydrops fetalis, no physiologi-
cally useful hemoglobins can be synthesized beyond the embryonic 
state. Therefore, this disorder is incompatible with life, and infants 
are either stillborn or die within hours of birth. In the absence of 
a@chains, erythrocytes assemble hemoglobin using the g@, d@, and 
b@chains available. Therefore, abnormal hemoglobin tetramers 
involving g@chains (Hb Bart’s, g4) are produced. Hb Bart’s has a very 
high oxygen affinity and no Bohr effect (Chapter 6). Therefore, this 
hemoglobin cannot supply tissues with sufficient oxygen to sustain 
life, and the developing infant usually dies of hypoxia and congestive 
heart failure in utero. Hemoglobin Portland, although normally absent 
following the first trimester, continues to be synthesized until birth in 
a0/a0 thalassemia because it does not contain a@chains.

A@Thalassemia
General Considerations
a@Thalassemia is a group of four disorders characterized by decreased 
synthesis of a@chains. Although each is discussed separately, several 
features common to each type are presented here.

etiology
In the human genome, two a@genes are located on each of the two #16 
chromosomes, totaling four a@genes in the diploid state (Figure 14-1 ■). 
Mutations can affect one or more of the a@genes, resulting in four 
 discrete clinical severities. A patient in whom all four a@genes are deleted 
 produces no a@chains, a condition referred to as hydrops fetalis. When 
three of the four a@genes are deleted, the disorder is known as hemo-
globin H (HbH) disease. The deletion of two a@genes is known as 
a@thalassemia minor, and the deletion of a single a@gene is known as 
silent carrier. Though less common, nondeletional mutations and muta-
tions that produce unstable a@chains are also found in a@thalassemia. 
The outcome is usually the same as that of a deletion mutation, a reduc-
tion in a@chains and in the corresponding a@containing hemoglobins.

affected alleles
The amount of a@chains synthesized is somewhat proportional to the 
number of affected alleles. However, sometimes erythrocytes produce 
higher concentrations of a@chains than the number of affected alleles 
would predict. There are two main reasons for this phenomenon. First, 
the two a@genes on each of the #16 chromosomes are designated as 
a1 and a2, with the a2@gene positioned upstream (5′) of the a1@gene 
(Figure 14-1). The a2@gene produces two to three times the amount of 
mRNA as the a1@gene.13 Therefore, a deletion of the a2@gene would 
reduce a@chain production to a greater degree than would a deletion 
of the a1@gene. Second, the erythropoietic system has an internal 
mechanism designed to stimulate increased production of a@chains 
from the unaffected genes to compensate for deletions, thus lessening 
the net reduction of a@chains.

■  FiGuRe 14-1 A short section of chromosome 
16  showing the 5′ to 3′ orientation of three functional 
genes z, a2, and a1 along with three pseudogenes cz, ca2, 
and ca1. Pseudogenes are the result of partial gene dupli-
cations but are not expressed. There are two functional 
a@genes on each chromosome; the a2@gene expresses 2–3 
times as much protein product as the a1@gene.

Maternal
allele

Paternal
allele

5'

z cz

cz = psi zeta

ca2

ca2 = psi alpha 2

ca1

ca1 = psi alpha 1

a2 a1

a1 = alpha 1

5'

3'

3'

1 2

z

z = zeta

cz ca2 ca1 a2

a2 = alpha 2

a1

3 4
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clinical Findings
Infants who survive until birth exhibit significant physical abnormali-
ties upon routine exam. The babies are underweight and edematous 
with a distended abdomen. The liver and often the spleen are enlarged 
due to extramedullary hematopoiesis. There is massive bone marrow 
hyperplasia. Hemolysis in the fetus is severe and there is extensive 
deposition of hemosiderin.

laboratory Results
Laboratory results confirm the clinical observation of severe anemia 
with hemoglobin values ranging from 3–10 g/dL (30–100 g/L) and 
erythrocytes that are markedly microcytic and hypochromic. Hemo-
globin electrophoresis on cellulose acetate or agarose at alkaline pH 
shows 80–90% Hb Bart’s and 10–20% Hb Portland; HbH is sometimes 
also detectable. HbA, HbA2, and HbF are absent due to the lack of 
a@chain production (Figure 14-2 ■).

Genotype Genotypic description phenotype hematologic Findings severity
hemoglobins 
present

(-  -/-  - ) 

a0/a0

homozygous a@thal@1 hydrops fetalis marked anemia

microcytic/hypochromic rBCs

c c c  anisopoikilocytosis

c  NRBC

Fatal hb Bart’s (80–90%)

hb Portland (10–20%)

(-  -/-a)

a0/a+

heterozygous

a@thalassemia@1/

a@thalassemia@2

hemoglobin h disease moderate to marked anemia

microcytic/hypochromic rBCs

Target cells

Basophilic stippling

Poikilocytosis

Chronic, moderately 
severe hemolytic 
anemia

Birth = hb Bart’s;

Adult = hbh

(-  -/aa)

a0/a

heterozygous

a@thalassemia@1

a@thalassemia@minor Slight anemia

microcytic/hypochromic rBCs

Target cells

Basophilic stippling

Poikilocytosis

mild to moderate Birth = hb Bart’s;

Adult = normal

(-a/-a)

 a+/a+

homozygous 
a@thalassemia@2

a@thalassemia@minor Slight anemia

microcytic/hypochromic rBCs

Target cells

Basophilic stippling

Poikilocytosis

mild Birth = hb Bart’s; 
Adult = normal

(-a/aa)

a+/a

heterozygous 

a@thalassemia@2

Silent carrier Normocytic or slightly microcytic 
RBCs

Normal Normal

(aa/aa) Normal None Normal Normal Normal

c c c = marked increase; c = slight increase

★ TaBle 14-4 Characteristics of a@Thalassemia

■  FiGuRe 14-2 Hemoglobin electrophoresis on cellulose 
acetate or agarose at pH 8.4 is helpful in distinguishing 
the type of thalassemia and in differentiating thalas-
semias from hemoglobinopathies. In a@thalassemias, 
there is a reduction in a@containing hemoglobins (HbA, 
HbA2, and HbF) proportional to the number of deleted 
a@genes and in the more severe cases, the emergence of 
non@a@containing hemoglobins (HbH and Hb Bart’s).

Hydrops
  fetalis

Hb H
  (neonate)

Hb H
  (adult)

Hb H/
  CS

Silent carrier

CA = Carbonic anhydrase
CS = Constant Spring

CA

a-Thal
  minor

Portland Barts

(neonates
only)

HCS F A

C
O
E
A2

G
D
S

Lepore

Which of the three normal adult hemoglobins would be 
affected in hydrops fetalis?

CheCkpoint 14-4
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clinical Findings
Symptoms are related to anemia and chronic hemolysis. Hemoglobin 
H disease shows a wide variation from mild to severe anemia, which 
worsens during pregnancy, in infectious states, and during adminis-
tration of oxidant drugs. Splenomegaly and, less often, hepatomegaly 
are present. Less than half of affected patients exhibit skeletal changes 
similar to those found in b@thalassemia major, and there is relatively 
little ineffective erythropoiesis.

laboratory Results
Hemoglobin H disease is characterized by a microcytic, hypochromic 
anemia with hemoglobin levels usually ranging from 8–10 g/dL. Retic-
ulocytes are moderately increased to 5–10%, and nucleated red blood 
cells are observed on the peripheral blood smear (Figure 14-4a ■).

Hemoglobin electrophoresis of affected neonates shows about 
25% Hb Bart’s with decreased levels of HbA, HbA2, and HbF. Shortly 
before birth, b@chains begin to replace g@chains, and HbH eventu-
ally replaces Hb Bart’s. Hemoglobin H, a fast-migrating hemoglobin 
at alkaline pH, constitutes 2–40% of the hemoglobin in adults with 
HbH disease. HbA2 is decreased to about 1.5%, but HbF is normal. 
A trace of Hb Bart’s can be demonstrated in approximately 10% of 
affected adults with remaining hemoglobin being HbA (Figure 14-2). 
Other laboratory tests are available to assess patients with HbH dis-
ease. Hemoglobin H inclusions are easily found upon incubation of 
blood with brilliant cresyl blue (Figure 14-4b). These inclusions tend 
to cover the inside of the plasma membrane, giving the appearance 
of a golf ball.

Treatment and prognosis
Treatment for patients with HbH disease is variable but in severe 
cases can involve long-term transfusion therapy and splenectomy. 
Regular transfusions minimize the stunting of growth and the other 
consequences of chronic severe anemia. Iron chelation therapy with 
deferoxamine avoids iron overload and the effects of iron toxicity. 
Deferaserox (licensed in the United States in 2006) and deferipone 
(not yet licensed in the United States) are oral chelators that serve 
as an alternative to deferoxamine but have significant dose-related 
sequelae including neutropenia, arthropathy, and agranulocytosis.4 
The increased and ineffective erythropoiesis places high demands on 
the bone marrow requiring folate supplementation to avoid a defi-
ciency.5 Early treatment is necessary to prevent the typical clinical 

■  FiGuRe 14-3 The Hb dissociation curve illustrates the 
relative binding affinities of HbA, HbH, and myoglobin 
using the P50 value. The monomeric myoglobin molecule 
lacks heme–heme interactions, causing it to bind oxygen 
tightly, decreasing the P50 value relative to HbA. The P50 
value is even lower for HbH, indicating an even stronger 
affinity for oxygen estimated to be 10 times more than the 
oxygen affinity of HbA.
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CheCkpoint 14-5

Hemoglobin H Disease (A0/A+ 
or A@thal@1/A@thal@2)
HbH disease, a symptomatic but nonfatal type of a@thalassemia, was 
the first type to be described in 1956. It occurs when three of the four 
a@genes are deleted (- ,- /- , a). African Americans seldom pres-
ent with HbH disease because they rarely express a deletion of two 
a@genes on the same chromosome.14

This disorder usually results when two parents, one with het-
erozygous a@thal@1 (-  - /aa) and the other with the heterozygous 
a@thal@2 (-a/aa) genotype, bear children.13 All children from a patient 
with HbH disease will have a type of a@thalassemia, the severity of which 
depends on the allele inherited and the other parent’s genotype.

pathophysiology
The dramatic reduction in a@chain synthesis (25–30% of normal) 
results in a decrease in the assembly of HbA, HbA2, and HbF. In addi-
tion, a decrease in a@chains creates a relative excess of b@chains, which 
assemble to form b@chain tetramers called HbH. g@Chains also are 
produced in excess of a@chains, especially at birth, and combine to 
form g@chain tetramers or Hb Bart’s.

HbH is thermolabile, unstable, and tends to precipitate inside 
erythrocytes triggering chronic hemolytic anemia. Its oxygen affinity 
is 10 times that of HbA, reducing oxygen delivery to the tissues. Its 
high oxygen affinity is attributed to the lack of heme–heme interac-
tion and absence of the Bohr effect (Chapter 6). This increased oxygen 
affinity is reflected in the lower P50 value of HbH relative to HbA and 
myoglobin (Figure 14-3 ■).

Hemoglobin H can also occur as an acquired defect in eryth-
roleukemia and other myeloproliferative neoplasms. However, the 
clinical manifestations and hematological abnormalities of these 
acquired disorders make it possible to distinguish them from HbH 
disease. Acquired HbH is probably due to a defect that prohibits the 
transcription of the a@gene.
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decreases to undetectable levels and hemoglobin electrophoresis 
becomes normal. The only persistent hematological abnormality 
thereafter is a mild microcytic, hypochromic anemia.

In adult patients, hemoglobin levels are above 10 g/dL 
(100  g/L), and the erythrocyte count is above 5 * 1012/L. The 
peripheral blood film usually demonstrates significant microcyto-
sis with an MCV of 60–70 fL with few target cells (Figure 14-5 ■). 
Occasional cells can exhibit HbH inclusions after incubation with 
brilliant cresyl blue.

In some cases, a@thalassemia may be masked by iron-deficiency 
anemia. Persistence of microcytes following successful treatment of 
iron deficiency is suggestive of thalassemia, but further investigation 
is needed for conclusive diagnosis.

Treatment and prognosis
These patients are usually asymptomatic, have a normal life span, and 
do not require medical intervention for their thalassemia.

manifestations of thalassemia. With supportive care and behavioral 
interventions, patients with HbH disease experience a normal life 
expectancy. For patients in whom transfusion and chelation therapy 
are not efficacious, a bone marrow transplant could be indicated.5

A@Thalassemia Minor (A@thal@2/A@thal@2
[a+ /a+ ], or A@thal@1/normal [A0/A])
The a@thalassemia trait (homozygous a@thal@2 or a@thal@1 trait) 
occurs when two of the four a@genes, either on the same (cis) or 
opposite (trans) chromosomes, are missing. The condition is found 
in all geographic locations.15 In African Americans, the homozygous 
a@thal@2 form is the most common presentation. In individuals of 
Southeast Asian or Mediterranean descent, genetic testing has identi-
fied at least nine haplotypes (groups of alleles of different genes on 
the same chromosome that are closely linked and usually inherited 
together), representing different mutations, all of which result in the 
deletion of both a@genes on the same chromosome.16

pathophysiology
Although a measurable decrease in the production of a@containing 
hemoglobins occurs, the unaffected a@globin genes are able to direct 
synthesis of a@globin chains to a greater than normal degree and 
therefore partially compensate for the deleted genes. Only minor 
changes occur in the erythrocyte count, indices, hemoglobin electro-
phoresis patterns, and red cell morphology.

clinical Findings
Patients with a@thalassemia trait are asymptomatic with a mild ane-
mia and are often diagnosed incidentally or when being evaluated for 
family studies. This mild phenotype is the reason that this form is 
called thalassemia minor.

laboratory Results
The most demonstrable laboratory abnormalities are observed in the 
newborn. The presence of 5–6% Hb Bart’s in neonates can be helpful 
in diagnosing this condition.17 Three months after birth, Hb Bart’s 

■  FiGuRe 14-4 (a) This peripheral blood smear is from a patient with HbH disease. Note the 
microcytic, hypochromic anemia with target cells (Wright-Giemsa stain; 1000*  magnification). 
(b) Peripheral blood from patient in Figure 14-4a after incubation with brilliant cresyl blue. 
Notice the cells that have dimples and look like golf balls. These are the cells with precipi-
tated HbH. (Brilliant cresyl blue stain; 1000*  magnification).

a b

■  FiGuRe 14-5 This is a peripheral blood smear from a 
patient with a@thalassemia trait. The hemoglobin is 15 g/
dL, RBC count 6.4 * 1012/L, MCV 69.4 fL. The high RBC 
count with microcytosis is typical of thalassemia minor 
or trait (peripheral blood; Wright-Giemsa stain; 1000*  
magnification).
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Genetics
Whereas a total of four a@globin genes results in four major geno-
types of a@thalassemia, there are only two b@globin genes, one located 
on each chromosome 11 (Figure 14-6 ■). If the prominent type of 
mutation found in b@thalassemia were also deletional, one would 
expect two severities, the severe homozygote and the mild heterozy-
gote. However, in b@thalassemia, most mutations are nondeletional, 
resulting in a near continuum of clinical severities. Two classifica-
tion systems are currently used for this diverse group of diseases. The 
genotypic system classifies b@thalassemia patients into six genotypes 
based on zygosity and the degree of alteration of the b@genes, and the 
phenotypic system divides patients into four categories based on the 
severity of clinical symptoms.

In the genotypic system, all b@gene mutations are categorized 
into two groups based on the impact of the mutation on b@globin 
production. The two gene varieties are termed b+ and b0. The 
b+@gene mutation causes a partial block in b@chain synthesis, and the 
b0@gene mutation results in a complete absence of b@chain synthe-
sis from that allele. In addition, a minimally affected b@allele called 
silent carrier (bSC) has been identified. It is found only in the most 
benign version of b@thalassemia. In the heterozygous state, hemato-
logical features are normal; it is clinically benign. Diagnosis can be 
made only by finding a slight imbalance of a@/non-a@chain synthe-
sis.9 When the three gene designations, b0, b+, and bSC are combined 
with the  normal allele (b), and the two possible zygosity patterns 
(homozygous and heterozygous) are considered, eight possible geno-
types (bo/bo, bo/b+, b+/b+,/bo/b, b/b+, b/b, b/bSC, bSC/bSC) emerge 
(Table 14-5 ★).

b@thalassemia is the result of several different types of molecu-
lar defects. More than 200 mutations resulting in partial to  complete 
absence of b@gene expression have been described, but only 20 
mutations account for 80% of the diagnosed b@thalassemias.1,14 
b@thalassemia is rarely due to deletion of the structural gene as is 
the case in the a@thalassemias. Most defects in b@thalassemia are 
point mutations in regions of the DNA that control b@gene expres-
sion. These types of mutations can affect gene expression ranging 
from minor reductions in b@globin production to complete absence 
of synthesis. Mutations can affect any step in the pathway of glo-
bin gene expression, including gene transcription, RNA processing, 
mRNA translation, and post-translational integrity of the protein.21,22 

Silent Carrier (A@thal@2/normal; A+/A)
The silent carrier version of a@thalassemia (a@thal@2 trait) is  missing 
only one of four functioning a@genes. More than 25% of African 
Americans have been shown to express a deletion of one a@gene.18–20

pathogenesis/clinical Findings/laboratory Results
In the silent carrier state, the three remaining a@genes direct the syn-
thesis of an adequate number of a@chains for normal hemoglobin 
synthesis. This carrier state is asymptomatic and benign, but adults 
often present with a borderline normal MCV of around 78–80 fL.16 
In affected infants, 1–2% Hb Bart’s may be found at birth but cannot 
be detected after three months of age. The only definitive diagnostic 
test for thalassemias in adults with one or two gene deletions is globin 
gene analysis.

Treatment and prognosis
Patients with the silent carrier phenotype require no treatment and 
have a normal life span.

■  FiGuRe 14-6 Chromosome 11 is the location of four 
types of globin genes (P, g, d, b). The 5′ to 3′ orienta-
tion of the genes is depicted. There is a gene for P, d, 
and b and two g@genes. A b@pseudogene (cb) has been 
 identified but does not express protein product.
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The parents took John, the 4-year-old Greek patient, 
to a pediatrician for a checkup. A CBC ordered had 
the following results:

case sTudy (continued from page 252)

cBc differential
WBC 11.4 * 109/L Segs 55%
RBC 1.7 * 1012/L Bands 1%
hb 8.3 g/dL Lymphs 36%
hct 0.24L/L mono 7%
mCV 69 fL Eos 1%
mCh
mChC
Plt

21 pg
29.2 g/dL
172 * 109/L

moderate poikilocytosis, poly-
chromasia, and many target  
cells; few teardrop cells

1. Based on the indices, classify the anemia morph ologically.

2. Name the dominant poikilocyte observed in this 
peripheral blood smear.

3. Name three disorders that frequently present with 
the same poikilocyte that dominates in this peripheral 
blood smear.

4. List two additional lab tests that would help to confirm 
the diagnosis and predict the results of each.

B@Thalassemia
General Considerations
As with a@thalassemias, some features of b@thalassemias are common 
to all forms of the disease. The genetics of b@thalassemia and the indi-
viduals affected with the disorder are presented before the discussion 
of its various forms.
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or absence of b@chain synthesis. As can be seen in Table 14-5, two 
of these three genotypes (b0b+, b+b+) can also present as the 
milder b@thalassemia intermedia phenotype that will be discussed 
subsequently.

pathophysiology
The dramatic reduction or absence of b@chain synthesis affects the 
production of HbA. The symptoms that result from b@thalassemia 
major begin to manifest in infants approximately six months after 
birth. Other non@b@containing hemoglobins, HbA2 and HbF, are 
increased in partial compensation for the decreased HbA levels.

The pathophysiologic mechanisms that result from a lack 
of b@chain production can be classified into four categories 
(Figure 14-7 ■):

•	 reduced HbA
•	 compensatory production of other hemoglobins
•	 ineffective erythropoiesis with hemolysis
•	 erythroid hyperplasia

A dramatic reduction in HbA compromises the blood’s oxygen-
carrying capacity. Other non@b@containing hemoglobins, HbF and 
HbA2, are increased. HbF has a higher affinity for oxygen than HbA 
(Chapter 6). The result is to exacerbate the already compromised oxy-
gen delivery to tissues.

In b@thalassemia major reduced synthesis of b@chains results 
in an excess of free a@chains and a b@to@a chain ratio of 60.25. 
The excess free a@chains cannot form hemoglobin tetramers, so 
they precipitate within the cell, damaging the cell membrane, and 
leading to chronic hemolysis.23 The accumulating a@chains con-
tain free iron and hemichromes that generate reactive oxygen spe-
cies (ROS). The ROS damage hemoglobin as well as the membrane 
proteins and lipids, decreasing membrane stability.24,25 Oxidation 
of membrane Band 3 produces clustering of the proteins, creating 
new antigens on the cell surface that bind IgG and complement.26 

Within a given population, a few genetic lesions account for most of 
the b@thalassemia mutations. For instance, in Greece, five mutations 
account for 87% of the gene defects.22

The phenotypic classification recognizes four groups of patients 
categorized by the severity of symptoms, medical interventions, 
and prognoses. The four groups, listed in order from most severe 
to least severe, are b@thalassemia major, b@thalassemia intermedia, 
b@thalassemia minor, and b@thalassemia minima (Table 14-5).

The phenotypic classification does not accurately reflect the 
genetic description of the disease. However, a disadvantage to the 
genotypic system is that patients with identical genotype designa-
tions can express b@thalassemia that is phenotypically diverse. For 
instance, a severe form of b+/b+@thalassemia (Mediterranean form) 
is characterized by an increase in HbF (50–90%) and a normal or only 
slightly elevated HbA2, whereas a milder form of b+/b+@thalassemia 
(Black form) has 20–40% HbF with normal or elevated HbA2, and the 
remainder HbA. For this reason, some clinicians prefer the pheno-
typic system that more closely parallels symptoms and better predicts 
clinical interventions necessary for appropriate management of the 
patient.

affected individuals
The most severe mutation (b0) is found more frequently in the Medi-
terranean regions—specifically in northern Italy, Greece, Algeria, 
Saudi Arabia—and Southeast Asia. Two severities of the b+ mutation 
tend to originate in different ethnic populations. The more severe ver-
sion is observed in the Mediterranean region, the Middle East, the 
Indian subcontinent, and Southeast Asia; the milder version is local-
ized to patients of African descent.15

B@Thalassemia Major (B0/B0, B0/B+, B+/B+)
expected Genotypes
b@Thalassemia major, also referred to as Cooley’s anemia, is caused 
by a homozygous (b0/b0, b+b+) or double heterozygous (b0b+) 
inheritance of abnormal b@genes resulting in marked reduction 

Genotype Zygosity phenotype RBc count RBc morphology hb electrophoresis severity

b0/b0 homozygous major Relative c c c c  Target cells No A, c  A2, c c  F Severe

b0/b+ Double heterozygous major Relative c c c c  Target cells T T  A, c  A2, c c  F Severe

Intermedia c c  Target cells T  A, c  A2, c c  F moderate

b+/b+ homozygous major Relative c c c c  Target cells T T  A, c  A2, c c  F Severe

Intermedia c c  Target cells T  A, c  A2, c c  F moderate

b0/b heterozygous Intermedia Relative c c c  Target cells T  A, c  A2, c  F moderate

minor c  Target cells T  A, c  A2, c  F mild

b+/b heterozygous minor Relative c c  Target cells T  A, c  A2, c  F mild

bSC/bSC homozygous mild Intermedia Relative c cTarget cells T  A, c  A2, c  F mild

bSC/b heterozygous minima Normal {  Target cells Normal Normal

b/b homozygous Normal Normal Normal Normal Normal

c = slight increase; c c = moderate increase; c c c = marked increase; +/- = occasionally seen; T = slight decrease; T T = moderate decrease; 
A = hbA, A2 = hbA2; F = hbF; bSC = silent carrier

★ TaBle 14-5 Characteristics of b@Thalassemia
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clinical Findings
Early symptoms of b@thalassemia first observed in infants include 
irritability, pallor, and a failure to thrive and gain weight, beginning at 
about 6 months of age. Diarrhea, fever, and an enlarged abdomen are 
also common findings. If therapy does not begin during early child-
hood, the clinical picture of thalassemia develops within a few years.

Severe anemia is the clinical condition responsible for many prob-
lems experienced by these children. The anemia places a tremendous 
burden on the cardiovascular system as it attempts to maintain tissue 
perfusion. Constant high output of blood usually results in cardiac fail-
ure in the first decade of life and is the major cause of death in untreated 
children. Growth is retarded, and a bronze pigmentation of the skin is 
notable. Chronic hemolysis often produces gallstones, gout, and icterus.

Bone changes accompany the hyperplastic marrow. Marrow 
cavities enlarge in every bone, expanding the bone and producing 
characteristic bossing of the skull, facial deformities, and “hair-on-
end” appearance of the skull on x-ray (Figure 14-8 ■). The thinning 
cortical bone in long bones can lead to pathologic fractures.

Extramedullary hematopoiesis can be found in the liver and 
spleen and occasionally elsewhere in the body. The spleen can become 
massively enlarged and congested with abnormal erythrocytes.

Other clinical findings are associated with the body’s attempt to 
increase erythrocyte production. Features that suggest an increased 
metabolic rate include fever, lethargy, weakened musculature, 
decreased body fat, and decreased appetite. Infection is a common 
cause of death. Folic acid deficiency can develop as a consequence of 
increased utilization by the hyperplastic marrow.

Many  IgG- and complement-sensitized erythrocytes in the bone 
 marrow are destroyed by binding to marrow macrophages via Fc 
receptors, resulting in phagocytosis and a large degree of hemolysis.

The majority of the hemolysis occurs within the bone marrow 
primarily at the polychromatophilic erythroblast stage of erythroid 
development, resulting in ineffective erythropoiesis.27 The ineffective 
erythropoiesis is due to activation of apoptotic mechanisms by the 
precipitated a@globin chains and damaged cellular components.28,29 If 
the patient has inherited a@thalassemia with b@thalassemia, the symp-
toms associated with hemolysis may be reduced because the relative 
excess of a@chains is reduced by the co-inherited a@thalassemia.

The combination of reduced HbA, increased HbF, ineffective 
erythropoiesis, and chronic hemolysis results in significant anemia. 
The body attempts to compensate by stimulating erythropoiesis. The 
resulting erythroid hyperplasia causes bone marrow expansion and 
thinning of calcified bone. Increased erythropoietic activity also stim-
ulates the absorption of more iron in the gut, leading to iron toxicity. 
Ineffective erythropoiesis in the bone marrow can be accompanied by 
extramedullary hematopoiesis in the liver and spleen, often producing 
hepatosplenomegaly (Figure 14-7).

■  FiGuRe 14-7 In b@thalassemia major, the decreased synthesis of 
b@chains reduces the production of HbA and increases the production of 
non@b@chain containing hemoglobins (HbA2 and HbF). Excess a@chains form 
insoluble precipitates inside erythrocytes, damaging the membranes and 
reducing RBC lifespan through splenic sequestration and ineffective eryth-
ropoiesis. All of these factors contribute to a reduced oxygen delivery to 
the tissues resulting in anemia and hypoxia. The compensatory erythroid 
hyperplasia in the bone marrow expands the marrow cavity, resulting in 
pathologic fractures and mongoloid facial features.

Mutated b–gene (s)
Normal a, g, d genes

Excess a–chains Normal synthesis of a–chains
Reduced synthesis of b–chains
Enhanced synthesis of g–, d–chains

Hb F, Hb A2

Hb A

Oxygen affinity Reduced oxygen delivery

ANEMIA Iron

ToxicityEPO

Damaged RBC membranes & apoptosis

P.B. circulation

Splenic
hemolysis

Bone marrow: Phagocytosis

B.M. expansionIneffective erythropoiesis

Fractures
Mongoloid

facies

Hepatosplenomegaly

Precipitation of
a–chains

Why are the symptoms of b@thalassemia major delayed 
until approximately the sixth month of life?

CheCkpoint 14-6
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The other genotypes, b0/b+ and b+/b+, show some HbA, but the 
majority of the hemoglobin is HbF with normal to increased HbA2

33 
(Figure 14-10 ■). The increased HbF in thalassemia is thought to be 
due to the expansion of a subpopulation of erythrocytes that have 
the ability to synthesize g@chains. The distribution of HbF among 
 erythrocytes is heterogeneous.

Definitive diagnosis of b@thalassemia can be made by demon-
stration of a b@to@a@chain ratio of 60.25. Molecular techniques dem-
onstrating specific genetic mutations can also define the presence of 
thalassemia (Chapter 42).

Treatment
Most children with b@thalassemia major participate in a regular trans-
fusion program, which prolongs life into at least the second or third 
decade and allows normal development and growth patterns. Initial 
treatment protocols were mainly palliative and designed to maintain 

laboratory Results
The hemoglobin level can be as low as 2 or 3 g/dL (20–30 g/L) in the 
more severe forms of the disease. The anemia is markedly microcytic 
and hypochromic with an MCV of 667 fL30 and a markedly reduced 
MCH and MCHC. The peripheral blood smear shows marked aniso-
cytosis and poikilocytosis (Figure 14-9 ■). Precipitates of a@chains 
can be visualized with methyl violet stain. Variable basophilic stippling 
and polychromasia are noted. Reticulocytes are not increased to the 
degree expected for the severity of the anemia because of the high 
degree of ineffective erythropoiesis. Nucleated erythrocytes are almost 
always found, and the RDW can be normal or increased.31 Second-
ary leukopenia and thrombocytopenia can be produced because these 
components also become trapped in the enlarged spleen. Chronic 
hemolysis is reflected by increased unconjugated bilirubin. Urine can 
appear dark brown from the presence of dipyrroles.

Bone marrow studies are not usually necessary for diagnosis but 
when performed show marked erythroid hyperplasia with an M:E 
ratio of 1:10 or less.

Hemoglobin electrophoresis performed on cord blood 
 samples provides evidence of deficient b@chain production at birth. 
Although normal cord blood contains about 20% HbA, cord blood 
from infants with b@thalassemia major has 62% HbA.21 In adults, 
 hemoglobin electrophoresis shows variable results, depending on 
the thalassemia alleles inherited. Absence of HbA, 90% HbF, and low, 
normal, or increased HbA2 is characteristic of b0/b0@thalassemia.32 

■  FiGuRe 14-8 Increased erythropoiesis in the bone 
marrow of patients with b@thalassemia major expands 
the marrow cavity producing the typical “hair-on-end” 
 appearance as seen on this radiograph of the skull of a 
boy with b@thalassemia.

■  FiGuRe 14-10 Hemoglobin electrophoresis pat-
tern from patients with b@thalassemia shows a 
reduction in b@containing HbA and an increase in 
non@b@containing HbA2 and HbF.
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■  FiGuRe 14-9 Peripheral blood smear from a patient 
with b@thalassemia major showing marked anisopoikilocy-
tosis. Target cells, schistocytes, teardrops, and ovalocytes 
are the major poikilocytes observed. An NRBC is also 
present (Wright-Giemsa stain; 1000*  magnification).
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expression of Oct4, Sox2, Klf4, and c-Myc, transcription factors essen-
tial for maintaining pluripotency in early embryos and embryonic 
stem cells.62,63 When grown in culture, these cells could be induced 
to differentiate into multipotent hematopoietic stem cells and then 
autotransplanted.

Although significant obstacles must be overcome, correction of 
the molecular defect with gene therapy is thought to be achievable in 
the future.64

prognosis
Untreated patients generally expire during the first or second decade 
of life. Patients enrolled in a hypertransfusion program with chelation 
therapy can extend their life expectancy by at least a decade.65 Usually 
in the second decade of life, endocrine disorders (e.g., diabetes) and 
hepatic and cardiac disturbances develop from excessive deposits of 
iron in these tissues if chelation therapy has not been successful.

B@Thalassemia Minor (B0/B or B+/B)
expected Genotypes
b@Thalassemia minor results from the heterozygous inheritance of 
either a b+@ or b0@gene with one normal b@gene (Table  14-5). No 
major clinical difference seems to exist in the expression between the 
two thalassemia genes in the heterozygous state. About 1% of African 
Americans are heterozygous for b@thalassemia.

pathophysiology
The normal b@gene directs synthesis of sufficient amounts of 
b@chains to synthesize enough HbA for nearly normal oxygen deliv-
ery and erythrocyte survival. In the case of a heterozygous b+ patient, 
the thalassemic gene will also contribute to b@chain production.

clinical Findings
The heterozygote appears to be asymptomatic except in periods of 
stress that can occur during pregnancy and with infections. Under 
such conditions, a moderate microcytic anemia can develop. Con-
comitant folate deficiency can produce a macrocytic anemia.

laboratory Results
The anemia in b@thalassemia minor is mild with hemoglobin  values 
in the range of 9–14 g/dL with the mean value for women being 
10.9  g/dL and for men 12.9 g/dL.66–68 The erythrocyte count is 
increased (75 * 1012/L) for what is expected at the given hemoglobin 
concentration. The condition is usually discovered incidentally during 
testing for unrelated symptoms or during family study workups.

The erythrocytes are microcytic (MCV = 55-70 fL) and hypo-
chromic (MCHC = 29-33 g/dL) or sometimes normochromic 
with an MCH that is usually 622 pg (Figure 14-10). The degree of 
microcytosis, as indicated by the MCV, is directly related to the sever-
ity of the anemia.30 Although the anemia is mild, the peripheral blood 
smear shows variable anisocytosis and poikilocytosis with target cells 
and basophilic stippling. Nucleated red blood cells are not usually 
found, but anemic patients can have a slightly elevated reticulocyte 
count. Bone marrow shows slight erythroid hyperplasia and erythro-
blasts poorly filled with hemoglobin.

the hemoglobin level of approximately 7–8 g/dL (70–80 g/L), but evi-
dence of erythroid expansion and increased iron absorption persisted. 
Clinical evidence suggests that the more aggressive hypertransfusion 
programs (maintaining a hemoglobin level of 9–10.5 g/dL) offer the 
highest quality of life without significant sequelae.34 The objectives 
of hypertransfusion programs are to minimize the anemia, reduce 
excess iron absorption, and suppress ineffective erythropoiesis. The 
large doses of iron received with these transfusions, however, lead to 
tissue damage from iron overload similar to that seen in hereditary 
hemochromatosis. Iron-chelating agents such as deferoxamine and 
deferasirox are given to decrease the deposition of iron in the tis-
sues.35,36 Splenectomy can be performed in an attempt to decrease 
hemolysis and prolong red cell survival. However, splenectomy is 
usually reserved for patients older than 5 years of age who receive 
7200 mLs of packed red blood cells (PRBCs)/kg/yr, have leukope-
nia, thrombocytopenia, splenomegaly pain, or iron overload with 
chelation therapy.35 Risks associated with splenectomy include sepsis, 
thrombosis, and possibly pulmonary hypertension.37,38

Bone marrow transplants (BMT) have been attempted in an 
effort to provide the individual with stem cells capable of produc-
ing normal erythrocytes. Although BMT is an option for thalassemia 
patients with a suitable donor, this technology is not widely used.39 
BMT can be replaced with stem cell transplants (SCT) that yield 
610% mortality, minimal morbidity, and less infertility issues.40 Clini-
cal efficacy is controversial with the highest risk factor being a lack of 
engraftment. Event-free survival is 670% for BMT and between 80 
and 90% for SCT in patients with b@thalassemia who receive HLA-
identical, related BMT.40–44 The success rate is lower for adults with 
advanced disease.45 It is difficult to find HLA-matched related donors, 
and success is much lower (ranging from 20–76%) using matched, 
unrelated donors.46–49 Haploidentical mother-to-child transplanta-
tion can be an option for children without a matched donor.45 Cord 
blood transplants are being investigated and show promise.50–52 With 
a typical life expectancy of around 50 years when patients follow rec-
ommended transfusion and chelation protocols, supportive therapy 
must be considered over curative therapy unless the patient is young, 
fit, and considered for transplant prior to developing thalassemia-
related sequalae.4

Drugs to treat leukemia are being used to induce the re- 
expression of latent g@genes that would combine with the excess 
a@chains and produce HbF.53–55 The two major risk factors for 
this treatment approach include failure of g@chain stimulation and 
 induction of malignancy from the antileukemic drugs.56,57

There is continuing interest in gene therapy approaches in which 
autologous stem cells are harvested and the b@gene complex trans-
fected using viral vectors and transplanted back into the host. How-
ever, several complications prevent widespread use. Human globin 
genes are large and complicated, making the finding of adequate viral 
vectors difficult. In clinical trials of gene therapy for severe immuno-
deficiency diseases, some patients have developed leukemias when the 
transfected genes insert next to or within critical hematopoiesis con-
trol genes.58–60 The first thalassemia patient to receive gene therapy 
was reported in 2007.61

The use of induced pluripotent stem cells (iPS) shows promise for 
hematopoietic and genetic disorders in the future. Somatic skin fibro-
blasts can be harvested and reprogrammed into iPSs by inducing the 
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for b@thalassemia intermedia is the ability to maintain a hemoglobin 
level associated with a comfortable survival without requiring regular 
transfusions.34 The need for transfusions is defined by the quality of 
life, not the hemoglobin level per se. Some patients with a hemoglo-
bin level of 7 g/dL can be relatively symptom free, but others with a 
hemoglobin of 9 g/dL can have clinical symptoms related to ineffec-
tive erythropoiesis. Clinical symptoms often intensify during periods 
of physiological stress as with pregnancy and infection and can require 
short-term transfusion therapy. Even in the absence of regular trans-
fusions, some patients develop progressive iron overload and require 
iron-chelation therapy.

laboratory Results
The CBC reflects a moderate microcytic hypochromic anemia with 
a hemoglobin value range of 7–10 g/dL (Figure 14-11 ■). In milder 
cases, patients express only a slight reduction in hemoglobin values. 
The erythrocyte count disproportionately higher than the hemoglo-
bin values and often approaches normal.

Target cells are the predominant poikilocytes observed. Baso-
philic stippling and nucleated red blood cells are also present. The 
bone marrow shows hypochromic erythroblasts in the context of 
erythroid hyperplasia. However, bone marrow examination is not 
needed for diagnosis.

Hemoglobin electrophoresis patterns in patients with the more 
severe forms of b@thalassemia intermedia (b0b+ and b+b+) are 
nearly indistinguishable from those observed in the milder forms of 
b@thalassemia major. Patients express elevated HbA2 (5–10%) and 
HbF (30–75%) with the remainder being HbA. Milder versions of 
b@thalassemia intermedia produce lower HbA2 (73.2%) and HbF 
levels (1.5–12.0%) (Figure 14-10). Although hemoglobin electropho-
resis is helpful in diagnosing b@thalassemia intermedia, differentiation 
from b@thalassemia major and minor is a clinical decision.

Treatment and prognosis
Splenomegaly is common. Functional hyposplenism leads to infec-
tions requiring regular interventions with antibiotic therapy. Chela-
tion therapy may be warranted to combat iron overload, which tends 

Treatment and prognosis
Patients generally do not require treatment if they maintain good 
health and nutrition. They are generally asymptomatic except during 
periods of physiologic stress, and they have a normal life expectancy.

B@Thalassemia Intermedia  
(B+/B+, B0/B+, B0/B)
expected Genotypes
All three patterns of inheritance—homozygous, double heterozy-
gous, and heterozygous—can produce b@thalassemia intermedia 
(Table 14-5). The homozygous and double heterozygous forms rep-
resent a mutation in both b@alleles, resulting in a moderate reduction 
in b@chain synthesis. Patients who inherit a mutation of one b@gene in 
conjunction with a normal b@gene occasionally exhibit clinical symp-
toms significant enough to be classified as b@thalassemia intermedia 
rather than b@thalassemia minor.

Patients with b@thalassemia who co-inherit a@thalassemia or 
HPFH can actually experience milder symptoms as compared with 
those with pure b@thalassemia. In both cases, excess free a@chain 
accumulation and precipitation are reduced, decreasing the ineffec-
tive erythropoiesis and extravascular hemolysis responsible for much 
of the pathology. In the case of co-inherited b@thalassemia and HPFH, 
the overexpressed g@chains combine with the excessive a@chains to 
produce HbF, which reduces a@chain precipitation.

clinical Findings
Patients with b@thalassemia intermedia present with symptoms of 
intermediate clinical severity between severe b@thalassemia major and 
mild b@thalassemia minor. The b0/b+@genotype produces the greatest 
reduction in b@chain synthesis but has a variable clinical presenta-
tion; some patients have symptoms of b@thalassemia major, whereas 
others have a much milder clinical phenotype. Patients who inherit 
the b0/b@genotype generally exhibit mild symptoms. The criterion 

In b@thalassemia, what erythrocyte parameter on the CBC 
differs significantly from that found in iron deficiency?

CheCkpoint 14-7

■  FiGuRe 14-11 Patients with b@thalassemia minor show 
minimal morphologic abnormalities to include microcyto-
sis with target cells. The CBC in this patient showed the 
following results: Hb 11.1 g/dL; RBC count 5.2 * 1012/L; 
MCV 61 fL; MCH 20.2 pg; MCHC 33 g/L (Wright-Giemsa 
stain; 1000*  magnification).

Hemoglobin electrophoresis demonstrates an increase in HbA2 
of 3.5–7.0% with a mean of 5.5%. Newborns have a normal HbA2 
concentration of 0.27 { 0.02%.32 HbF is normal in approximately 
half of the patients and increased in the other half (Figure 14-10).69,70 
If HbF exceeds 5%, however, the individual has probably inherited 
an HPFH gene (see “Hereditary Persistance of Fetal Hemoglobin”) in 
addition to the b@thalassemia gene. Vital stains to detect Heinz bodies 
are usually negative. In summary, b@thalassemia minor is indicated 
when the MCH is 627 pg and the HbA2 is 73.5%.

Nucleic acid–based techniques can be performed to identify the 
type of mutation present and validate the heterozygous inheritance 
pattern but are of limited diagnostic value. Such information, however, 
can be helpful in counseling prospective parents with b@thalassemia 
minor.
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globin gene and in combination with structural hemoglobin disorders 
such as sickle cell anemia and HbC disease (Table 14-6 ★).

DB@Thalassemia
d@, b@thalassemia (db@thalassemia) is a rare thalassemia observed 
primarily in patients of Greek, African, Italian, and Arabian ances-
try whose production of both b@ and d@chains is affected. The 
db@mutation can be categorized into two genotypes, db0 and db+. 
The db0 designation indicates a complete lack of synthesis of both b@ 
and d@chains from a given chromosome, whereas the db+@genotype 
indicates a reduction in b@ and d@chain synthesis. The absence of b@ 
and d@chains is most often due to deletion of the structural b@ and 
d@gene complex. One or both of the g@genes remain, resulting in 
100% HbF in homozygous db0/db0.66 However, increased g@chain 
production fails to fully compensate for the loss of b@chain produc-
tion, resulting in a thalassemic phenotype and anemia.

In db@thalassemia, the g@chain synthesis is less than in HPFH 
but more than in homozygous b0@thalassemia. Clinically, the disease 
is classified as thalassemia intermedia and rarely requires blood trans-
fusions except in cases of physiological stress such as pregnancy or 
infection. However, because of the impaired hemoglobin synthesis, 
most patients with db@thalassemia have a mild hypochromic, micro-
cytic anemia. Patients have slight hepatosplenomegaly and some bone 
changes associated with chronic erythroid hyperplasia. Hemolysis 
probably contributes to the anemia because both reticulocytes and 
bilirubin are elevated.

The heterozygous form of db@thalassemia (db0/b) is not iden-
tified with any specific clinical finding. There is no anemia or sple-
nomegaly. The hematological picture, however, is similar to that of 
b@thalassemia minor with microcytic, hypochromic erythrocytes. 
HbA2 is normal or slightly decreased, whereas HbF is increased to 
5–20%. HbA is usually 690% (Table 14-6).

GDB@Thalassemia
This rare form of thalassemia (g@, d@, b@thalassemia has several vari-
ants and is characterized by deletion or inactivation of the entire 
b@gene complex.33 Deletion of the g@, d@, and b@genes would result 
in the absence of all normal adult hemoglobin production from that 
chromosome. Therefore, only the heterozygous state has been encoun-
tered because a homozygous condition would be incompatible with 
life. Although neonates have severe hemolytic anemia, as the children 
grow, the disease evolves to a mild form of b@thalassemia.

Hemoglobin Constant Spring
Hemoglobin Constant Spring (HbCS) is a hemoglobin tetramer 
formed from the combination of two structurally abnormal a@chains, 
each elongated by 31 amino acids at the carboxy-terminal end, and 
two normal b@chains. This genetic mutation is common in Thailand. 
The chromosome with the aCS gene carries one normal a@gene. Thus, 
the homozygous HbCS individual has two normal a@genes, one on 
each chromosome, and the heterozygous HbCS carrier has three nor-
mal a@genes.

The elongated a@chains of HbCS are thought to result from a 
mutation of the a@chain termination codon by a single base substitu-
tion.72 The abnormal a@chains are synthesized at very low levels (∼1% 

oTheR Thalassemias and 
Thalassemia-like condiTions
In theory, any globin gene can be mutated, resulting in a reduction 
in the synthesis of globin chains and the corresponding hemoglo-
bin. Individuals have been observed with deficiencies in each of the 
normal adult globin chains. However, the thalassemias that involve 
globin chains other than a and b are relatively benign in their clinical 
course because they are not constituents of the major adult hemoglo-
bin, HbA. Thalassemias have been observed involving more than one 

to develop later than in patients with b@thalassemia major. Most 
patients have a normal life span.

B@Thalassemia Minima (BSC/B)
b@Thalassemia minima is a form of asymptomatic b@thalassemia, 
exhibits no major laboratory abnormalities, and is only defined by a 
mildly imbalanced a@ to non@a globin chain synthesis ratio. The dis-
order is usually discovered serendipitously during family studies. The 
gene has been given the designation bSC for silent carrier. The geno-
type used to describe a patient with b@thalassemia minima is bSC/b.71 
Homozygosity for bSC or combination of the silent allele with other 
b@thal genes results in a mild form of thalassemia intermedia.

Additional tests were performed on John’s blood to 
determine the cause of his anemia.

case sTudy (continued from 261)

hemoglobin electrophoresis iron panel
hbA 66% Serum iron 92 mcg/dL
hbA2 1% TIBC 310 mcg/dL
hbF 1% Serum ferritin 88 ng/mL
hb Bart’s 8% Iron saturation 33%
hbh 24%

 5. Is the hemoglobin electrophoresis normal or abnormal?

 6. If abnormal, list hemoglobins that are elevated, 
decreased, or abnormally present.

 7. If abnormal, which globin chain(s) is (are) decreased?

 8. If abnormal, which globin chains are produced in 
excess?

 9. Is the iron panel normal or abnormal?

10. If the iron tests are abnormal, list those outside the 
reference interval and indicate whether they are ele-
vated or decreased.

11. If the iron tests are abnormal, state the disorder(s) 
consistent with the abnormal iron panel.

12. Given all the data supplied, what is the definitive 
diagnosis of John’s anemia?
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Hereditary Persistence of Fetal 
Hemoglobin (HPFH)
Hereditary persistence of fetal hemoglobin (HPFH) is actually a group 
of heterogeneous disorders caused by either the absence of d@ and 
b@chain synthesis or a loss of suppression of the g@globin gene, result-
ing in an increased g@chain production into adult life. In homozygotes, 
the result is an absence of HbA and HbA2 with 100% of hemoglobin 
production being HbF. Hemoglobin F production continues at high 
levels throughout life, preventing the clinical symptoms and hema-
tological abnormalities associated with thalassemia. The condition 
occurs in 0.1% of African Americans.

Genetics
HPFH is characterized by either deletion or inactivation of the b@ and 
d@structural gene complex, mutations in the g@globin gene promoter 
region affecting the binding of transcription factors,74–76 or muta-
tion of gene inhibitor proteins.77–81 Four potential mechanisms that 

of the output compared with a normal a gene) because of reduced 
stability of the elongated mRNA. The result is an overall deficiency of 
a@chain synthesis producing an a@thalassemia@like phenotype.

clinical Findings
The homozygous state is phenotypically similar to a@thalassemia 
minor. A slight anemia accompanied by mild jaundice and spleno-
megaly is typical. Heterozygotes show no clinical abnormalities.

laboratory Results
In homozygotes, clinical findings are similar to a relatively mild form 
of HbH disease with a mild microcytic hypochromic anemia. Hemo-
globin electrophoresis demonstrates the presence of Hb Bart’s at birth. 
In homozygous adults, HbCS makes up 5–7% of the hemoglobin, and 
HbA2 and HbF are normal. The remainder of hemoglobin is HbA 
(Figure 14-2).

Heterozygotes show no hematological abnormalities, but a small 
amount of HbCS (0.2–1.7%) can be found on electrophoresis. HbA2 
and HbF are normal with the remainder being HbA (Figure 14-2).

In some areas, the coexistence of HbCS with a@thalassemia trait 
(-  - /aaCS) can be found. The clinical findings are similar to those 
of HbH disease. Hemoglobin electrophoresis characteristically shows 
HbA, HbH, Hb Bart’s, HbA2, and 1.5–2.5% HbCS73 (Figure  14-2; 
Table 14-6).

disorder defect ancestry cBc/diff hb electrophoresis other

db@thalassemia homo-
zygous (db0/db0)

Deletion of db@gene 
complex

Greek, African, Italian, 
Arabian

micro/hypo rBCs hb 
10–12 g/dL

T T  hbA,

T ThbA2, c c  hbF

Thalassemia intermedia

heterozygous (db0/b) Same as homozygous No anemia T  hbA,

N@ThbA2, c  hbF

Thalassemia minor

gdb@thalassemia het-
erozygous (gdb0/b)

Deletion or inactivation 
of b@gene complex

mediterranean regions Birth: marked anemia; 
Adult: Slight anemia

ThbA,

ThbA2, T  hbF

Thalassemia minor

homozygous 
(gdb0/gdb0)

Same as heterozygous Unable to observe No adult hb Incompatible with life

Constant Spring 
homozygous 
(aaCS/aaCS)

Long a@chain, mutated 
stop codon, reduced 
synthesis

Thailand micro/hypo rBCs, 
hb 9–11 g/dL, c  
reticulocytes

hb Bart’s at birth, c c
hbCS,

ThbA, N@hbA2 and 
hbF

heterozygous 
(aaCS/aa)

Same as homozygous Normal c  hbCS Can be seen with a@thal2 
trait

hPFh homozygous 
(db0/db0)

Deletion or inactivation 
of db@gene complex

Greek, Swiss, Black mild micro/hypo rBCs, 
no anemia, c cRBCs, 
hb 14–18 g/dL

100% hbF Two variants—  pancellular, 
heterocellular

Asymptomatic

heterozygous (db0/b) Same as homozygous Near normal c  hbF,

T  hbA, T  hbA2

Asymptomatic

hb Lepore 
homozygous 
(dbLepore/dbLepore)

db@hybrid chain European marked micro/hypo 
rBCs, hb 4–11 g/dL, 
c c c  anisopoikilocytosis

No hbA,

No hbA2,

c c  hb Lepore, c c  hbF

Thalassemia major or 
intermedia

heterozygous 
(dbLepore/b)

Same as homozygous Slight micro/hypo RBCs, 
hb 12 g/dL

T  hbA,

T  hbA2 c  hb Lepore

Thalassemia minor

c c c = marked increase; c c = moderate increase; c = slight increase; T T = moderate decrease; T = slight decrease; N = normal

★ TaBle 14-6 Characteristics of Other Thalassemias and Thalassemia-Like Conditions

Why is gdb@thalassemia more severe than db@thalassemia 
and CS-thalassemia?

CheCkpoint 14-8
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Erythrocytosis ranging from 6 * 1012/L to 7 * 1012/L occurs 
as the result of the higher oxygen affinity of HbF as compared with 
to HbA. Corresponding high hemoglobin levels from 14.8–18.2 g/
dL are also typical in HPFH. Erythrocytes are microcytic and slightly 
hypochromic with a mean MCV of 75 fL and a mean MCH of 25.0 pg. 
There is a mild degree of anisocytosis and poikilocytosis. The reticu-
locyte count range is 1–2%. It is doubtful that this disorder has any 
significant degree of hemolysis because the reticulocyte count, biliru-
bin, and haptoglobin levels are normal. Electrophoresis demonstrates 
100% HbF.

heterozygotes
Heterozygous HPFH is usually found incidentally through family 
studies. Patients present with a slightly elevated erythrocyte count 
with the corresponding elevation of the hematocrit and a slightly 
decreased MCH (27 pg). HbF is 10–30% of the total hemoglobin. 
HbA2 is decreased to 1–2% and the remainder is HbA. In the pres-
ence of iron deficiency, HbF levels are lower (Table 14-6).

Hemoglobin Lepore
incidence and affected individuals
Hemoglobin Lepore was first described in 1958 as a structural hemo-
globin variant with hematological changes and clinical manifestations 
resembling those of thalassemia.73,82 The disorder is widely distrib-
uted throughout the world but is especially common in middle and 
eastern Europe.

Genetics
In Hb Lepore, the non@a@chain is a d/b@globin hybrid in which 
the N-terminal end of a d@chain is fused to the C-terminal end of a 
b@chain. The variant hybrid genes are thought to occur during meio-
sis from an aberrant crossover event resulting in recombination of 
misaligned d@ and b@genes on separate chromosomes. The result 
of the unequal crossover event is two fusion genes, the d/b@Lepore 
and the b/d@anti@Lepore genes. The d/b@Lepore fusion gene is tran-
scribed and translated into the d/b@fusion globin chain, two of which 
combine with two a@chains to form Hb Lepore. The chromosome 
containing the b/d@anti@Lepore fusion gene still contains intact b@ 
and d@genes that are synthesized normally to form HbA and HbA2, 
respectively. Progeny bear genes from the involved chromosome that 
are neither fully paternal nor fully maternal. Because the recombina-
tion event occurred in the germ cells, the newly formed chromosomes 
become a permanent part of the family’s gene pool. Hb Lepore is stable 
and has normal functional properties except for a slight increase in 
oxygen affinity.

pathophysiology
The pathophysiology of hemoglobin Lepore is similar to that of 
b@thalassemia. No intact b@gene is present on the chromosome car-
rying the Lepore fusion gene, so b@chain synthesis is absent. The Hb 
Lepore gene is under the influence of the d@gene promoter, which 
limits synthesis of the Lepore hybrid chain to approximately 2.5% 
of normal b@chain production. Thus, the abnormal Lepore chains 
are inadequately synthesized, leading to an excess of a@chains. In 
the homozygous state, no normal b@chains or d@chains would be 

explain the increase in g@globin gene expression have been reported. 
Removal of the d and b promoters: (1) relieves competition with the 
g@gene promoters for transcription factor activation or (2) removes 
the g@gene inhibitor–binding sites; (3) mutations might juxtapose b@
gene enhancer sequences to g@genes, facilitating activation of g@genes; 
and (4) mutated transcription factors increase activation or inhibit 
suppression of the g@globin gene.4 Most a@chains combine with the 
available g@chains to produce HbF. Consequently, no accumulation 
and no precipitation of excess a@chains occur. In HPFH, increased 
production of g@chains with the corresponding elevations of HbF 
compensates for the reduction in HbA and HbA2 synthesis and dif-
ferentiates it from db@thalassemia in which only modest elevations 
in HbF are observed.

variants
HPFH can be categorized into two major groups, pancellular and 
heterocellular, based on the distribution of HbF in erythrocytes. The 
HbF distribution patterns can be visualized using the acid elution stain 
developed by Kleihauer and Betke. Pancellular refers to the obser-
vance of HbF in most of the erythrocytes; in the heterocellular ver-
sion, HbF is concentrated in a small subset of erythrocytes.

Several different types of HPFH have been described: the Black, 
Greek, and Swiss types. In the Black and Swiss types, both Gg@ and 
Ag@chains are produced in approximately equal amounts. The Greek 
form is characterized by production of both Gg@ and Ag@chains, but 
most HbF is made up of the Ag@chains. Both the Black and Greek 
types have the characteristic pancellular distribution pattern of HbF 
in erythrocytes. The Swiss form exhibits a heterocellular distribution 
of HbF, which results from a hereditary increase (3%) in the number 
of fetal (F) cells21,22 (Table 14-7 ★).

When present, the pancellular distribution of HbF in erythro-
cytes helps to distinguish this disorder from other disorders associated 
with an increase in HbF. Most other disorders with elevated HbF levels 
present with the heterocellular distribution pattern.

It has been suggested that the various categories of HPFH actu-
ally represent a continuum of a spectrum of b@thalassemias with 
homozygous b0@thalassemia at one end where the lack of b@chain 
synthesis is poorly compensated for by g@chain production and with 
pancellular HPFH at the other end where the lack of b@chain synthesis 
is almost completely compensated for by g@chain production.

homozygotes
Homozygous HPFH is asymptomatic, including no evidence of 
abnormal growth patterns or splenomegaly. The abundant g@chains 
combine with the normal a@chains to produce HbF.

hpFh Type
Types of g@chains  
produced

distribution of hbF in 
erythrocytes

Black Gg@ and Ag@ Pancellular

Swiss Gg@ and Ag@ heterocellular

Greek Primarily Ag@ Pancellular

★ TaBle 14-7 Characteristics of HPFH Variants

M14_MCKE6011_03_SE_C14.indd   269 01/08/14   12:51 pm



270 SECTION III   •   ThE ANEmIAS

some b@chains, resulting in HbA synthesis and few to no thalas-
semia symptoms. The most common example is HbS/b@thalassemia 
accounting for 1 in 1667 births among African Americans.83 This has 
also been reported in patients of Greek, Turkish, Indian, North Ameri-
can, Mediterranean, and Romanian ancestry.84 Three clinical severi-
ties have been identified: HbS/b0@Type 1 (severe), HbS/b+@Type 1 
(moderate), and HbS/b+@Type 2 (asymptomatic). Differentiating 
this combination disorder from sickle cell disease (HbSS) and trait 
(HbAS) is sometimes difficult, but a comparison of b:a ratio can 
be helpful (Web Table 14-1). In sickle cell disorders, the b:a ratio is 
approximately 1:1, whereas it is closer to 0.5:1 in HbS/b@thalassemia.85

Combination disorders are more complex when the structural 
hemoglobin gene mutation is on the b@gene and the thalassemia 
mutation involves the a@gene because different chromosomes are 
involved. These patients can be either homozygous or heterozygous 
for the structural hemoglobin variant and coexpress any of the pos-
sible a@gene combinations.

The severity of the combination disorder is directly proportional 
to the total number of affected genes and ranges from moderate to 
asymptomatic.86–88 Coexistent a@thalassemia decreases synthesis 
of a@chains resulting in fewer a@globin chains available to combine 
with the structurally abnormal b@chain. Thus, the concentration of 
the structural variant (in heterozygotes) is usually decreased because 
the limited number of a@chains preferentially combines with the nor-
mal b@ or d@ (or g@) chains. The percentage of HbA, HbF, and HbA2 
increase relative to a typical heterozygote, reducing the abnormal 
pathophysiology associated with the particular structural hemoglo-
bin variant inherited.

In the case of a homozogous bSbS individual with an 
a@thalassemia syndrome, the clinical severity of sickling is often 
reduced because of a net decrease in MCHC, which reduces the ten-
dency of HbS to produce cell sickling. Thus, cell hemolysis and the 
clinical symptoms associated with occlusion of the microvasculature 
decrease (Chapter 13). HbF has also been shown to decrease the sick-
ling process.13 The wide variety of clinical severities seen in sickle 
cell anemia can be partially related to the high incidence of a@ and  
b@thalassemia in the same population (Figure 14-13 ■).

synthesized to combine with the a@chains being produced, thus, no 
HbA or HbA2. The more severely affected children can become trans-
fusion dependent and develop complications of hemosiderosis. The 
combination of ineffective erythropoiesis, decreased HbA, increased 
oxygen affinity of HbF, and chronic extravascular hemolysis pro-
duces a microcytic hypochromic anemia that is classified clinically as 
b@thalassemia major in the more severe cases and as b@thalassemia 
intermedia in the remaining cases. As with b@thalassemia major, 
symptoms emerge within the first few years of life.

Patients with heterozygous Hb Lepore are asymptomatic and 
classified clinically as b@thalassemia minor. The blood picture is simi-
lar to that seen in b@thalassemia minor.

laboratory Results
In the homozygous state, hematologic findings are similar to those of 
b@thalassemia major. There is no detectable HbA or A2 on hemoglo-
bin electrophoresis, Hb Lepore ranges from 8–30%, and the remain-
der consists of HbF. Hemoglobin electrophoresis must be interpreted 
with caution because Hb Lepore comigrates with HbS on cellulose 
acetate and agarose at an alkaline pH and with HbA on citrate agar 
at an acid pH.

In the heterozygous state, hematologic findings are similar to 
thalassemia minor (Figure  14-12 ■): Hemoglobin electrophoresis 
reveals a mean Hb Lepore concentration of 10%; HbA2 is decreased 
with a mean of 2%; HbF is usually slightly elevated to 2–3%; and HbA 
makes up the remainder (Table 14-6).

The severely anemic cases of Hb Lepore require a regular transfu-
sion protocol from early childhood. Splenectomy can be performed in 
an attempt to lessen the degree of anemia.

Combination Disorders
Occasionally an individual is doubly heterozygous for a structural 
hemoglobin variant and thalassemia, inheriting one of each of the two 
abnormalities from each parent. The most common structural hemo-
globin variants involved in combination disorders are HbS, HbC, and 
HbE. When a structural variant is inherited with a b@thalassemia 
gene, the severity of the combination disorder depends on the type of 
b@gene mutation. Patients expressing the b0@gene produce no HbA 
and experience moderate to severe symptoms. The b+@gene produces 

■  FiGuRe 14-12 Peripheral blood smear from a patient 
with hemoglobin Lepore. Note the anisocytosis, poikilo-
cytosis, and microcytosis (Wright-Giemsa stain; 1000*  
magnification).

■  FiGuRe 14-13 Peripheral blood smear from a patient 
with hemoglobin S and a@thalassemia. The cells are micro-
cytic. There are acanthocytes and cells with pointed ends 
present (Wright-Giemsa stain; 1000*  magnification).
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Due to the significant variations in clinical expression of the 
various hemoglobin structural variants and b@thalassemia alleles, it 
is suggested that identification of these conditions should go beyond 
hematologic analysis and hemoglobin electrophoresis.92 A diagnosis 
defined at the molecular level to identify the genetic mutation can lead 
to better clinical management of the disease. A summary of the dif-
ferentiating characteristics of combination thalassemia and hemoglo-
binopathy disorders can be found in Web Table 14-1.

Laboratory diagnosis is accomplished by applying the tech-
niques used to identify each of the disorders individually. Patients 
present with a mild microcytic, hypochromic anemia with target cells 
and the poikilocytes associated with the inherited structural hemo-
globin variant. Patients who inherit HbS can have sickle cells, and 
those with HbC sometimes show HbC crystals. Hemoglobin electro-
phoresis is helpful in resolving the structural hemoglobin variant and 
shows the quantitative changes in normal and abnormal hemoglo-
bins associated with a@ and b@thalassemias. In HbS@a@thalassemia, 
the concentration of HbS is inversely proportional to the number of 
a@gene deletions. HbS concentration in heterozygotes is ∼35% with 
one a@gene deletion, ∼28% with two a@deletions, and ∼20% with 
three a@gene deletions.89

When less common structural variants (HbE, HbO, HbD, etc.) 
are coexpressed with thalassemias, more testing could be necessary 
because they comigrate with HbS or HbC on hemoglobin electro-
phoresis (Figure 14-2). Molecular techniques including automated 
sequencing, dot-blot analysis, or allele-specific amplification can be 
used in these cases (Chapter 43).90

The incidence of double heterozygotes expressing both HbE and 
b@thalassemia is increasing in Southeast Asia, and many patients are 
presenting with symptoms that rival b@thalassemia major in sever-
ity.91 Approximately 3000 people with both mutations are born each 
year in Thailand, and many others are diagnosed in other parts of 
Southeast Asia, India, and Burma. In Thailand, Laos, and Cambodia, 
HbE penetrance is approximately 50%. HbE heterozygotes usually 
have relatively mild disease; therefore, HbE/b@thal double heterozy-
gotes might be expected to have a moderately severe disease.92 How-
ever, the HbE mutation at the 26th position of the b@globin gene 
activates a cryptic splice site at codon 25, resulting in significantly 
reduced b@chain production. Therefore, in double heterozygotes 
of HbE and b0@thal, few to no bE@ or bA@chains are produced. This 
results in the accumulation of a@chains that precipitate within the 
erythrocytes, producing hemolysis as in b@thalassemia major.92,93 A 
more moderate anemia can result if the b+@thalassemia gene is inher-
ited with HbE. In this form of the disease, there are HbE, HbA, HbF, 
and HbA2. The HbA, however, is less than would be expected in HbE 
trait, and the anemia is more severe. When the b+@thalassemia gene 
is inherited with the bE@gene, the result is microcytic, hypochromic 
anemia with significant poikilocytosis, and nucleated erythrocytes.

Hemoglobin E can also be found in combination with 
a@thalassemia (Figure 14-14 ■). This combination produces a more 
severe anemia than does HbE alone. The amount of HbE depends on 
whether the patient is heterozygous or homozygous for HbE and the 
a@thalassemia genotype inherited (Chapter 13).

Double heterozygotes for sickle cell and HPFH (deletion variant) 
exhibit a mild form of sickle cell trait with no occurrence of crises 
or anemia. It has been suggested that the surprisingly favorable clini-
cal picture is related to the distribution of HbF in erythrocytes. The 
peripheral blood smear shows anisocytosis and target cells, and the 
sodium metabisulfite and solubility tests are positive. Hemoglobin 
electrophoresis produces a pattern that is easily confused with that 
of sickle cell anemia. Only HbS, HbF, and HbA2 are present with HbF 
levels of 15–35%. HbA2 is normal or reduced. Family studies are help-
ful in identifying the double heterozygous state.

■  FiGuRe 14-14 Peripheral blood smear from a patient 
with hemoglobin E and a@thalassemia. The RBCs are 
microcytic, hypochromic, and target cells are present 
(Wright-Giemsa stain; 1000*  magnification).

In combination disorders of structural hb variants and 
thalassemia, why is a@thalassemia inherited with sickle 
cell trait less severe than b@thalassemia coexpressed with 
sickle cell trait?

CheCkpoint 14-9

diFFeRenTial diaGnosis 
oF Thalassemia
Clinical signs, symptoms, and CBC results are strikingly similar 
in microcytic, hypochromic anemias regardless of the etiology of 
the  anemia, making the clinical diagnosis difficult. Differentiating 
the various thalassemias is even more difficult because they are all 
 inherited and occur in similar nationalities. Additional laboratory 
tests are therefore crucial in making the differential diagnosis.94,95 
Web Table 14-2 summarizes the tests used to differentiate thalassemia 
from other anemias.

Which laboratory tests should be done first to differenti-
ate thalassemia and iron deficiency?

CheCkpoint 14-10
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Summary
Thalassemias result from genetic defects that affect the produc-
tion of globin chains. Any of the globin chains can be affected, 
but the most clinically significant are a@ and b@chain defects. The 
clinical severity of the disease is related to the number of mutated 
genes and the type of genetic defect. The human diploid genome 
normally has four a@genes, so in a@thalassemia, from one to four 
of the a@genes can be deleted. If only one gene is affected, the 
condition is not clinically or hematologically apparent, but if two 
or three are affected, both clinical and hematological abnormali-
ties of mild or moderate severity, respectively, occur. Deletion of 
all four a@genes is incompatible with life. There are two b@alleles 
and three b@thalassemia gene defects; one causes a complete 
absence of b@chain production (b0@thalassemia), one causes vari-
ably decreased synthesis of b@chain production (b+@thalassemia), 
and the third minimally affects b@chain production (silent carrier 
or bSC). This results in seven potential b@thalassemia genotypes 
(b0b0, b0b+, b+b+, b0b, b+b, bSC/bSC, bSC/b) that are categorized 
into four clinical severities (b@thalassemia major, intermedia, 
minor, and silent carrier) ranging from severe to asymptomatic.

The thalassemias generally produce a microcytic, hypo-
chromic anemia with changes in the concentrations of hbF, 
hbA2, and hbA. hbF and hbA2 are elevated in b@thalassemia 
and decreased in a@thalassemia with decreased concentrations 
of hbA in both. In the more severe a@thalassemias, hbh (b4) 
and hb Bart’s (g4) can be detected. Erythrocyte morphology is 
similar in both major forms of thalassemia and in iron-deficiency 
anemia; however, hemoglobin electrophoresis and iron stud-
ies assist in differentiating these two entities. Some structural 
hemoglobin variants are synthesized in decreased quantities 
(i.e., hb Lepore, hb Constant Spring, hbE) and have clinical 
and morphologic similarities to thalassemias. molecular tech-
niques (Chapter 43) are now available to identify the genetic 
mutation in the globin gene but are not always necessary for 
diagnostic purposes.

Current therapies are improving, and medical access in 
underdeveloped countries is expanding. As a result of these 
advances, the general health and quality of life are improving 
for patients with thalassemia.

Review Questions
Level i

 1. The statement that best defines thalassemia is: (Objective 1)

 A. qualitative disorder of hemoglobin synthesis derived 
primarily from a genetic point mutation in one or more 
globin genes

 B. disorder of inappropriate iron metabolism due to 
abnormal transferrin

 C. quantitative disorder of hemoglobin synthesis result-
ing from deletional and nondeletional mutations of 
globin genes

 D. single amino acid substitution in a globin chain affect-
ing the function of hemoglobin

 2. Which of the following statements is false for a patient 
with thalassemia but true in certain hemoglobinopathies? 
(Objective 2)

 A. Abnormal hemoglobin will polymerize inside erythro-
cytes, altering red cell shape.

 B. Novel hemoglobins composed of abnormal combi-
nations of normal globin chains can be detected on 
hemoglobin electrophoresis.

 C. Elevations in embryonic and fetal hemoglobins can be 
observed.

 D. The amino acid sequence of the globin chains of the 
abnormal hemoglobins is normal.

 3. What is the typical morphologic classification of erythro-
cytes in thalassemia? (Objective 3)

 A. macrocytic, normochromic

 B. normocytic, normochromic

 C. microcytic, hyperchromic

 D. microcytic, hypochromic

 4. Select the disorder that is an a@thalassemia. (Objectives 
5a, 5b)

 A. hbh disease

 B. Cooley’s anemia

 C. hPFh

 D. hb Lepore

 5. a@Thalassemia is characterized by: (Objective 5c)

 A. deletion of b@genes

 B. amino acid substitutions in the a@chain

 C. excess a@chain production

 D. deletion of a@genes

 6. Which nationality is most likely to be affected by thalas-
semia? (Objectives 5b, 6a)

 A. Chinese

 B. South American Indians

 C. Southeast Asians

 D. Europeans
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 3. Which pathophysiologic event is involved in the pathogen-
esis of HbH disease? (Objective 4b)

 A. hbh has a higher affinity for oxygen that hampers 
oxygen release.

 B. hbh is an embryonic hemoglobin that is not present 
at birth.

 C. hbh cannot bind and transport oxygen.

 D. Polymerization of hbh alters erythrocyte shape.

 4. The genetic designation heterozygous a0@thal@1/normal 
refers to: (Objective 4a)

 A. a@thalassemia minor

 B. Cooley’s anemia

 C. hbh disease

 D. silent carrier

 5. The single best laboratory test to distinguish b@thalassemia 
minor from a@thalassemia, iron-deficiency anemia, HPFH, 
and hemoglobinopathies is: (Objective 8)

 A. hemoglobin solubility

 B. serum iron

 C. heinz body stain

 D. hbA2 level

 6. Hemoglobin Constant Spring can best be described as: 
(Objective 7c)

 A. deletion of three a@genes

 B. two normal b@chains and two elongated a@chains

 C. two normal a@chains and two b/g@fusion chains

 D. continued synthesis of g@chains throughout adult life

 7. Select the statement that best describes hereditary persis-
tence of fetal hemoglobin. (Objective 7d)

 A. The homozygous state is incompatible with life.

 B. hbF is elevated in adults.

 C. It results from the deletion of the g@gene.

 D. It is a form of b@thalassemia.

 8. A 4-year-old male patient has a microcytic, hypochromic 
anemia. Hemoglobin electrophoresis shows 46% HbS, 49% 
HbA, 3.5% HbA2, 1.5% HbF. His parents have no  symptoms 
of anemia. What are his parents’ most likely phenotypes? 
(Objectives 5, 7)

 A. sickle cell trait and b@thalassemia major

 B. sickle cell anemia and a@thalassemia

 C. sickle cell anemia and heterozygous b@thalassemia

 D. sickle cell trait and normal

 7. Which of the following laboratory results would be 
expected in a patient with a@thalassemia? (Objective 5e)

 A. mCh = 32 pg

 B. mCV = 70 fL

 C. stomatocytes

 D. increased hbA

 8. The pathogenesis of b@thalassemia includes: (Objective 6b)

 A. decreased production of b@chains

 B. abnormal structure of a@chains

 C. bone marrow hypoproliferation

 D. decreased synthesis of erythropoietin

 9. In b@thalassemia major, hemoglobin electrophoresis will 
show: (Objective 6d)

 A. reduced hbF

 B. reduced hbA2

 C. reduced hbA

 D. increased hbh

 10. Select the thalassemia type in which the patient survives 
and presents with an abnormal hemoglobin that is sensi-
tive to oxidation and precipitates in red cells after incuba-
tion with brilliant cresyl blue. (Objective 6d)

 A. hydrops fetalis

 B. hbh disease

 C. b@thalassemia minor

 D. silent carrier

Level ii

 1. a@Thalassemia most commonly results from which of the 
following genetic lesions? (Objective 1)

 A. gene deletion

 B. promoter mutation

 C. termination codon mutation

 D. splice site mutation

 2. Why is hydrops fetalis incompatible with life? 
(Objective 4b)

 A. Life cannot exist without hbA.

 B. Lack of embryonic hemoglobins precludes fetal 
development.

 C. All three normal adult hemoglobins contain a@chains.

 D. Fetal hemoglobin is essential to sustain life after 
birth.
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

 9. Which of the following combination disorders would 
exhibit more severe symptoms? (Objective 7f)

 A. hbS and b@thalassemia minor

 B. hbC trait and a@thalassemia minor

 C. hPFh and b@thalassemia minor

 D. hbS and hPFh

 10. A 28-year-old female from Laos who had a hemoglobin 
of 11.2 g/dL was diagnosed with iron-deficiency anemia. 
She was given iron supplements. Her reticulocyte count 
increased from 4% to 5% after 6 days of treatment. Six 
months later, she returned for a follow-up CBC. Her hemo-
globin was 11.5 g/dL, and the red cells were microcytic 
(75 fL), normochromic. What reflex test should be done? 
(Objective 8)

 A. hemoglobin electrophoresis

 B. serum iron

 C. bone marrow

 D. serum ferritin
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Explain the cause and process of megaloblastic maturation in the bone 

marrow.
 2. Describe the body’s requirements for vitamin B12 and folate and their 

physiologic roles.
 3. List the laboratory tests used to confirm a diagnosis of cobalamin 

 deficiency and give expected results.
 4. List the laboratory tests used to confirm a diagnosis of folic acid 

 deficiency and give expected results.
 5. Recognize the six most common disorders associated with 

a macrocytic anemia.
 6. Name four causes of a cobalamin deficiency and give two distinguishing 

clinical or laboratory characteristics of each.
 7. Describe the etiology and pathophysiology of pernicious anemia, 

including clinical symptoms and clinical subtypes.
 8. Name three causes of a folate deficiency and give two distinguishing 

clinical or laboratory characteristics of each.
 9. Differentiate the pathophysiology and peripheral blood findings of non-

megaloblastic macrocytic anemia from those of megaloblastic anemias.
 10. Summarize the typical blood picture seen with a folate or cobalamin 

deficiency.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the process of cobalamin and folic acid metabolism and 

explain how a deficiency can result in megaloblastosis.
 2. Compare macrocytosis associated with a normoblastic marrow and 

macrocytosis associated with a megaloblastic marrow on the basis of 
physiological defect, and differentiate them based on the laboratory 
blood picture.

 3. Summarize the mechanism of maturation defects that lead to megalo-
blastosis and recognize the morphologic blood cell abnormalities.

(continued)
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 4. Compare and contrast the various clinical forms 
and causes of a cobalamin and folate deficiency 
on the basis of clinical symptoms and laboratory  
results.

 5. Categorize the causes and clinical variations of pernicious 
anemia.

 6. Compare and contrast the various clinical forms and 
causes of a folic acid deficiency.

 7. Choose and briefly explain four laboratory tests used 
to identify the cause of a macrocytic anemia; give the 
expected results of these four tests in a patient with an 
autoantibody directed against intrinsic factor.

 8. Assess Schilling’s test results and provide a differential 
diagnosis.

 9. Compare and contrast the causes of macrocytosis that 
have a normoblastic marrow.

 10. Construct an algorithm of laboratory testing to distin-
guish between a megaloblastic anemia and a macrocytic, 
normoblastic anemia.

 11. Evaluate a case study from a patient with anemia. 
 Determine the most probable diagnosis from the 
 medical history and laboratory results.

Objectives—Level II (continued) Key Terms
Achlorhydria
Cobalamin
Demyelination
Dyspepsia
Folate
Folic acid
Glossitis

Intrinsic factor (IF)
Megaloblastic
Nuclear-cytoplasmic 

asynchrony
Pernicious anemia (PA)
Schilling test

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, 
you should review these concepts before starting this unit of 
study:

level i
• Describe the maturation process of erythrocytes in the marrow. 

(Chapter 5)
• Outline the functional and morphologic classification of ane-

mia and list the basic laboratory tests to diagnose anemia. 
(Chapter 11)

level ii
• Summarize the concepts of cell development, regulation, and 

the process of cell division. (Chapter 2)
• List and describe the laboratory tests used in differential 

 diagnosis of anemia. (Chapter 11)

caSe Study

differential
WBC 4.5 * 109/L Lymphs 36.0%
RBC 2.50 * 1012/L Monos 3.6%
hb 10.0 g/dL (100.0 g/L) Neutrophils 59.4%
hct 31% (0.31 L/L) Eosinophils 1.0%
MCV 124 fL Basophils 0.0%
mCh 40.50 pg NRBCs/100 WBCs 5.0%
mChC 32.70 g/dL Moderate
RDW 21.20  hypersegmented
PLT 155 * 109/L neutrophils

We will refer to this case study throughout the chapter.

Kathy, a 36-year-old female, experienced a recent 35-lb 
weight loss. her tongue was red and fissured. She also 
complained of chronic fatigue and shortness of breath 
upon exertion. Physical examination suggested signs of 
jaundice and increased numbness and a tingling sensa-
tion of fingers and toes. She was hospitalized with the 
general diagnosis of moderate anemia, jaundice, and 
neurological symptoms. her admitting CBC demon-
strated the following laboratory results:

Macrocytes 2+
Anisocytosis 3+
Poikilocytosis 2+
Ovalocytes 1+
Basophilic stippling 1+
Occasional howell-Jolly bodies

The following abnormal erythrocyte morphology was 
reported:

Consider the reflex tests that might be important in iden-
tifying the etiology of this anemia.
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overview
This chapter is a study of the macrocytic anemias, which can be mega-
loblastic or nonmegaloblastic. The first part of the chapter discusses 
the megaloblastic anemias beginning with a description of the clinical 
and laboratory findings. Because megaloblastic anemia is most often 
due to deficiencies or abnormal metabolism of folate or cobalamin 
(vitamin B12), the metabolism of these vitamins is discussed in detail. 
The latter part of the chapter reviews the causes of nonmegaloblastic 
macrocytic anemia and compares the laboratory test results in non-
megaloblastic and megaloblastic anemia. The laboratory professional 
can often identify diagnostic clues of megaloblastic anemia on review 
of a blood smear.

introduction
Macrocytic anemias are characterized by large erythrocytes (mean 
MCV 7100 fL) with an increased MCH and a normal hemoglobin 
content (MCHC). This is an important group of anemias because 
macrocytosis is frequently a sign of a disease process that can result 
in significant morbidity if left untreated.

Macrocytosis is found in 2.5–4.0% of adults who have a routine 
complete blood count.1 In up to 60% of cases, macrocytosis is not 
accompanied by anemia,2 but isolated macrocytosis should always be 
investigated. Macrocytosis without anemia can indicate early folate or 
cobalamin (vitamin B12) deficiency because macrocytosis precedes 
the development of anemia in these disorders.

Macrocytosis detected by automated cell counters is not always 
apparent microscopically on stained blood smears. In some cases, the 
erythrocyte size on automated counters is falsely elevated due to hyper-
glycemia, cold agglutinins, and extreme leukocytosis. These causes of 
false macrocytosis need to be differentiated from true macrocytosis.

The most common cause of true macrocytosis is alcohol-
ism. Other causes include folate and cobalamin deficiencies, drugs 
including chemotherapy, reticulocytosis due to hemolysis or bleeding, 
myelodysplasia, liver disease, and hypothyroidism.2

Macrocytic anemias are generally classified as  megaloblastic 
or nonmegaloblastic (normoblastic), depending on morpho-
logic characteristics of erythroid precursors in the bone marrow 
(Table 15-1 ★). The megaloblastic anemias are the result of a defect 
in DNA synthesis. Frequently there is an arrest in the S phase of the 
cell cycle and to a lesser extent during other phases of the cell cycle 
due to delayed nuclear development. RNA and protein synthesis, 
however, are relatively unimpaired. The result is unbalanced cell 
growth and impaired cell division characterized by erythroblasts 
with distinct abnormal morphologic features. The nucleus appears 
immature with a fine particulate chromatin pattern, whereas the 
cytoplasm is increased and relatively more mature (referred to as 
nuclear- cytoplasmic asynchrony). These cells are referred to 
 morphologically as megaloblastic. All proliferating cells are affected.

The basis for the nonmegaloblastic anemias is not always as 
well defined but is often related to an increase in membrane lipids. 
The macrocytes in nonmegaloblastic macrocytic anemia are usually 
round, but in megaloblastic anemia, they are oval (Figure 15-1a, b ■). 
A flow chart for laboratory analysis to help distinguish causes of 
 macrocytic anemia is shown in Figure 15-2 ■.

Megaloblastic normoblastic

Folate deficiency Alcoholism

Nutritional deficiency Liver disease

Increased requirement (pregnancy)

Intestinal malabsorption

Drug inhibition

Cobalamin deficiency

Pernicious anemia

Small bowel resection

Gastrectomy

Intestinal malabsorption

Shift reticulocytosis in hemolytic 
anemia or hemorrhage

hypothyroidism

Aplastic anemia

Obstructive jaundice

Splenectomy

Pregnancy

Artifactual:

hyperglycemia

cold agglutinins

leukocytosis

Nutritional deficiency

Increased requirement (pregnancy)

Transcobalamin deficiency

Nitrous oxide abuse

Other causes

Chemotherapy with metabolic 
inhibitors

Orotic aciduria

Congenital dyserythropoietic  
 anemia (CDA)

★ table 15-1 Conditions Associated with 
 Megaloblastic and Nonmegaloblastic  
(Normoblastic) Macrocytic Anemias

MegaloblaStic aneMia
Although very little was known about the function or origin of blood 
cells before the twentieth century, some perceptive individuals began 
to make associations between anemia and other clinical signs in 
patients. In 1822, J. S. Coombe, a Scottish physician, made the initial 
clinical description of a patient who appeared to have megaloblastic 
anemia. He was the first to suggest that this anemia might be related 
to dyspepsia.3 In 1855, Thomas Addison reported his description of 
a macrocytic anemia, but he made no reference to the typical micro-
scopic blood findings.4 The discovery and description of the abnor-
mal erythroid precursors in the bone marrow associated with this 
anemia were made possible by the advent of triacid stains. Paul Ehrlich 
is credited with coining the term megaloblast in 1891 to describe the 
large abnormal precursors in megaloblastic anemia.5

Megaloblastic anemia is classified as a nuclear maturation defect. 
Anemia is attributed primarily to a large degree of ineffective eryth-
ropoiesis resulting from disrupted DNA synthesis. The anemia was 
called megaloblastic in an attempt to describe the giant, abnormal-
appearing erythroid precursors (megaloblasts) in the bone  marrow. 
The generic word megaloblast describes any maturation stage of 
the megaloblastic erythroid series (i.e., polychromatic megaloblast). 
Other nucleated cells of the marrow are also typically abnormal.

About 95% of megaloblastic anemias are caused by deficiencies 
of either vitamin B12 (cobalamin) or folic acid, vitamins necessary as 
coenzymes for nucleic acid synthesis. In the majority of cases, cobalamin 
deficiency is secondary to a deficiency of intrinsic factor (IF), a pro-
tein necessary for absorption of cobalamin, rather than to a nutritional 
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■  Figure 15-2 Algorithm for the differential diagnosis of the megaloblastic 
anemias from other macrocytic anemias.
Hb = hemoglobin; Hct = hematocrit; MCV = mean cell volume

Hb & Hct
MCV �100 fL

Reticulocyte count
Increased

Normal, low

Yes

Serum cobalamin assay;
go to Figure 15-5

Bleeding, hemolysis, or
response to therapy for
anemia

Macrocytes absent Consider false increase in MCV
due to cold agglutinins or
hyperglycemia

Liver disease;
alcoholism;
aplastic anemia

Suspect normoblastic
macrocytic anemia

Round macrocytes

No

Blood smear morphology:
Macro-ovalocytes
Dacryocytes
Howell-Jolly bodies
Hypersegmentation

■  Figure 15-1 (a) Peripheral blood film from a patient with pernicious anemia. Note 
the  anisocytosis with oval macrocytes and the nucleated red blood cell with a Howell-Jolly 
body. (Wright-Giemsa stain; 1000*  magnification). (b) Peripheral blood film from a patient 
with  normoblastic, macrocytic anemia. Compare the size of the RBCs with the lymphocyte. 
The RBCs are primarily round macrocytes. (Wright-Giemsa stain, 1000*  magnification).

a b

with typical anemic symptoms of lethargy, weakness, and a yellow or 
waxy pallor. Dyspeptic symptoms are common. Glossitis with a beefy 
red tongue, or more commonly a smooth pale tongue, is  characteristic. 
Loss of weight and loss of appetite are common  complaints. In 
 pernicious anemia (see “Pernicious Anemia”), atrophy of the gastric 
parietal cells causes decreased secretion of intrinsic factor and hydro-
chloric acid. Bouts of diarrhea can result from epithelial changes in 
the  gastrointestinal tract.

Neurological disturbances occur only in cobalamin deficiency, not 
in folic acid deficiency. They are the most serious and dangerous clinical 
signs because neurological damage can be permanent if the deficiency 
is not treated promptly. The patient’s initial complaints occasionally are 
related to neurological dysfunction rather than to anemia. Neurological 
damage has been reported to occur even before anemia or macrocytosis 
in some cases, particularly in elderly people. The bone marrow, however, 

deficiency of the vitamin. Folic acid deficiency, on the other hand, is most 
often due to an inadequate dietary intake. Inherited disorders affecting 
DNA synthesis or vitamin metabolism are rare causes of megaloblastosis.

Explain why patients with cobalamin or folate deficiency 
have megaloblastic maturation.

CheCkpoint 15-1

Clinical Findings
The onset of megaloblastic anemia is usually insidious; because the 
anemia develops slowly, it produces few symptoms until the hemo-
globin and hematocrit are significantly depressed. Patients can  present 
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can precede the development of anemia by months to years.7–9 On 
the other hand, the MCV can remain within the reference  interval. 
 Epithelial changes in the gastrointestinal tract can cause iron 
 absorption to be impaired. If an iron deficiency (which character-
istically produces a microcytic, hypochromic anemia) coexists with 
megaloblastic  anemia, macrocytosis can be masked, and the MCV 
can be in the normal range.10 Other conditions that have been shown 
to coexist with megaloblastic anemia in the absence of an increased 
MCV include thalassemia, chronic renal insufficiency, and chronic 
inflammation or infection.9 Sometimes these coexisting causes of 
anemia are not recognized until after the megaloblastic anemia has 
been treated. It has been suggested that if coexisting iron deficiency, 
thalassemia, or chronic disease is suspected, patient  medical history, 
racial/ethnic background, and  previous MCV should be considered.11

Hematologic parameters vary considerably (Table 15-2 ★). The 
hemoglobin and erythrocyte count range from normal to very low. 
The erythrocyte count is occasionally 61 * 1012/L. However, ane-
mia is not always evident. In one study of 100 patients with confirmed 
cobalamin deficiency, only 29% had a hemoglobin of 612 g/dL.12 This 
is  significant because neurologic symptoms can be present even if the 
MCV and/or hematocrit are normal.13 Because the abnormality is a 
nuclear maturation defect, the megaloblastic anemias affect all three 
blood cell lineages: erythrocytes, leukocytes, and platelets. This is unlike 
most other anemias that typically involve only erythrocytes. The leuko-
cyte count can be decreased due to an absolute neutropenia. Platelets 
can also be decreased but do not usually fall below 100 * 109/L. The 
relative reticulocyte count (percentage) is usually normal; however, 
because of the severe anemia, the corrected reticulocyte count is 62%, 
the absolute reticulocyte count is low, and RPI is 62 (Chapter 11).

The distinguishing features of megaloblastic anemia on the 
stained blood smear include the triad of oval macrocytes (macro-
ovalocytes), Howell-Jolly bodies, and hypersegmented neutrophils 
(Figure 15-1a). Anisocytosis is moderate to marked with normocytes 

usually reveals megaloblastic changes even in the absence of anemia. 
Tingling, numbness, and weakness of the extremities reflect peripheral 
neuropathy. Loss of vibratory and position (proprioceptive) sensations 
in the lower extremities can cause the patient to have an abnormal gait. 
The patient’s relatives sometimes note mental disturbances such as loss 
of memory, depression, and irritability. Megaloblastic madness is a 
term used to describe severe  psychotic manifestations of cobalamin 
deficiency. A patient with severe anemia occasionally is asymptom-
atic, which is probably a reflection of a very slowly developing anemia. 
It has been suggested that cobalamin deficiency should be suspected 
in all patients who have an unexplained anemia and/or neurological 
disturbances or in individuals who are at risk of developing a deficiency 
such as elderly people or those with intestinal diseases.6

Patients with megaloblastic anemia often present with a 
yellow or waxy pallor. What is the diagnostic significance 
of this clinical symptom?

CheCkpoint 15-2

laboratory value Megaloblastic Macrocytosis nonmegaloblastic Macrocytosis

WBC count Decreased Normal
Platelet count Decreased Normal
RBC count Decreased Decreased
hemoglobin Decreased Decreased
hematocrit Decreased Decreased
MCV Usually 7110 fL 7100 fL
RBC morphology Ovalocytes, howell-Jolly bodies, polychromasia Polychromasia, target cells, and stomatocytes (liver disease), 

schistocytes (hemolytic anemias)
hypersegmentation of neutrophils Present Absent
Reticulocyte count Normal to decreased Normal, decreased, or increased
Serum cobalamin Decreased in cobalamin deficiency Usually normal
Serum folate Decreased in folate deficiency Normal (except in alcoholism when it can be decreased)
FIGLU Increased in folate deficiency Normal
MMA Increased in B12 deficiency Normal
homocysteine Increased Normal
Serum bilirubin Increased Normal to increased
LD Increased Normal to increased

MCV = mean corpuscular volume; FIGLU = formiminoglutamic acid; MMA = methylmalonicacid; LD = lactic dehydrogenase

★ table 15-2 Comparison of Common Laboratory Values in Megaloblastic and Nonmegaloblastic Macrocytosis

Laboratory Findings
Laboratory tests are critical to a diagnosis of megaloblastic anemia. 
The routine CBC with a review of the blood smear gives important 
diagnostic clues and helps in selecting reflex tests.

Peripheral blood
Megaloblastic anemia is typically a macrocytic, normochromic 
 anemia. The MCV is usually 7100 fL and can reach a  volume of 
140 fL. However, an increased MCV is not specific for megaloblas-
tic anemia. The MCH is increased because of the large cell volume, 
but the MCHC is normal. In cobalamin deficiency, a macrocytosis 
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behind cytoplasmic maturation (Figure 15-4 ■). The nucleus 
of  the   megaloblast contains loose, open chromatin that stains 
poorly; cytoplasmic development continues in a normal fashion. 
At each stage of  development, the cells contain more cytoplasm 
with a more mature appearance relative to the size and matu-
rity of the nucleus (resulting in a decreased nuclear:cytoplasmic 
[N:C] ratio).

The megaloblastic features are more easily noted in later stages of 
erythroid development, especially at the polychromatophilic stage in 
which the presence of hemoglobin mixed with RNA gives the cytoplasm 
the gray-blue color typical of this erythroid precursor. The polychromato-
philic megaloblast nucleus, however, still has an open (lacy) chromatin 
pattern more typical of an earlier stage of development.

Leukocytes and platelets also show typical features of a nuclear 
maturation defect as well as ineffective leukopoiesis and thrombo-
poiesis. Giant metamyelocytes and bands with loose, open chromatin 
in the nuclei are diagnostic (Figure 15-4a). The myelocytes can show 
poor granulation as do more mature stages. Megakaryocytes can be 
decreased, normal, or increased. Maturation, however, is distinctly 
abnormal. Larger than normal forms can be found with separation of 
nuclear lobes and nuclear fragments.

other laboratory Findings
If CBC results suggest megaloblastic anemia, further testing is 
 necessary to distinguish the cause. Although no major medical orga-
nization has published guidelines for reflex testing, the most common 
next step is to measure serum cobalamin and serum or red cell folate. 
Laboratories use different methods (chemiluminescence, radioassay) 
to measure cobalamin, so there is no “gold standard” to use as a ref-
erence interval. Generally values 6 150 pg/mL are consistent with 
cobalamin deficiency, whereas levels 7400 pg/mL suggest adequate 
cobalamin. Borderline levels (150–400 pg/mL) can be associated 
with cobalamin deficiency.

and a few microcytes in addition to the macrocytes. Poikilocytosis 
can be striking and is usually more so when the anemia is severe. 
 Polychromatophilia and megaloblastic erythroblasts can be seen, 
especially when the anemia is severe, indicating the futile attempt of 
the bone marrow to increase peripheral erythrocyte mass. Cabot rings 
 occasionally can be seen in erythrocytes.

Granulocytes and platelets can also show changes evident 
of abnormal hematopoiesis. Hypersegmented neutrophils can be 
found in megaloblastic anemia even in the absence of macrocytosis 
 (Figure 15-3 ■). Finding 5% or more neutrophils with five lobes or 
one neutrophil with six or more lobes is considered hypersegmenta-
tion. This  finding of hypersegmented neutrophils is considered highly 
 sensitive and specific for megaloblastic anemia. Therefore, hyperseg-
mented neutrophils offer an important clue to megaloblastic anemia in 
the face of a coexisting disease that tends to keep erythrocyte volume 
6100 fL. One study showed that in patients with renal disease, iron 
deficiency, or chronic disease with a normal or decreased MCV and 1% 
hypersegmented neutrophils, 94% had vitamin B12 or folic acid defi-
ciency.8 If 5% hypersegmented neutrophils were counted, the incidence 
of the vitamin B12 or folic acid deficiency increased to 98%. Hyper-
segmented neutrophils tend to be larger than normal neutrophils. A 
mild shift to the left with large hypogranular bands can also be noted. 
Platelets can be large, especially when the platelet count is decreased.

■  Figure 15-3 Hypersegmented neutrophils from the 
peripheral blood of a patient with pernicious anemia. 
(Wright-Giemsa stain; 1000*  magnification)

Why are abnormalities of leukocytes and platelets present 
in megaloblastic anemia?

CheCkpoint 15-3

Based on the initial CBC results, further testing was 
ordered with the following results:

B12 (cobalamin) 50 pg/mL Low
Folate 10.3 ng/mL Normal
Total billirubin 2.5 mg/dL high
Direct billirubin 0.8 mg/dL Normal
AST 35 U/mL Normal
ALT 30 U/mL Normal

caSe Study (continued from page 278)

Examination of a bone marrow aspirate revealed an erythro-
blastic hyperplasia with megaloblastic erythroblasts.

1. What is the morphologic classification of the patient’s 
anemia?

2. Based on the information obtained so far, what is the 
most likely defect?

3. What is the significance of the AST/ALT results?

4. What further testing can be done to obtain a definitive 
diagnosis?

bone Marrow
If physical examination, patient history, and peripheral blood 
 findings suggest megaloblastic anemia, a bone marrow exami-
nation can help establish a definitive diagnosis. In megaloblas-
tic states, the bone marrow is hypercellular with megaloblastic 
 erythroid  precursors and a decreased M:E ratio. In a long-standing 
anemia, red marrow can expand into the long bones. About half 
the erythroid precursors typically show megaloblastic changes. 
Megaloblasts are large nucleated erythroid precursors that display 
nuclear-cytoplasmic asynchrony with nuclear maturation  lagging 

M15_MCKE6011_03_SE_C15.indd   282 01/08/14   1:38 pm



 283ChApTEr 15   •   mEgALOBLASTIC AND NONmEgALOBLASTIC mACrOCyTIC ANEmIAS

Measurement of erythrocyte folate is not influenced as much by 
recent dietary changes as is serum folate and gives an accurate estimate 
of the average folate levels over the preceding several months.14,15 On 
the other hand, if there is a cobalamin deficiency, folate will leak out of 
the cells, which will give a false low red cell folate and false increased 
serum folate. In addition, red cell folate is measured by folate-binding 
protein assays that rely on chemiluminescence methodology. These 
methods show considerable analytic variability. Therefore, the less 
expensive serum folate measurement is preferred for initial testing. 
If serum folate is 74 ng/mL, folate deficiency can be ruled out.

Early megaloblastic changes can be detected by testing for 
 methylmalonic acid (MMA) and homocysteine levels in the blood. 
Tests for these metabolites are intermediates in folate and cobala-
min  metabolism and are elevated early in functional vitamin defi-
ciencies. Tests for these metabolites are more sensitive than serum 
cobalamin levels and increase earlier than a drop in the cobalamin 
level. By performing tests for both MMA and homocysteine, it is 
possible to  differentiate  cobalamin deficiency from folate deficiency. 
 Homocysteine is  elevated in folate deficiency, whereas MMA is usually 
normal. On the other hand, both homocysteine and MMA are elevated 
in cobalamin deficiency. An increase in both MMA and homocysteine 
is also found in combined cobalamin and folate deficiencies. In these 
cases,  clinical information is important to help establish a  differential 
 diagnosis. A block in the metabolism of histidine to glutamic acid 
occurs in folic acid deficiency and causes increased urinary  excretion 
of  formiminoglutamic acid (FIGLU), an intermediate metabolite, 
after the administration of histidine. These metabolites return to 
normal levels when the appropriate vitamin is given to the patient. 
It is  recommended that clinicians first use the lower cost tests of 
serum cobalamin and serum folate to diagnose cobalamin and folate 
 deficiencies and use the higher cost MMA and homocysteine tests if 
cobalamin and folate test results are not definitive16 (Figure 15-5 ■).

■  Figure 15-4 (a) Basophilic and orthochromatic megaloblasts in the bone marrow from a 
patient with pernicious anemia. Note the large size of the cells, the open chromatin network in 
the nuclei, and the presence of Howell-Jolly bodies in the orthochromatic megaloblasts. Note 
the nuclear-cytoplasmic asynchrony. There is a large band neutrophil and a segmented neutro-
phil with at least five nuclear lobes. (Bone marrow; Wright-Giemsa stain; 1000*  magnification). 
(b) Nuclear-cytoplasmic asynchrony in the bone marrow. Note the large size of the cells (bone 
marrow; Wright-Giemsa stain; 1000*  magnification).

a b

What abnormal morphological findings on a stained 
blood smear compose the triad in megaloblastic anemia?

CheCkpoint 15-4

The large degree of ineffective erythropoiesis results in 
hemolysis in the marrow and an increase in plasma iron turnover, 
serum iron, indirect bilirubin, and urobilinogen. The  characteristic 
marked increase in fractions 1 and 2 of serum lactic dehydrogenase 
(LD) is partially caused by the destruction of megaloblasts rich in 
LD. The increase is roughly proportional to the degree of anemia. 
Haptoglobin, uric acid, and alkaline  phosphatase are  decreased. 
Additional tests are discussed in the  following sections.

Folate
A folate deficiency must be considered in the differential diagnosis of 
macrocytosis associated with megaloblastic anemia.

Structure and Function
Folic acid is the parent substance of a large group of compounds known 
as folates. Chemically, folic acid is known as pteroylmonoglutamate 
(PteGlu). Structurally, folic acid is composed of three parts: (1)  pteridine, 
a nitrogen-containing ring, (2) a ring of p-amino-benzoic acid, and 
(3) a glutamic acid residue (Figure 15-6 ■). The term folic acid refers to 
this base structure (inert form) and to the commercially available syn-
thetic form used for the fortification of food supplies and for dietary 
 supplements. Folic acid itself does not occur naturally. Folates can vary 
in their oxidation status, their one-carbon substituent unit, and in their 
number of glutamic acid residues. Tetrahydrofolate (THF or FH4), the 
active form, is produced by a four-hydrogen reduction of the pteridine 
ring. Dihydrofolate (DHF) is an intermediate in this reaction.
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cobalamin blocks the synthesis of the nucleotide dTTP. Folates also 
transport formate (as N10@formyl THF) for purine synthesis.

2. The metabolism of histidine to glutamic acid requires THF 
 (Figure 15-7b ■, Table 15-3). The intermediate metabolite of this 
reaction is formiminoglutamic acid (FIGLU), which requires THF 
for conversion to glutamic acid. A deficiency of folate blocks this 
reaction, resulting in an increase in FIGLU excretion.

3. The synthesis of methionine from homocysteine requires the 
donation of a methyl group from N5@methyl THF and the action 
of cobalamin as a cofactor, resulting in methionine and THF 
(Figure 15-7a). A deficiency of either folate or cobalamin blocks 
this reaction, resulting in an increase in homocysteine levels.

The function of THF is to transfer one-carbon compounds from 
donor molecules to acceptor molecules in intermediary metabo-
lism. In this capacity, folate serves a vital role in the metabolism of 
 nucleotides and amino acids:

1. The carbon transfer reaction involved in the de novo  synthesis of 
DNA is initiated when the carbon side chain of serine is  transferred 
to THF to form N5, N10@methylene THF  (Figure  15-7a ■;  
Table 15-3 ★). This carbon is then transferred to deoxyuridilate 
(dUMP) to form deoxythymidylate (dTMP), a pyrimidine of DNA. 
In this reaction, THF is oxidized to DHF. The DHF is reduced back 
to THF by DHF reductase and then to N5, N10@methylene THF 
by the serine reaction discussed earlier. A deficiency of folate or 

■  Figure 15-5 Algorithm that can be used to determine the cause of megaloblastic anemia 
using laboratory tests. Analysis can begin with serum cobalamin assay. If results are in the low 
normal range (150–400 pg/mL) or the patient has unexplained neurologic symptoms, mea-
surement of cobalamin metabolic intermediates, methylmalonic acid (MMA), and homocyste-
ine is suggested. If both are elevated, cobalamin deficiency is considered. If MMA is normal 
and homocysteine is elevated, folate deficiency is probable. RBC or serum folate also can be 
measured, especially if cobalamin is within the reference interval. If these test results conflict 
with the clinical diagnosis, therapeutic trials with cobalamin can be used. Bone  marrow is 
rarely performed for diagnostic purposes but can be necessary in some cases. The bone mar-
row shows megaloblastic features in both folate and cobalamin deficiencies.

<150 pg/mL

 Megaloblastic hematologic changes
and/or neurologic abnormalities

Cobalamin assay

NormalDecreased
Both MMA &
homocysteine
are elevated

150–400 pg/mL >400 pg/mL

Folate deficiencyConsider further evaluation
with bone marrow Cobalamin deficiency Consider further evaluation

with bone marrow

MMA normal,
homocysteine

elevated

Both MMA &
homocysteine

are normal

MMA elevated,
homocysteine

normal

Serum MMA assay
Serum

Homocysteine assay

RBC or serum
folate assay

■  Figure 15-6 Molecular structure of the folic acid molecule.
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glycosyl-phosphatidylinositol [GPI]-anchored receptor; Chapter 17). 
This receptor is upregulated through transcriptional, translational, 
and post-translational mechanisms when intracellular and extracel-
lular folate is decreased. Translational receptor upregulation involves 
the covalent binding of accumulated homocysteine (which occurs 
when there is a folate deficiency) with a protein called heterogeneous 
nuclear ribonucleoprotein-E1 (hnRNP-E1).17

Once inside the cell, N5@methyl THF must be demethylated and 
reconjugated by the addition of seven or eight glutamic acid residues 
to keep it from leaking out again. Demethylation is a reaction that 

Metabolism
Folate is present in food and is synthesized by microorganisms. 
Most folate in food is in the conjugated polyglutamate form. It is 
deconjugated in the intestine to a monoglutamate prior to absorp-
tion. Absorption can take place throughout the small intestine but 
is especially significant in the proximal jejunum. Once taken up by 
the intestinal epithelial cell, the folate is reduced to N5@methyl THF, 
the primary circulating form of THF in the blood. N5@methyl THF 
is distributed throughout the body via the blood and attaches to cells 
by means of specific receptors called cell surface folate receptor@a (a 

System reaction

Serine 4 Glycine Ser + ThF 4 N5, N10@methylene ThF + Gly

Thymidylate synthesis dUMP + N5,N10@methylene ThF S DhF + dTMP

histidine catabolism Formininoglutamate + ThF S N5@formimino ThF + glutamic acid

Methionine synthesis homocysteine + N5@methyl ThF S ThF + Methionine

★ table 15-3 Metabolic Reactions Requiring Folic Acid Coenzymes

■  Figure 15-7 Biochemical reactions using folic acid, 
cobalamin, and derivatives. (a) The role of folate and 
cobalamin in the synthesis of DNA. A deficiency of meth-
ylcobalamin causes a failure of methylation of homocys-
teine, which leads to a reduction in tetrahydrofolate (THF) 
and the trapping of the folate as N5@methyl THF. This 
causes a deficiency of N5,N10@methylene THF, a coenzyme 
needed in the synthesis of dTTP, a nucleotide of DNA. 
(PLP = pyridoxal@5@phosphate) (b) The role of folate 
in the catabolism of histidine. (c) The role of vitamin B12 

a  Dietary folate
Deconjugation, reduction, methylation

b  Histidine Urocanic acid Formiminoglutamic acid (FIGLU) Glutamic acid + N5-formimino-THF

c  Homocysteine Propionyl CoA Methylmalonic acid
(MMA)

Methylmalonyl CoA
Hydrolase Cobalamin (AdoCbl)

Mutase
Succinyl CoA

THF

N5,N10-methylene THF Dihydrofolate (DHF)

Serine hydroxymethyl
         transferase
PLP (Vitamin B6)

Tetrahydrofolate (THF)

Homocysteine

Methionine SAM

NADPH + H+

Dihydrofolate reductase

N5-methyl THF

Cobalamin (MeCbl)
Methionine synthase

Glycine

dUMP dTMP dTTP DNA

Serine

(adenosyl-cobalamin) in the conversion of methylmalonic acid 
(MMA) to succinyl CoA. With deficiencies of cobalamin and/or 
folate, the intermediates MMA, homocysteine, and FIGLU are 
trapped and increase in concentration. Tests to detect cobalamin 
deficiency include direct measurement of cobalamin and tests 
to detect increased MMA and homocysteine, metabolic inter-
mediates that require cobalamin for metabolism. Tests to detect 
folic acid deficiency include direct  measurement of folate or 
measurement of homocysteine and FIGLU, intermediates that 
require folate for metabolism.
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cause examples

Inadequate diet Low income, elderly with limited function/
income, alcoholics

Increased requirement Diseases/conditions associated with rapid cell 
turnover (sickle cell anemia, thalassemia, leuke-
mias, other malignancies, pregnancy, infancy)

Malabsorption Ileitis, tropical sprue, nontropical sprue, 
blind loop syndrome

Drug inhibition Oral contraceptives, long-term anticoagu-
lant therapy, phenobarbital, primidone, 
phenytoin, antimetabolite chemotherapy

Biologic competition Bacterial overgrowth in small intestine

★ table 15-4 Causes of Folate Deficiency

hal had small bowel resection due to carcinoma. Explain 
why he is at high risk for folate deficiency.

CheCkpoint 15-5

the inability to convert deoxyuridine monophosphate (dUMP) to 
deoxythymidine monophosphate (dTMP), the precursor of dTTP. 
Subsequently, the dUMP is phosphorylated to the triphosphate form 
(dUTP). DNA polymerase does not effectively distinguish dUTP from 
dTTP, and dUTP is erroneously incorporated into the DNA of folate-
deficient cells. The DNA “proof-reading” function of the cells recog-
nizes the mistake and tries to repair the DNA by replacing uridine 
with thymidine, but the repair attempt fails due to the lack of available 
dTTP. The result is ultimately DNA fragmentation and cell death by 
apoptosis.14 All rapidly dividing cells—including erythrocyte, leuko-
cyte, and platelet precursors and intestinal epithelium—are affected by 
a folate deficiency. Surviving hematopoietic cells show characteristic 
megaloblastic changes.

The bone marrow can exhibit a three-fold increase in erythro-
poiesis, but the peripheral blood reticulocyte count is low, indicating 
a large degree of ineffective erythropoiesis. Increased apoptosis of the 
blood cell precursors leads to increased heme catabolism and iron 
turnover, signs of hemolysis, jaundice, and pancytopenia. Extramed-
ullary hemolysis also occurs, and circulating red cell survival can be 
decreased by 30–50%. The compounds requiring folic acid as a cofac-
tor for metabolism (homocysteine and FIGLU) accumulate. Mildly 
elevated levels of homocysteine are considered a major risk factor for 
atherosclerosis and venous thrombosis (Chapter 35).

The clinical findings of folate deficiency develop  sequentially. 
Serum folate decreases within 1 to 2 weeks of onset of a folate  deficiency. 
Hypersegmented neutrophils are the first morphologic change and 
occur at about 2 weeks. The urinary excretion of FIGLU increases next 
at about 13 weeks, and anemia appears last at about 19–20 weeks.

causes of Folate deficiency
Folate deficiency can occur as the result of an inadequate dietary 
intake, an increased requirement, malabsorption in the small intestine, 
or drug inhibition (Table 15-4 ★).

inadequate diet
The most common cause of folate deficiency is an inadequate dietary 
intake of folic acid. This is seen most often in poor and elderly people 
who fail to obtain enough of the appropriate foods to maintain ade-
quate folic acid intake. People who are alcoholics whose diet consists 
mainly of large quantities of ethanol have a deficiency of many vita-
mins in addition to folic acid. Complicating the folate deficiency in 

requires cobalamin and methionine synthase (Figure 15-7a). Thus, a 
deficiency of cobalamin traps folate in its methylated form and blocks 
the formation of other forms of THF. This is commonly referred to as 
the folate trap or methyl trap. Although free THF is easily conjugated 
within cells, methyl-THF is not; consequently, much of the methyl-
THF taken up by a cobalamin-deficient cell leaks out before addi-
tional glutamates can be added.14 The cells in cobalamin deficiency 
are unable to retain their folate, leading to tissue folate depletion. In 
the demethylation of N5@methyl THF by cobalamin, homocysteine 
is methylated to methionine, a precursor of S-adenosylmethionine 
(SAM) (Table 15-3). This reaction requires methionine synthase and 
cobalamin. SAM is thought to be critical to nervous  system function.

requirements
Folate is present in most foods including eggs, milk, yeast, mushrooms, 
and liver but is especially abundant in green leafy vegetables (from 
which it gets its name). It is also synthesized by microorganisms. The 
vitamin is destroyed by heat; thus, when food is overcooked, much of 
the folate is destroyed. Ascorbate protects folate from oxidation and, 
when present, can protect folate to some extent from heat degrada-
tion. The recommended daily dietary allowance of food folic acid 
for adults is ∼400 mcg (mg), of which about 50–80% is absorbed in 
the intestine. This is adequate to provide the minimum daily require-
ment of ∼50 mcg/day needed to sustain normal metabolism. The liver 
stores from 5 to 10 mg of folate, which is sufficient to provide the daily 
requirement for three to six months if folate is omitted from the diet.

Folate plays an important role in normal embryogenesis. The 
folate receptor@a is activated early in embryonic stem cells and 
increases as the need for folate increases. Observations have revealed 
a high incidence of low folate levels in women who give birth to 
babies with neural tube defects (NTD) compared with women who 
give birth to normal babies. Experimental studies suggest perturba-
tions in folate receptor@a may be involved in these neural tube closure 
abnormalities.17 Several studies have shown that supplementation of 
folate during pregnancy can reduce the rate of occurrence of these 
birth defects by as much as one-half. In an effort to reduce NTDs, the 
U.S. government required the fortifications of grain products with 
folic acid beginning in the fall of 1997.18 The goal was to increase the 
daily dietary folate to 100 mcg per person. It has been suggested that 
 pregnant women need an intake of about 800 mcg/day.

Folate can become depleted quickly in conditions with rapid 
cell turnover such as sickle cell anemia and other hemolytic anemias, 
 during growth, pregnancy, and lactation. Thus, the daily requirement 
in patients with these conditions is increased.

Pathophysiology of Folate deficiency
Folate deficiency results in decreased synthesis of N5, N10@methylene 
THF, which is needed as a cofactor in DNA synthesis. Consequently, 
there is a marked slowing of DNA synthesis, and the S phase of the 
cell cycle is prolonged. The impairment of DNA synthesis is due to 
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in cobalamin deficiency due to folate trapping as methyl-THF. Epithelial 
changes in the GI tract that accompany cobalamin deficiency can lead 
to malabsorption of folic acid in which case both serum and erythrocyte 
folate levels are decreased.

Competitive folate-binding assays (indirect immunoassays) 
using chemiluminescence methods have replaced microbiological 
assays for both serum and RBC folate.

Cobalamin (Vitamin B12)
Cobalamin is required for DNA synthesis and neurologic function. 
Specific diagnosis of cobalamin deficiency is critical because associ-
ated neurologic damage can be irreversible. Pernicious anemia is a 
specific form of cobalamin deficiency and will be discussed in detail 
later in this chapter.

Structure and Function
Vitamin B12 is a commonly used generic term for a family of cobala-
min vitamins in which ligands can be chelated to cobalt. The more 
accurate terminology when referring to this family of vitamins is 
cobalamin. Vitamin B12 refers specifically to the therapeutic form 
of crystalline cobalamin that contains the ligand cyanide (cyanoco-
balamin), a form not naturally found in the body but used for treating 
cobalamin deficiency. In hematology literature, the terms cobalamin 
and vitamin B12 are often used interchangably. In this text we will use 
the term cobalamin.

Cobalamin is structurally classified as a corrinoid, a family of 
compounds with a corrin ring. The molecule has three portions: 
(1) a corrin ring composed of four reduced pyrrole groups with a 
cobalt at the center (cobalamin gets it name from the central cobalt), 
(2) a nucleotide that lies almost perpendicular to the ring attached to 
the cobalt, and (3) various ligands (a b@group) attached to the cobalt 
on the opposite side of the ring from the nucleotide (Figure 15-8 ■). 
The b@group in cobalamin is cyanide, methyl, adenosyl, or hydroxyl. 
Adenosylcobalamin (AdoCbl) and methylcobalamin (MeCbl) act 
as coenzymes in biological reactions. Hydroxycobalamin (OHCbl) 
and cyanocobalamin (CnCbl) are not metabolically active forms of 
cobalamin but can be converted to the active methyl and adenosyl 
forms by tissue enzymes.

As mentioned previously, methionine is formed from homo-
cysteine when a methyl group is transferred from N5@methyl THF 
to homocysteine in a cobalamin-dependent reaction catalyzed by 
methionine synthase (Figure 15-7a). For this reaction, the vitamin 

alcoholic individuals, the ethanol appears to impair release of folate 
from the liver and can be toxic to erythroid precursors. Erythroid 
precursors in alcoholism are frequently vacuolated. In alcoholic indi-
viduals who have liver disease but have an adequate diet, the  anemia 
is macrocytic but not megaloblastic.

increased requirement
In individuals with increased cell replication, the normal daily 
intake of folic acid may not be sufficient to maintain normal DNA 
 synthesis. Without folate supplements, folate stores can be rapidly 
depleted. This occurs in hemolytic anemias such as sickle cell anemia 
and thalassemia, in myeloproliferative diseases such as leukemia, and 
in metastatic cancers. Anemia in pregnancy is common and can be 
caused by deficiencies of iron and/or folic acid. The deficiency of folic 
acid is related to the limited reserves of this nutrient and a 5–10-fold 
increased demand for its use created by the growing fetus. Prophylactic 
folic acid supplements are usually prescribed during pregnancy.19

Malabsorption
Intestinal diseases affecting the upper small intestine, which interfere 
with the absorption of nutrients, can cause a folate deficiency. The 
most common conditions of this type include ileitis, tropical sprue, 
and nontropical sprue. The blind loop syndrome associated with an 
overgrowth of bacteria can cause a folate deficiency because the bac-
teria preferentially utilize the folate.

drug inhibition
Megaloblastic anemia has also been associated with certain drugs 
including oral contraceptives, long-term anticoagulant drugs, phe-
nobarbital, primidone, and phenytoin. Anemia occasionally is not 
 present even though serum and erythrocyte folate are depressed.

What is the most common cause of folate deficiency, and 
in what groups of individuals is it usually found?

CheCkpoint 15-6

erythrocyte Folate Serum Folate

False increase Early folate deficiency Recent increase in dietary 
folate

Reticulocytosis hemolysis of blood sample

Recent RBC 
transfusion

Coexisting cobalamin 
deficiency

False decrease Cobalamin deficiency Recent low dietary intake

Recent alcohol 
consumption

Gallium or technetium 
administration

★ table 15-5 Causes of False Increases and 
Decreases in Folate Levels

laboratory analysis of Folate deficiency
Both serum and erythrocyte folate levels are decreased in folate defi-
ciency. Serum folate reflects the folic acid intake over the last several 
days, whereas erythrocyte folate reflects the folate available when the 
red cell was maturing in the bone marrow and reflects the net folate 
level over the preceding several months. Serum folate can be falsely 
increased with even slight hemolysis of the sample. Low serum folate 
can indicate an imminent folic acid deficiency and precedes erythro-
cyte folate deficiency.15

Care must be taken in interpreting folate results because both 
serum and erythrocyte folate can be falsely increased or decreased in a 
variety of conditions (Table 15-5 ★). Neither serum (methyl-THF) nor 
erythrocyte folate (heterogeneous folate mixture with various polyglu-
tamate chain lengths) is a good indicator of folate stores if there is a 
deficiency of cobalamin. A cobalamin deficiency leads to the accumula-
tion of methyl-THF because the donation of the methyl group to homo-
cysteine and the release of free THF is impaired. In addition, cobalamin 
is required for normal transfer of methyl-THF to the cells and for keep-
ing the folate in the cell as conjugated folate. Thus, serum folate can be 
falsely increased (by 20–30%) and erythrocyte folate falsely decreased 
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HC, releasing cobalamin. The released cobalamin quickly binds to 
intrinsic factor (IF), which resists pancreatic degradation. Intrinsic 
factor is a glycoprotein secreted by parietal cells of the gastric mucosa 
in response to the presence of food, vagal stimulation, histamine, and 
gastrin. IF binds cobalamin with a 1:1 stoichiometry and is required 
for the intestinal absorption of cobalamin. The IF–cobalamin com-
plex resists digestion and passes through the jejunum into the ileum 
where it binds the specific IF receptor (cubulin) on the microvilli of 
ileal mucosal cells14 (Figure 15-9 ■). Binding requires a pH of 5.4 or 
higher as well as calcium. Following attachment of the IF–cobalamin 
complex to cubulin, the entire complex is taken into the mucosal cell by 
endocytosis. Cobalamin is released from IF and enters the portal blood 
while IF is degraded.14 The IF-receptors are recycled to the microvilli of 
the ileum where they participate in absorption of more IF–cobalamin 
complexes. Large oral doses of cobalamin can be absorbed by simple 
diffusion without IF (see the section on “Therapy” ).

transport
Proteins that transport cobalamin in the blood are  transcobalamin 
(previously known as transcobalamin II) and haptocorrins 
 (previously known as transcobalamin I and transcobalamin III or 
R-proteins). These plasma haptocorrins belong to the same family of 
proteins as the gastric haptocorrin.

Transcobalamin (TC) is produced in many types of cells, includ-
ing hepatocytes, enterocytes, macrophages, and hematopoietic precur-
sors in the bone marrow. Although TC carries only a small fraction of 
the total cobalamin in the plasma, it binds 90% of the newly absorbed 
cobalamin and is the primary plasma protein that mediates transfer of 
cobalamin into the tissues. TC also binds corrins that are chemically 
similar to cobalamin but have no known function in mammalians 
(cobalamin analogues). The TC–cobalamin complex is thought to be 
formed within the ileal mucosal cells and released to the blood.14 This 
transport complex disappears rapidly from blood (Tl/2 of 6–9 minutes) 
as it is taken up by cells in the liver, bone marrow, and other dividing 
cells that have specific receptors for TC (TCblR, CD320). The TC–
cobalamin complex is internalized by receptor-mediated endocytosis. 
Once inside the cell, cobalamin is released from TC and utilized, and 
the TC is degraded. Congenital deficiency of TC produces a severe 
megaloblastic anemia in infancy. However, serum cobalamin concen-
tration in this condition is normal.

The functions of the haptocorrins, a group of immunologically 
related proteins, are less well understood. They are synthesized by 
the mucosal cells of the organs that secrete them and by phagocytes. 
They are found in body fluids including plasma, saliva, amniotic fluid, 
milk, and gastric juice. Haptocorrins (HC) bind 70–90% of circulat-
ing cobalamin forming the cobalamin–HC complex. Cobalamins 
undergo a significant amount of enterohepatic recirculation. The 
 cobalamin–HC complex attaches to an asialoglycoprotein receptor 
on hepatocytes. Clearance of HC from plasma is much slower (T1/2 
9–10 days) than that of TC. Within the hepatocyte HC is degraded 
and cobalamin is excreted into the bile where it binds to haptocorrin. 
This HC– cobalamin complex enters the intestine where the cobala-
min is released from HC by pancreatic proteases and bound by IF in 
the same manner as dietary cobalamin.

HC binds ligands less specifically and more tightly than TC. 
It binds a wide variety of corrinoids in addition to cobalamin. 
These  analogues are transported by HC to the liver, metabolized, 

must be in the MeCbl form. A cobalamin deficiency traps newly 
acquired folate in the N5@methyl THF form (the form in which the 
cell acquires folate from the plasma). N5@methyl THF is not efficiently 
conjugated with glutamic acids and thus leaks back out of cells (see the 
discussion of folate metabolism). The result is an intracellular func-
tional deficiency of folate and a block of DNA synthesis.

AdoCbl is required for only one mammalian reaction: the conver-
sion of methylmalonyl CoA to succinyl CoA (Figure 15-7c). AdoCbl 
acts as a coenzyme with methylmalonyl CoA mutase in this reaction. 
Increased urinary excretion of methylmalonic acid (MMA), a precursor 
of methylmalonyl-CoA, is a diagnostic aid in cobalamin deficiency.

■  Figure 15-8 Molecular structure of the cobalamin 
molecule.
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A patient has the following results: vitamin B12 50 pg/mL, 
serum folate 4 ng/dL, RBC folate 100 ng/mL. Interpret 
these results.

CheCkpoint 15-7

Metabolism
Defects in any of the steps of cobalamin metabolism can lead to a 
cobalamin deficiency and megaloblastic anemia. The laboratory plays 
a critical role in both assessing the level of the vitamin and determin-
ing the cause of low levels. Thus, it is important to understand the 
metabolism of this important nutrient.

absorption
Cobalamin is present in most foods of animal origin including milk, 
eggs, and meat. The vitamin complex is released from food by peptic 
digestion at the low pH in the stomach and binds tightly to a hapto-
corrin (HC)-like protein, a cobalamin binding protein secreted in the 
saliva and in the stomach. This binding protein was previously known 
as R-protein, named because of its rapid electrophoretic mobility 
 compared with the mobility of intrinsic factor. HC is the preferred 
binding protein for cobalamin released from food. The HC–cobalamin 
complex protects the cobalamin from degradation by the hydrochloric 
acid in the stomach. In the duodenum, pancreatic proteases degrade 
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Pathophysiology of cobalamin deficiency
Deficiency of cobalamin is reflected by (1) impaired DNA synthesis 
(megaloblastic anemia) and (2) defective fatty acid degradation (neu-
rologic symptoms).

impaired dna Synthesis
A deficiency in either cobalamin or folic acid results in impaired 
production of methylene-THF, a defect in thymidylate synthesis, and 
ultimately a defect in DNA synthesis (Figure 15-7a). This produces 
megaloblastic anemia and epithelial cell abnormalities. All dividing 
cells including the hematopoietic cells in the bone marrow are affected.

defective Fatty acid degradation
AdoCbl is a cofactor in the conversion of methylmalonyl CoA to suc-
cinyl CoA. In cobalamin deficiency, there is a defect in degradation of 
propionyl CoA to methylmalonyl CoA and, finally, to succinyl CoA. 
As propionyl CoA accumulates, it is used as a primer for fatty acid syn-
thesis, replacing the usual primer acetyl CoA. This results in fatty acids 
with an odd number of carbons. These odd-chain fatty acids are incor-
porated into neuronal membranes, causing disruption of membrane 
function. It is probable that demyelination (destruction, removal, or 
loss of the lipid substance that forms a myelin sheath around the axons 
of nerve fibers), a characteristic finding in cobalamin deficiency, is a 
result of this erroneous fatty acid synthesis.

A critical feature of demyelination in cobalamin deficiency 
is neurological disease. Peripheral nerves are most often affected, 

and excreted in the bile. The analogues bind poorly to IF and therefore 
are not absorbed but are excreted in the feces. Thus, HC can serve to 
clear the body of nonphysiologic cobalamin analogues.

In plasma, HC is largely produced by granulocytes. Haptocor-
rins are increased in myeloproliferative disorders, presumably due to 
excess proliferation of granulocytes.

requirements
About 3–5 mcg of cobalamin per day is needed to maintain normal 
biochemical functions. It is estimated that only about 70% of cobalamin 
intake is absorbed, which suggests that the diet should include 5–7 mcg 
of the vitamin per day. This amount is available in a regular “balanced” 
diet but not in a strict vegetarian diet. Cobalamin stores (∼5000 mcg) 
are sufficient to provide the normal daily requirement for about 
1000 days. Therefore, it takes several years to develop a deficiency if no 
cobalamin is absorbed from the diet. About half of the vitamin is stored 
in the liver, and the rest is located in the heart and kidneys.20

■  Figure 15-9 Assimilation of cobalamin.
 HC = haptocorrin; IF = intrinsic factor; TC = transcobalamin; Cbl = Cobalamin

Duodenum
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Cbl � IF

Cbl � IF

Cbl � IF

Cbl � IF

Cbl � TC Cbl � TC
leaves the
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Cbl
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IF

Cbl

IF

Explain why there is a megaloblastic anemia in transco-
balamin deficiency when the serum vitamin B12 concentra-
tion is normal.

CheCkpoint 15-8
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against intrinsic factor are found in ∼75% of PA patients and are 
highly specific for PA. These IF antibodies are of two types: blocking 
and binding. Type I, or blocking antibodies, are antibodies to IF and 
prevent formation of the IF–cobalamin complex. Type II, or binding 
antibodies, are directed against the IF–cobalamin complex and pre-
vent the IF–cobalamin complex from binding to ileal receptors. Bind-
ing antibodies are found in about half the sera that contain blocking 
antibodies. A number of findings suggest that the immune destruction 
of the gastric mucosa is not antibody mediated but more likely T-cell 
mediated. Patients with agammaglobulinemia have a higher than 
expected incidence of PA. Also, lymphocytes from PA patients have 
been shown to be hyperresponsive to gastric antigens.14

Pernicious anemia frequently occurs with other autoimmune 
diseases such as Graves disease and Hashimoto’s thyroiditis, type I 
diabetes, and Addison’s disease. In addition, a predisposition to PA can 
be inherited. Relatives of patients with PA have a higher incidence of 
antiparietal cell antibodies and anti-intrinsic factor antibodies than 
the general population, even in the absence of overt PA.14

Juvenile pernicious anemia is rare in children. It can occur sec-
ondary to a variety of conditions, including a congenital deficiency 
or abnormality of IF (the more common type, with lack of IF but 
otherwise normal gastric secretion), or more rarely, true PA of child-
hood. True PA of childhood has an absence of intrinsic factor, gastric 
atrophy, decreased gastric secretion, and antibodies against IF and 
parietal cells. Megaloblastic anemia in childhood from malabsorp-
tion of cobalamin can also be due to a congenital deficiency of TC, a 
congenital gastric haptocorrin deficiency, or selective malabsorption 
of cobalamin (Imerslund-Gräsbeck disease). The latter can be due to 
abnormal cubulin receptors in the ileum.

presenting initially as motor and sensory neuropathy. The brain and 
spinal cord can also be affected leading to dementia, spastic paraly-
sis, and other serious neurological disturbances. Neurologic damage 
has been known to occur occasionally without any sign of anemia or 
macrocytosis, making accurate diagnosis difficult but critical.21 The 
bone marrow, however, always shows megaloblastic hematopoiesis. 
Neurological disease might not be totally reversible but, if treated early, 
can be partially resolved. Neurological disease does not occur in folate 
deficiency. Administration of synthetic folic acid corrects the anemia 
of cobalamin deficiency but does not halt or reverse neurological 
disease because synthetic folic acid, unlike dietary folate, is reduced 
directly to THF without the requirement of cobalamin as a cofactor. 
The THF can correct the megaloblastosis, but because there is a bypass 
of the cobalamin-dependent reaction of conversion of homocyste-
ine to methionine, SAM—a metabolite considered critical to nervous 
system function—is not formed. Thus, it is essential to differentiate 
folate deficiency and cobalamin deficiency so that appropriate treat-
ment can be given.

Gastritis and abnormalities of the gastrointestinal epithelium 
secondary to cobalamin deficiency can interfere with the absorption 
of folic acid and iron, complicating the anemia.

Explain why severe cobalamin deficiency sometimes 
 presents with neurological disease.

CheCkpoint 15-9

cause associated conditions

Malabsorption Pernicious anemia (lack of IF)

Gastrectomy or gastric bypass

Crohn’s disease

Tropical sprue

Celiac disease

Surgical resection of the ileum

Imerslund-Grääsbeck disease

Pancreatic insufficiency

Drugs (colchicine, neomycin, p-aminosalicylic 
acid, or omeprazole)

Blind loop syndrome

Diverticulitis

Biologic competition Intestinal parasite (i.e., Diphyllobothrium 
latum)

Leishmaniasis

Bacterial overgrowth

Nutritional deficiency Strict vegetarian diets

Pregnant women on a poor diet

Malnutrition

Impaired utilization Transcobalamin deficiency

Nitrous oxide inhalation

★ table 15-6 Causes of Cobalamin Deficiency  
and Associated Conditions

causes of cobalamin deficiency
Cobalamin deficiency has many causes, including lack of intrinsic 
factor (pernicious anemia), malabsorption, nutritional deficiency, 
and impaired utilization by tissues due to defective or absent transport 
proteins or enzymes (Table 15-6 ★).

Pernicious anemia
Pernicious anemia (PA) is a specific term used to define the megalo-
blastic anemia caused by an absence of IF secondary to gastric atrophy. 
An absence of IF leads to cobalamin deficiency because the vitamin 
cannot be absorbed in its absence. PA is the most common cause of 
cobalamin deficiency, accounting for 85% of all deficiencies. Atrophy of 
gastric parietal cells is demonstrated by finding achlorhydria of gastric 
juice after histamine stimulation (these cells produce HCl as well as IF). 
PA is generally a disease of older adults, usually occurring after 40 years 
of age. This anemia is seen more commonly among people of  Northern 
European background, especially Great Britain and  Scandinavia, but can 
be found in all ethnic groups. More women than men are affected, and 
some patients have prematurely graying or whitening hair. Although no 
particular genetic abnormality has been identified, a positive family his-
tory of PA increases the risk of developing it by 20-fold. The incidence 
of gastric carcinoma in patients with PA is increased.22,23

PA is an autoimmune disease. The gastric atrophy is thought to 
result from immune destruction of the acid-secreting portion of the 
gastric mucosa.14 Up to 90% of PA patients have antibodies against 
parietal cells.24 However, these antibodies are not specific for perni-
cious anemia and are also found in patients with gastritis, thyroid 
disease, and Addison’s disease. On the other hand, serum antibodies 

M15_MCKE6011_03_SE_C15.indd   290 01/08/14   1:38 pm



 291ChApTEr 15   •   mEgALOBLASTIC AND NONmEgALOBLASTIC mACrOCyTIC ANEmIAS

studies have shown that serum cobalamin does not always detect 
a cobalamin deficiency, and further testing could be necessary if a 
deficiency is suspected. Furthermore, serum cobalamin can appear 
falsely decreased or falsely normal/increased in some conditions 
(Table 15-7 ★). Cobalamin deficiency can be masked by folate 
therapy.

A specific test that measures the increased excretion of methyl-
malonic acid (MMA) in the urine indirectly indicates a decrease in 
cobalamin concentration. Up to 40% of patients may have increased 
MMA levels in the urine but normal cobalamin levels.22 These 
patients, however, show laboratory and clinical evidence of cobalamin 
deficiency. The only condition in which MMA is increased in addition 
to cobalamin deficiency is congenital methylmalonic aciduria. This 
condition is caused by complete or partial deficiencies of enzymes and 
cofactors involved in the conversion of methlmalonyl CoA to succinyl 
CoA. There is no associated hyperhomocysteinemia or megaloblastic 
anemia. Determination of MMA concentration also is useful in distin-
guishing a cobalamin deficiency and folate deficiency.

Homocysteine is increased in the plasma of patients with cobala-
min or folate deficiency.26 Monitoring serum levels can be an early 
detector of cobalamin deficiency, and recent studies have concluded 
that MMA and homocysteine are the most sensitive and specific indi-
cators of deficiency.26–29 Some studies have shown that in addition to 
being a good indicator of cobalamin deficiency, increased homocys-
teine levels are associated with a three-fold increase risk in myocardial 
infarction as well as venous thrombosis.28 Increased concentrations 
of both analytes can be found in many patients with normal serum 
cobalamin concentrations.28 Some clinicians recommend initial 
testing for serum cobalamin levels and following up low or border-
line normal results with MMA and homocysteine measurements.29 
Others have found that MMA and homocysteine measurements are 
more sensitive tests of early pernicious anemia, preceding hematologic 
abnormalities and decreased serum cobalamin levels, and recommend 
them as a superior testing regimen (Figure 15-7 ■).

Homocysteine and MMA tests also are helpful in determining a 
patient’s response to treatment with cobalamin and folate. The serum 
MMA level remains increased in cobalamin-deficient patients treated 
inappropriately with folate. Folate-deficient patients treated inappro-
priately with cobalamin have increased serum homocysteine level. See 
Table 15-8 ★ for a list of the advantages and disadvantages of labora-
tory tests used to diagnose cobalamin deficiency.6

The serum cobalamin and MMA assays establish the existence 
of a cobalamin deficiency but do not provide a distinction between 
PA and other causes of cobalamin deficiency. Gastric analysis and the 

other causes of Malabsorption
Pernicious anemia is only one specific cause of cobalamin malabsorp-
tion, which also can be caused by a loss of IF secondary to gastrectomy 
or secondary to diseases that prevent binding of the IF–cobalamin 
complex in the ileum. An iron deficiency usually precedes cobalamin 
deficiency in patients who have had a gastrectomy. Diseases that can 
affect the absorption of the IF–cobalamin complex in the ileum include 
Crohn’s disease, tropical sprue, celiac disease, and surgical resection of 
the ileum. In Imerslund-Gräsbeck disease, the IF receptors (cubulin) 
are missing or abnormal, causing a form of juvenile  megaloblastic 
 anemia. Patients with severe pancreatic insufficiency experience a lack 
of absorption of cobalamin because the vitamin cannot be released 
from HC and transferred to IF. Normally, pancreatic proteases are 
responsible for degrading HC. Certain medications can interfere with 
intestinal absorption. In addition, conditions that allow a buildup of 
bacteria in the small bowel can cause a cobalamin deficiency as the 
bacteria preferentially take up the vitamin before it reaches the ileum. 
This situation occurs in the blind loop syndrome and in diverticuli-
tis. Infestation with the fish tapeworm Diphyllobothrium latum can 
cause a deficiency as the worm accumulates the vitamin avidly.

nutritional deficiency
Dietary deficiency of cobalamin is rare in the United States. Food from 
animal sources, especially liver, is rich in cobalamin. Strict vegetarian 
diets, however, do not supply cobalamin and individuals following 
these diets can develop a deficiency over a period of years. Occa-
sionally, pregnant women with a poor diet can develop a deficiency 
presumably due to an increased demand by the developing fetus. 
However, folic acid deficiency is a more common cause of megalo-
blastic anemia in pregnancy due to the lower preexisting stores of this 
nutrient.

other causes
Transcobalamin deficiency produces megaloblastic anemia because 
it is the major transport protein responsible for delivering the vita-
min to the tissues. In TC deficiency, cobalamin is absorbed normally, 
and serum cobalamin levels are normal because of the relatively high 
amount bound to HC. Tissue cobalamin deficiency, including mega-
loblastic anemia, develops, however, because the cellular receptors 
recognize only TC-bound, not the haptocorrin-bound cobalamin.14

Nitrous oxide, N2O (“laughing gas”), abuse has been reported 
to result in a cobalamin deficiency and megaloblastic anemias. N2O 
rapidly inactivates methionine synthetase, for which cobalamin is a 
coenzyme. Cobalamin cleaves N2O and at the same time is oxidized 
to an inert form. This leads to a rapid deficiency.

Why is pernicious anemia considered an autoimmune 
disorder?

CheCkpoint 15-10

laboratory analysis of cobalamin deficiency
Laboratory diagnosis of pernicious anemia and/or cobalamin defi-
ciency usually begins with a serum cobalamin assay. If the cobalamin 
level is decreased and there are clinical symptoms of a deficiency, no 
further testing is warranted before therapy is initiated.25 However, 

False decrease False normal/increase

Folate deficiency Cobalamin treatment

Pregnancy (last trimester) Liver disease

Oral contraceptive use Nitrous oxide exposure

Multiple myeloma Chronic myelogenous leukemia

Elderly Polycythemia vera

haptocorrin deficiency Transcobalamin deficiency

★ table 15-7 Causes of False Decrease and False 
Normal/Increase in Serum Cobalamin Levels
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borderline or low and MMA is increased, the diagnosis of PA should 
be confirmed with testing for intrinsic  factor blocking antibody 
(IFBA) and serum gastrin levels. The serum gastrin test may be used 
to replace the Schilling test (see the following discussion). Gastrin is 
usually markedly increased in PA due to gastric atrophy. In contrast 

Schilling test are more useful in establishing the specific  diagnosis of PA 
but are rarely performed anymore. A recommended testing  algorithm 
for laboratory diagnosis of PA is shown in Figure  15-10 ■.30 The 
order of testing can improve the efficiency of proper diagnosis by 
first  measuring serum cobalamin and MMA. If serum cobalamin is 

test advantages/disadvantages

Cobalamin/serum high sensitivity; widely available; variation in reference intervals according to method of 
analysis; measures both hC and TC although only holo-TC is available for cells; falsely 
decreased in folate and hC deficiency

Methylmalonic acid (MMA)/urine high sensitivity and specificity; increased concentration helps differentiate cobalamin from 
folate deficiency; increased level may precede hematologic abnormalities; helpful in deter-
mining patient response to cobalamin treatment; falsely increased in reduced renal func-
tion; not readily available; expensive

homocysteine/plasma high sensitivity; low specificity; increased level may precede hematologic abnormalities; 
helpful in determining patient response to cobalamin treatment; does not differentiate 
cobalamin deficiency from folate deficiency; falsely increased in reduced renal function, 
hypothyroidism, hypovolemia

holo-TC Sensitivity and specificity similar to cobalamin; measure of cobalamin available to tissue; 
falsely increased in liver disease and in reduced renal function; complicated interpretation 
(see section Laboratory Analysis of Cobalamin Deficiency”); not a readily available test

Complete blood count with differential high sensitivity of macrocytosis with megaloblastic changes; specificity of macrocytosis 
without megaloblastic changes is low; not readily recognizable in subclinical cobalamin 
deficiency

a Sensitivity and specificity of these tests may be lower in subclinical cobalamin deficiency; subclinical deficiency has no known clinical expression and diagnosis 
depends on biochemical markers; recommended diagnostic test combination for cobalamin deficiency is serum cobalamin and MMA.  Both should be abnormal 
for a diagnosis of cobalamin deficiency.
holo@hC = Transcobalamin II with cobalamin attached

★ table 15-8 Tests Used to Diagnose Cobalamin Deficiencya

■   Figure 15-10 Testing algorithm for the diagnosis of pernicious anemia.

Result consistent
with pernicious

anemia.

Indeterminate

Cobalamin Assay, Serum

<150 ng/L

Positive

>200 pg/mL ≤200 pg/mL

>400 ng/L

>0.4 nmol/mL

150–400 ng/L

≤0.4 nmol/mL Negative

Intrinsic factor blocking antibody

Result consistent
with pernicious

anemia.

Result does not imply a
deficiency of cobalamin

at the cellular level.
No further testing suggested.

Result does not imply
cobalamin deficiency.

No further testing
suggested.

Result does not
suggest

pernicious anemia.

Methylmalonic acid

Gastrin
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the results. Incontinence or inability to empty the bladder gives false 
low values even when absorption was normal. Spuriously low urinary 
excretion in part II can also be due to the inability to absorb IF@B12 
because of megaloblastoid epithelial changes in the gut.

The Schilling test is seldom used now because of the difficulties 
in using radioisotopes and the inconvenience of the test for the patient. 
An additional problem is that the absorption of crystalline vitamin B12 
used in the oral dose can differ from the absorption of cobalamin in 
food.15,34 For these reasons, MMA and homocysteine are better mark-
ers for early detection of PA or cobalamin deficiency.

On the other hand, the Schilling test has advantages. First, the 
test results can suggest what further testing (e.g., stool analysis for 
D. latum) should be done. Second, results can help identify how to 
treat the clinical condition and the duration of treatment.35

to the Schilling test, the gastrin test does not require radioisotopes and 
is less expensive.

Measurement of holo-transcobalamin (holo-TC), the fraction of 
plasma cobalamin bound to TC, can be an early marker for cobalamin 
deficiency. Because cellular receptors specifically mediate the uptake of 
holo-TC but not haptocorrin-bound cobalamin (holo-HC), holo-TC 
could provide a more accurate view of patients’ cobalamin status than total 
cobalamin levels that include both holo-TC and holo-HC.31 Low holo-
TC levels, however, may only be temporary or may even remain at the 
subclinical level rather than progress to pathologic levels. The interpreta-
tion of holo-TC values is complicated by the fact that it is unclear whether 
low results reflect insufficient availability to tissues or some impairment in 
the ability of the holo-TC complex to leave the ileal mucosal cells.32 Previ-
ously tested by enzyme-linked immunosorbent and radioimmunoassay 
techniques, holo-TC is now available as an automated monoclonal anti-
body assay with a reference interval of approximately 20–125 pmol/L.33

gastric analysis
Because atrophy of the parietal cells is a universal feature of PA, an 
absence of free HCl in gastric juice after histamine stimulation is 
indicative of PA. Parietal cells secrete both HCl and intrinsic factor; 
thus an absence of HCl is indirect evidence for lack of IF. After hista-
mine stimulation in patients with pernicious anemia, the pH fails to 
fall below 3.5, and gastric volume, pepsin, and rennin are decreased. 
Approximately 80% of cases of PA have increased gastrin. Testing for 
anti-intrinsic factor antibodies, serum gastrin, and serum pepsinogin 
A and C together as a group provides a sensitive indication of gastric 
atrophy and pernicious anemia.33

Schilling test
The Schilling test is a definitive test useful in distinguishing cobalamin 
deficiency due to malabsorption, dietary deficiency, or absence of IF. The 
test measures the amount of an oral dose of radioactively labeled crys-
talline vitamin B12 that is absorbed in the gut and excreted in the urine. 
The patient is given a dose of 57Co@labeled B12 orally with or followed 
within two hours by an intramuscular injection of unlabeled vitamin 
B12. The injection is termed the flushing dose; its purpose is to saturate 
all cobalamin receptors in the tissues. Thus, any of the labeled oral dose 
absorbed in the gut and passing into the blood will be in excess of avail-
able receptor uptake. The excess is filtered by the kidney and appears in 
the urine. Urine is collected for 24 hours, and its radioactivity is deter-
mined. If 77.5% of the standard oral dose is excreted, absorption is said 
to be normal. Excretion in PA and in malabsorption syndromes 
is 67.5% because the labeled oral vitamin B12 is not absorbed.

If excretion is 67.5%, part II of the Schilling test is performed to 
distinguish between PA and other causes of malabsorption. In part 
II, the oral dose of labeled B12 is accompanied by a dose of intrinsic 
factor. The remainder of the test is the same as in part I. If part II 
shows  77.5% excretion, absorption is considered normal with the 
lack of absorption in part I due to the lack of IF. The diagnosis is PA. If 
part II is abnormal, the patient likely has another malabsorption defect 
such as sprue (Table 15-9 ★).

Several points must be considered when interpreting the results 
of a Schilling test. First, the test results are not valid with the presence 
of renal disease. The patient may have been able to absorb the vitamin 
but cannot filter the excess vitamin efficiently because of abnormal 
kidney function. Second, incomplete collection of urine invalidates 

corrected by intrinsic 
 Factor in Part ii

not corrected by intrinsic Factor  
in Part ii

Pernicious anemia Crohn’s disease

Abnormal intrinsic factor 
molecule

Tropical sprue

Celiac disease

hereditary intrinsic factor 
deficiency

Surgical resection of the ileum

Imerslund-Gräsbeck disease

Gastrectomy Pancreatic insufficiency

Drugs

Blind loop syndrome

Diverticulitis

Intestinal parasite— Diphyllobothrium 
latum

Transcobalamin deficiency

★ table 15-9 Conditions Associated with Abnormal 
Schilling Test Results

A Schilling test and antibody testing had the  following 
results:

5. What is this patient’s definitive diagnosis?

Schilling test Part I, without intrinsic factor, 1%
Part II, with intrinsic factor, 8%

Intrinsic-factor-blocking  
antibodies

Positive to a titer of 1:6400

caSe Study (continued from page 282)

cobaSorb test
The CobaSorb test is an alternative test designed to measure the 
absorption of cobalamin.6,36 There are three parts to this test in which 
the patient is given nonradioactive cobalamin either alone or with 
recombinant IF or haptocorrin. Blood levels of holo-TC and holo-
HC are measured before and after administration of the cobalamin. 
An increase in the concentrations of these plasma transport proteins 
saturated with cobalamin after administration of the cobalamin is 
reflective of active cobalamin absorption. Refer to Table 15-10 ★ for 
a list of tests used to investigate the cause of a cobalamin deficiency.
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Specific therapy can reverse the peripheral neuropathy of 
cobalamin deficiency, but spinal cord damage is usually irrevers-
ible. Pernicious anemia must be treated with lifelong monthly 
parenteral doses of hydroxycobalamin (OHCbl) because of these 
patients’ inability to absorb oral cobalamin. Recently, it was reported 
that large doses of cobalamin therapy (usually 1000–2000 mcg/day) 
administered orally could be feasible if the patient is followed care-
fully.24 The oral treatment can be better tolerated and less expen-
sive.37 The rationale behind oral therapy using large doses of vitamin 
is that a small amount (from 1 to 3%) of the vitamin is absorbed by 
diffusion without IF.

What two lab tests are the most specific indicators of 
cobalamin deficiency?

CheCkpoint 15-11

test advantages/disadvantages

Schilling test Gold standard for measure of cobalamin absorption; high specificity for PA; requires 
handling and administration of radioactive cobalamin; requires collection of a 24 hour 
urine sample; false positive with reduced renal function; decreased availability of the 
test

IF blocking antibodies high specificity for lack of IF; low sensitivity; pathognomonic for pA

Pepsinogen and gastrin high sensitivity; low specificity for pA; mirrors gastric function; increased in gastric 
atrophy

Parietal cell antibodies May be present in PA; low specificity

CobaSorb Alternative to Schilling test; reflects absorption of cobalamin; use in  routine practice 
needs further evaluation

aThese tests are used primarily to evaluate cobalamin deficiency due to pernicious anemia.  Additional testing may be necessary to evaluate other causes of 
cobalamin deficiency. Patient history is also important in diagnosis.
IF = intrinsic factor; PA = pernicious anemia; holo@TC = TCII with attached cobalamin

★ table 15-10 Tests Used to Investigate the Cause of Cobalamin Deficiencya

therapy
Therapeutic trials in megaloblastic anemia using physiologic doses 
of either vitamin B12 or folic acid produce a reticulocyte response 
only if the specific vitamin that is deficient is being administered. 
For instance, small doses (1 mcg) of vitamin B12 given daily produce 
a reticulocyte response in cobalamin deficiency but not in folic acid 
deficiency. On the other hand, large therapeutic doses of cobalamin 
or folic acid can induce a partial response to the other vitamin defi-
ciency as well as the specific deficiency.

Generally, it is best to determine which deficiency exists and 
to treat the patient with the specific deficient vitamin. Large doses 
of folic acid will correct the anemia in cobalamin deficiency but 
do not correct or halt demyelination and neurologic disease. This 
makes diagnosis and specific therapy in cobalamin deficiency crit-
ical. Specific therapy causes a rise in the reticulocyte count after 
the fourth day of therapy. Reticulocytosis peaks at about 5–8 days 
and returns to normal after 2 weeks. The degree of reticulocytosis 
is proportional to the severity of the anemia with more striking 
reticulocytosis in patients with severe anemia. The hemoglobin 
rises about 2–3 g/dL every 2 weeks until normal levels are reached. 
The marrow responds quickly to therapy, as evidenced by pronor-
moblasts (normal) appearing within 4–6 hours and nearly com-
plete recovery of erythroid morphologic abnormalities within 2–4 
days. Granulocyte abnormalities disappear more slowly. Hyper-
segmented neutrophils can usually be found for 12–14 days after 
therapy begins.

6. how would the diagnosis change if the special testing 
results were as follows?

7. What would you predict this patient’s reticulocyte 
count to be?

caSe Study (continued from page 293)

Schilling test Part I, without intrinsic factor, 1%
Part II, with intrinsic factor, 3%

Intrinsic-factor-blocking  
antibodies

Negative

Other Megaloblastic Anemias
A megaloblastic anemia occasionally is associated with drugs, 
 congenital enzyme deficiencies, or other hematopoietic diseases.

drugs
A large number of drugs that act as metabolic inhibitors can cause 
megaloblastosis (Table 15-11 ★). Some of these drugs are used in 
chemotherapy for malignancy. Although aimed at eliminating rapidly 
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(Table 15-12 ★). There are three types: CDA I, CDA II, and CDA III. 
Types I and II are inherited as autosomal recessive disorders, and Type 
III is inherited in an autosomal dominant fashion. Red cell multinucle-
arity in the bone marrow and secondary siderosis are recognized in all 
types; however, megaloblastic erythroid precursors are present only in 
Type I and Type III.

•	 CDA I Bone marrow erythroblasts are megaloblastic and often 
binucleate with incomplete division of nuclear segments. The 
incomplete nuclear division is characterized by internuclear chro-
matin bridges.

•	 CDA II Bone marrow precursors are not megaloblastic but are 
typically multinucleated with up to seven nuclei (Figure 15-11 ■). 
Type II is distinguished by a positive acidified serum test (Ham test) 
but a negative sucrose hemolysis test. In the Ham test, only about 
30% of normal sera are effective in lysing CDA II cells. This type 
has also been termed hereditary erythroblastic multinuclearity 
with positive acidified serum test (HEMPAS). CDA II is the most 
common of the three types of CDA.

•	 CDA III This type of CDA is morphologically distinct from 
Types I and II because of the presence of giant erythroblasts (up to 
50 mcM) containing up to 16 nuclei. Sometimes the erythrocytes 
are agglutinated by anti-I and anti-i antibodies.

proliferating malignant cells, these drugs are not selective. Any normal 
proliferating cells, including hematopoietic cells, are also affected.

enzyme deficiencies
Methionine synthase reductase (MSR) deficiency is a rare autosomal 
recessive disorder. A deficiency of this enzyme leads to a dysfunc-
tion of folate/cobalamin metabolism and results in hyperhomocys-
teinemia, hypomethioninemia, and megaloblastic anemia.38 MSR is 
necessary for the reductive activation of methionine synthase and the 
resultant folate-cobalamin-dependent conversion of homocysteine 
to methionine.

congenital deficiencies
A congenital deficiency is a physiological aberration present at birth. 
The following congenital deficiencies result in megaloblastosis.

orotic aciduria
Inborn defects in enzymes required for pyrimidine synthesis or 
folate metabolism can result in megaloblastic anemia. Orotic acid-
uria is a rare autosomal recessive disorder in which there is a failure 
to convert orotic acid to uridylic acid. The result is excessive excre-
tion of orotic acid. Children with this disorder also fail to grow and 
develop  normally. The condition responds to treatment with oral 
uridine.

congenital dyserythropoietic anemia
Congenital dyserythropoietic anemia (CDA) is actually a hetero-
geneous group of refractory, congenital anemias characterized 
by  both  abnormal erythropoiesis and ineffective erythropoiesis 

dna base inhibitors

Pyrimidine Purine antimetabolites other

Azauridine Acyclovir

Adenosine 
arabinoside

Azathioprine

Gancyclovir

Mercaptopurine

Thioguanine

Vidarabine

Cytosine 
arabinoside

Fluorocytidine

Fluorouracil

hydroxyurea

Methotrexate

Azacytidine

Cyclophosphamide

Zidovudine (AZT)

★ table 15-11 Drugs That Can Cause 
Megaloblastosis

■  Figure 15-11 Peripheral blood from a case of con-
genital dyserythropoietic anemia type II (CDA-II). There 
is anisocytosis with microcytic, hypochromic cells as well 
as macrocytes and normocytes. The nucleated cell is 
an orthochromic normoblast showing lobulation of the 
nucleus (Wright-Giemsa stain; 1000*  magnification).

characteristics cda i cda ii cda iii

Inheritance Autosomal recessive Autosomal recessive Autosomal dominant

RBC multinuclearity Present Present Present

Number of nuclei 2 Up to 7 Up to 16

Siderosis Present Present Present

Megaloblastosis Present Absent Present

Other characteristics Incomplete nuclear division positive ham test (hEmpAS) RBC agglutination by anti-I and anti-i antibodies

★ table 15-12 Comparison of Congenital Dyserythropoietic Anemia (CDA) Types
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Alcoholism
Alcohol abuse is one of the most common causes of nonanemic mac-
rocytosis. It has been suggested that all patients with macrocytosis 
should be questioned about their alcohol consumption.39 Macro-
cytosis associated with alcoholism is usually multifactorial and can 
be megaloblastic. Macrocytosis is probably the result of one or more 
of four causes: (l) folate deficiency due to decreased dietary intake, 
(2) reticulocytosis associated with hemolysis or gastrointestinal bleed-
ing, (3) associated liver disease, and (4) alcohol toxicity.

Folate deficiency associated with a megaloblastic anemia is the 
most common cause of the macrocytosis found in hospitalized alco-
holic patients. The deficiency probably results from poor dietary hab-
its, although ethanol also appears to interfere with folate metabolism.

The reduced erythrocyte survival with a corresponding reticu-
locytosis has been associated with chronic gastrointestinal bleeding 
secondary to hepatic dysfunction (decreased coagulation proteins) or 
thrombocytopenia, hypersplenism from increased portal and splenic 
vein pressure, pooling of cells in splenomegaly, and altered erythrocyte 
membranes caused by abnormal blood lipid content in liver disease 
(Chapter 17). Stomatocytes are associated with acute alcoholism, but 
there appears to be no abnormal cation permeability, and hemolysis 
of these cells is not significant.

Liver disease is common in alcoholic individuals; typical hemato-
logic findings associated with this disease are discussed in the following 
section. Even when anemia is absent, most alcoholic individuals have a 
mild macrocytosis (100–110 fL) unrelated to liver disease or folate defi-
ciency. This can be caused by a direct toxic effect of ethanol on developing 
erythroblasts. Vacuolization of red cell precursors, similar to that seen in 
patients taking chloramphenicol, is a common finding after prolonged 
alcohol ingestion. If alcohol intake is eliminated, the cells gradually assume 
their normal size, and the bone marrow changes disappear. The associa-
tion of a sideroblastic anemia and alcoholism is discussed in Chapter 12.

The multiple pathologies of this type of anemia result in the pos-
sibility of a variety of abnormal hematologic findings. Thus, it is pos-
sible to have a blood picture resembling that of megaloblastic anemia, 
chronic hemolysis, chronic or acute blood loss, liver disease, or (more 
than likely) a combination of these conditions. Alcohol can also cause 
disordered heme synthesis as discussed in Chapter 12.

Liver Disease
The most common condition associated with a nonmegaloblastic 
macrocytic anemia is liver disease (including alcoholic cirrhosis). 
The causes of this anemia are multifactorial and include hemolysis, 
impaired bone marrow response, folate deficiency, and blood loss 
(Table 15-14 ★). Although macrocytic anemia is the most common 
form of anemia in liver disease, occurring in 7 50% of the patients, 
normocytic or microcytic anemia can also be found depending on 
the predominant pathologic mechanism.

Erythrocyte survival appears to be significantly shortened in alco-
holic liver disease, infectious hepatitis, biliary cirrhosis, and obstructive 
jaundice. The reason for this is unknown. Cross-transfusion studies in 
which patient cells are infused into normal individuals demonstrate 
an increase in patient cell survival. This suggests that an extracellular 
 factor is probably responsible for cell hemolysis. The spleen is thought 
to play an important role in sequestration and hemolysis in individuals 

other Hematopoietic diseases
The myelodysplastic syndromes are a group of stem cell disor-
ders characterized by peripheral blood cytopenias and dyshema-
topoiesis. Erythroid precursors in the bone marrow frequently 
exhibit megaloblastic-like changes. There is occasionally a non-
megaloblastic macrocytic anemia. These diseases will be discussed 
in Chapter 25.

Which clinical type of CDA gives a positive ham test result 
and presents with a normoblastic marrow?

CheCkpoint 15-12

condition cause of Macrocytosis

Alcoholism Direct toxic effect of alcohol on 
 erythroid precursors

Reticulocytosis associated with 
hemolysis or GI bleeding

Liver disease: Abnormal RBC 
 membrane lipid composition

Can also be megaloblastic from 
folate deficiency

Liver disease Increased RBC membrane lipids

hemolysis or  
posthemorrhagic anemia

Reticulocytosis associated with 
stimulated erythropoiesis

hypothyroidism Unknown

Aplastic anemia Unknown

Artifactual Cold agglutinin disease

Severe hyperglycemia

RBC clumping

Swelling of RBCs

★ table 15-13 Conditions Associated with 
 Nonmegaloblastic Macrocytosis

Macrocytic aneMia witHout 
MegaloblaStoSiS
The typical findings of megaloblastic anemia are not evident in other 
macrocytic anemias. The macrocytes in macrocytic anemias without 
megaloblastosis are usually not as pronounced and are usually round 
rather than oval as seen in megaloblastic anemia (Figure 15-1a, b). 
Hypersegmented neutrophils are not present, and leukocytes and 
platelets are quantitatively normal. Jaundice, glossitis, and neuropa-
thy, the typical clinical findings in megaloblastosis, are absent. The 
cause of the macrocytosis without megaloblastosis is unknown in 
many cases. In some cases the macrocytes can be due to an increase 
in membrane lipids or to a delay in erythroblast maturation. Some 
diseases associated with nonmegaloblastic macrocytic anemia are 
listed in Table 15-13 ★. Three of the most common—alcoholism, 
liver disease, and reticulocytosis (stimulated erythropoiesis)—are 
discussed in this section.
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and lipids. Therefore, the anemia is a minor finding among the abnor-
malities associated with this organ’s dysfunction.

The anemia is usually mild with an average hemoglobin concentra-
tion of about 12 g/dL. With complications, the anemia can be severe. The 
 erythrocytes can appear normocytic, macrocytic (usually not 7115 fL 
MCV), or microcytic. A discrepancy between the MCV and the appear-
ance of the cells microscopically often occurs. In these cases, thin, round 
macrocytes (as determined by diameter) with target cell formation are 
found on the blood smear, but the MCV is within normal limits. The retic-
ulocyte count can be increased, but the RPI is usually 62 unless hemo-
lysis is a significant factor. Thrombocytopenia is a frequent finding, and 
platelet function can be abnormal. Various nonspecific leukocyte abnor-
malities have been described including neutropenia,  neutrophilia, and 
lymphopenia. The bone marrow is either normocellular or  hypercellular, 
often with erythroid hyperplasia. The precursors are qualitatively nor-
mal unless folic acid deficiency is present. In this case, megaloblastosis is 
apparent with the typical associated blood abnormalities.

Other laboratory tests of liver function are variably abnormal 
including increased serum bilirubin and increased hepatic enzymes. 
Tests for carbohydrate and lipid metabolites are frequently abnormal 
depending on the degree of liver disease.

with splenomegaly or hypersplenism. In some cases, hemolysis is well 
compensated for by an increase in erythropoiesis and there is no 
 anemia. In some patients with alcoholic liver disease, a heavy drink-
ing spree produces a brisk but transient hemolysis. These patients also 
show abnormal liver function and have markedly increased levels of 
plasma triglycerides.

Abnormalities in erythrocyte membrane lipid composition 
are common in hepatitis, cirrhosis, and obstructive jaundice. Both 
cholesterol and phospholipid are increased, resulting in cells with 
an increased surface area–to–volume ratio. This abnormality is not 
thought to cause decreased cell survival. In contrast, in severe 
hepatocellular disease, erythrocyte membranes have an excess of 
cholesterol relative to phospholipid, which decreases the erythrocyte 
deformability. This membrane lipid imbalance is associated with the 
formation of spur cells in which the erythrocyte  exhibits spikelike pro-
jections. These cells have a pronounced shortened life span leading to 
an anemia termed spur cell anemia (Chapter 17).

Kinetic iron studies have revealed that the bone marrow response 
in liver disease can be impaired. It has been proposed that liver disease 
can affect the production of erythropoietin because this organ has 
been shown to be an important extrarenal source of the hormone.40 
In alcoholic cirrhosis, the alcohol may have a direct suppressive effect 
on the bone marrow.

Clinical findings and symptoms in liver disease are secondary 
to the abnormalities in liver function. The liver is involved in many 
essential metabolic reactions and in the synthesis of many proteins 

causes anemia type characteristics

Abnormal liver function Macrocytic MCV normal to increased

Increased RBC membrane cholesterol resulting in target cells and acanthocytes

Normal to slightly increased reticulocytes

Folic acid deficiency Macrocytic MCV increased

Pancytopenia

Ovalocytes and teardrop cells

Normal to decreased reticulocytes

Functional folate deficiency

hemolysis Normocytic or macrocytic MCV normal to increased

Spur cells and schistocytes

Increased reticulocytes

hypersplenism Normocytic MCV normal

Pancytopenia

Increased reticulocytes

Portal hypertension

Marrow hypoproliferation Normocytic MCV normal

Pancytopenia

Decreased reticulocytes

Associated with renal disease or alcohol suppression

Chronic blood loss Microcytic MCV decreased

Iron deficiency

Leukocyte and platelet counts slightly increased

Reticulocytes increased

Commonly associated with gastrointestinal bleeding

★ table 15-14 Causes and Characteristics of Anemia in Liver Disease

What are the causes of macrocytosis seen in alcoholism?

CheCkpoint 15-13
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With  a  decrease in thyroid hormone (i.e., hypothyroidism), tissue 
oxygen requirement is reduced and the kidneys adapt appropriately. 
The net result is a decrease in the production of EPO and, correspond-
ingly, erythrocytes. Thus although the hemoglobin concentration is 
reduced, the tissue oxygenation is adequate. This type of “anemia” often 
presents as a macrocytic, normochromic anemia but can also be a 
normocytic, normochromic anemia. The anemia can be complicated 
by iron, folic acid, or B12 deficiency, and the blood picture can reflect 
these forms of anemia.

Stimulated Erythropoiesis
Increased erythropoietin (stimulation) in the presence of an adequate 
iron supply (e.g., autoimmune hemolytic anemia) can result in the 
release of shift reticulocytes from the bone marrow. These cells are larger 
than normal with an MCV as high as 130 fL. A reticulocyte count and 
examination of the blood smear allow distinction of this macrocytic 
entity from megaloblastic anemia. In the presence of large numbers 
of shift reticulocytes, polychromasia is markedly increased. The WBC 
count is slightly increased, and the platelet count is normal. In addition, 
the oval macrocytes typical of megaloblastic anemia are not present in 
conditions associated with increased erythropoietin stimulation.

Hypothyroidism
Anemia of hypothyroidism presents as a mild to moderate ane-
mia with a normal reticulocyte count. Thyroid hormone regulates 
cellular metabolic rate and therefore tissue oxygen requirement. 

What are three clinical or laboratory findings (in addition 
to assessing the bone marrow) that can distinguish a non-
megaloblastic macrocytic anemia from a megaloblastic 
anemia?

CheCkpoint 15-14

Summary
Macrocytosis due to megaloblastic anemia must be differen-
tiated from macrocytosis with a normoblastic marrow. The 
laboratory test profile of a patient with megaloblastic anemia 
commonly indicates pancytopenia. The blood smear reveals 
macro-ovalocytes (i.e., large ovalocytes), poikilocytosis, tear-
drop cells, howell-Jolly bodies, and neutrophil hypersegmen-
tation. The marrow is characterized by megaloblastosis of 
precursor cells due to a block in thymidine production. Because 
thymidine is one of the four DNA bases, the deficiency leads to 
a diminished capacity for DNA synthesis and a block in mitosis. 
The marrow is hypercellular, but erythropoiesis is ineffective. 
Causes of megaloblastosis are nearly always due to cobalamin 
or folic acid deficiencies.

Folate is primarily acquired from the diet. The liver is 
the main storage site of folic acid. Folate deficiency results 
in decreased synthesis of N5, N10@methylene ThF, a cofactor 
in DNA synthesis. Consequently, DNA synthesis slows. Clini-
cally, symptoms from inadequate dietary folate can occur within 
months as compared with years after onset of a cobalamin 
deficiency.

Vitamin B12 (i.e., cyanocobalamin) absorption occurs in 
the small intestine. Dietary cobalamin is released from diges-
tion of animal proteins in meats and bound by gastric hapto-
corrins and subsequently intrinsic factor (IF). Once absorbed, 
cobalamin is bound to specific plasma proteins known as 
transcobalamin and haptocorrins. Normal serum cobalamin 
values are highly variable based on age and sex. Cobalamin 
function is related to DNA synthesis because cobalamin is a 
vital cofactor in the conversion of methyl tetrahydrofolate to 

tetrahydrofolate. This product is an important cofactor needed 
for the production of DNA thymidine.

Defective production of intrinsic factor is the most com-
mon cause of cobalamin deficiency (pernicious anemia [PA]), 
which is caused by failure of the gastric mucosa to secrete IF. PA 
most commonly occurs in people after 40 years of age. Central 
nervous system symptoms can be present in advanced cases. 
Laboratory tests used to diagnose PA include serum cobalamin, 
MMA, IFBA, serum gastrin, and the Schilling test. Other causes 
of cobalamin deficiency include gastrectomy, malabsorption 
diseases such as Crohn’s disease, and drugs. Megaloblastic ane-
mia rarely results from chemotherapeutic drugs or congenital 
enzyme deficiencies or with other hematopoietic diseases such 
as congenital dyserythropoietic anemia.

Serum and RBC folate can be measured to diagnose folate 
deficiency, but the tests do not reliably indicate folate stores in 
the presence of cobalamin deficiency. Cobalamin levels can be 
directly assessed by measuring serum cobalamin or indirectly 
by measuring MMA in the urine/serum/plasma or homocysteine 
in plasma.

Macrocytosis due to megaloblastic anemia must be dif-
ferentiated from macrocytosis with a normoblastic marrow. 
Normoblastic, macrocytic anemias can result from acute blood 
loss or hemolysis due to shift reticulocytosis from the marrow. 
Alcohol abuse is one of the most common causes of normo-
blastic macrocytosis. Liver disease, often resulting from alcohol 
abuse, is also commonly associated with macrocytosis without 
a megaloblastic marrow.
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Review Questions
Level i

 1. The most common cause of macrocytosis is: (Objective 5)

 A. folate deficiency

 B. alcoholism

 C. liver disease

 D. pernicious anemia

 2. In the majority of cases, cobalamin deficiency is due to a 
deficiency of: (Objective 6)

 A. intrinsic factor

 B. vitamin B6

 C. folate

 D. methylmalonic acid

 3. Which of the following is the best clue in diagnosing mega-
loblastic anemia? (Objective 3)

 A. decreased hemoglobin and hematocrit

 B. leukocytosis

 C. hypersegmented neutrophils

 D. poikilocytosis

 4. Increases in urinary excretion of formiminoglutamic 
acid (FIGLU) most likely indicate which of the following? 
(Objective 4)

 A. cobalamin deficiency

 B. autoantibodies to intrinsic factor

 C. folic acid deficiency

 D. hemolysis

 5. The liver stores enough folate to meet daily requirement 
needs for how long? (Objective 2)

 A. 1 month

 B. 6–8 weeks

 C. 2 years

 D. 3–6 months

 6. Which of the following conditions increases the daily 
requirement for cobalamin? (Objective 2)

 A. pregnancy

 B. aplastic anemia

 C. hypothyroidism

 D. splenectomy

 7. A deficiency of cobalamin leads to impaired: (Objective 1)

 A. folic acid synthesis

 B. DNA synthesis

 C. intrinsic factor secretion

 D. absorption of folate

 8. Laboratory diagnosis of pernicious anemia can include 
which of the following? (Objective 3)

 A. urinary FIGLU

 B. WBC count

 C. gastric analysis

 D. LDh

 9. Alcoholic individuals commonly develop a macrocytic ane-
mia due to: (Objective 8)

 A. folate deficiency

 B. increased blood cholesterol levels

 C. development of autoantibodies against intrinsic factor

 D. intestinal malabsorption of cobalamin

 10. Anemia due to liver disease is often associated with which 
of the following RBC morphological forms? (Objective 9)

 A. ovalocytes

 B. microcytes

 C. spur cells

 D. teardrop cells

Level ii

 1. If a patient presents with anemia, macrocytosis, pancy-
topenia, and malnutrition, which of the following should 
be investigated first as a possible cause of the anemia? 
(Objectives 4, 12)

 A. pernicious anemia

 B. folic acid deficiency

 C. cobalamin deficiency

 D. celiac disease

 2. Which laboratory tests are most sensitive to decreased 
levels of cobalamin? (Objectives 8, 11)

 A. red cell and serum folate

 B. serum cobalamin and red cell folate

 C. transcobalamin assays

 D. MMA and homocysteine

M15_MCKE6011_03_SE_C15.indd   299 01/08/14   1:38 pm



300 SECTION III   •   ThE ANEmIAS

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

The views expressed in this chapter are those of the author and do not necessarily reflect the official policy or position of the Depart-
ment of the Army, the Department of Defense, or the U.S. Government.

 8. If a patient excretes *7.5% of a radioactively tagged crystal-
line B12 dose after 24 hours both before and after administra-
tion of a dose of oral intrinsic factor, which of the following is 
a possible diagnosis? (Objective 9)

 A. pernicious anemia

 B. liver disease

 C. gastrectomy

 D. celiac disease

 9. Which type of congenital dyserythropoietic anemia (CDA) 
presents with giant multinucleated erythrocytes in the 
 marrow? (Objective 10)

 A. CDA I

 B. CDA II

 C. CDA III

 D. CDA IV

 10. A 48-year-old Caucasian female experiencing fatigue, loss 
of appetite, and weight loss over a period of three months 
was seen by her physician. A medical history revealed she 
had a history of alcohol abuse. An initial laboratory workup 
demonstrated that she was anemic, had a leukocyte count 
of 3 * 109/L, and had an MCV of 119 fL. Macro- ovalocytes 
and neutrophil hypersegmentation were noted on her 
blood smear evaluation. Based on the initial laboratory 
test results, her physician obtained a serum cobalamin and 
folate workup. Results were as follows:

  Based on her clinical history and laboratory results, the best 
possible diagnosis is which of the following? (Objective 12)

 A. pernicious anemia

 B. folate deficiency

 C. primary cobalamin deficiency

 D. anemia of liver disease

 3. Which of the following can be found in a patient with 
megaloblastic anemia? (Objectives 2, 8, 11)

 A. giant metamyelocytes and hypolobulated  
neutrophils

 B. howell-Jolly bodies and pappenheimer bodies

 C. hypersegmented neutrophils and oval  
macrocytes

 D. hypochromic macrocytes and thrombocytosis

 4. The metabolic function of tetrahydrofolate is to: (Objective 1)

 A. synthesize methionine

 B. transfer carbon units from donors to receptors

 C. serve as a cofactor with cobalamin in the synthesis of 
thymidylate

 D. synthesize intrinsic factor

 5. Folic acid deficiency can be caused by: (Objective 6)

 A. alcoholism

 B. chronic blood loss

 C. strict vegetarian diet

 D. vitamin B6 deficiency

 6. A lack of intrinsic factor could be due to: (Objective 7)

 A. gastrectomy

 B. cobalamin deficiency

 C. folate deficiency

 D. large bowel resection

 7. Which of the following is more typical of nonmegaloblastic 
than megaloblastic anemia? (Objectives 2, 3)

 A. oval macrocytes

 B. round macrocytes

 C. howell-Jolly bodies

 D. hypersegmented neutrophil

Serum cobalamin 550 pg/mL
Serum folate  4.0 ng/mL
RBC folate 105 ng/mL
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define hypoproliferative anemia.
 2. Cite the diagnostic criteria for aplastic anemia.
 3. Describe the epidemiology and etiology of aplastic anemia.
 4. Explain the pathophysiology of aplastic anemia.
 5. Compare and contrast acquired and inherited aplastic anemia.
 6. List the major clinical and laboratory characteristics of aplastic 

anemia.
 7. Identify environmental factors associated with the development of 

aplastic anemia.
 8. Describe the etiology, bone marrow, and peripheral blood in pure red 

cell aplasia.
 9. Identify peripheral blood findings associated with the following: 

 aplastic anemia, pure red cell aplasia, and anemia due to renal disease.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Propose and explain possible causes of aplastic anemia.
 2. Discuss prognosis in aplastic anemia.
 3. Compare methods of treatment and management of patients with 

aplastic anemia.
 4. Contrast aplastic anemia with other causes of pancytopenia on the 

basis of clinical findings and peripheral blood and bone marrow 
findings.

 5. Compare and contrast pure red cell aplasia with aplastic anemia and 
other causes of erythroid hypoproliferation.

 6. Compare and contrast major characteristics of Diamond-Blackfan 
syndrome and transient erythroblastopenia of childhood.

 7. Explain the pathophysiology of anemia due to renal disease.
 8. Evaluate laboratory test results and medical history of a clinical case for 

a patient with hypoproliferative anemia, suggest additional laboratory 
tests if appropriate, and a possible diagnosis.
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marrow hypocellularity. Much of the area in the bone marrow 
normally occupied by hematopoietic tissue is replaced by fat. The 
terms aplastic, aplasia, and hypoplastic refer to a bone marrow with 
an overall decrease in hematopoietic cellularity. If there is hypopla-
sia of only one of the hematopoietic lineages, the terms erythroid, 
myeloid, or megakaryocytic hypoplasia should be used to define 
the specific entity.

The hematopoietic defect is due to depletion, damage, or inhibi-
tion of hematopoietic stem cells (HSCs) and/or hematopoietic pro-
genitor cells (HPCs). Either the unipotent erythroid progenitor cell 
or a multilineage hematopoietic progenitor cell can be affected. The 
peripheral blood findings provide important clues to help identify 
the bone marrow abnormality. If only the erythroid progenitor cells 
(BFU-E, CFU-E) are affected, platelets and leukocytes remain nor-
mal, and the diagnosis is pure red cell aplasia. More commonly, the 
multilineage hematopoietic precursor cells (HSC, MPP, CMP, CFU-
GEMM, etc.) are affected, resulting in pancytopenia (decreases of all 
three cell lineages), and the diagnosis is aplastic anemia.

aPLastic anemia
The term aplastic anemia is used to describe the condition of pan-
cytopenia that is associated with a hypocellular bone marrow. The 
mature blood cells that are produced in aplastic anemia (AA) usu-
ally appear normal. Aplasia of the bone marrow is only one of several 
possible causes of peripheral blood pancytopenia, but pancytopenia 
due to causes other than AA can result in morphologically abnormal 
blood or bone marrow cells. Whereas AA is usually characterized by 
pancytopenia, granulocyte, platelet, and erythrocyte, levels may not 
be depressed uniformly.

Diagnostic criteria for severe aplastic anemia are included in 
Table 16-1 ★. Additional diagnostic criteria are based on disease 
severity.1 With disease progression, concentrations of cells in all three 
cell lineages eventually become further depleted. This reflects an 
impaired proliferative capacity of the marrow stem cells, which lose 
their ability for normal cellular renewal.

We will address this case study throughout the chapter.

Rachael, a 13-year-old female, was admitted to the 
hospital with complaints of progressive weakness and 
shortness of breath with minimal physical effort. She has 
experienced recurrent fevers reaching 102°f. physical 
examination revealed a well-developed adolescent with 
good nutritional status and in no acute distress. There 
was no lymphadenopathy or organomegaly. many pete-
chial hemorrhages covered her chest and legs. Several 
bruises were found on her legs and thighs. Laboratory 
tests were ordered upon admission.

Consider the diagnostic possibilities in this case and 
how laboratory tests can be used to assist in differential 
diagnosis.

case study

OveRview
Finding cytopenias in the peripheral blood often suggests the presence 
of a serious medical condition. Although there are a variety of causes, 
bone marrow hypoproliferation is one of the most serious. This chap-
ter discusses the acquired and inherited anemias that are associated 
with bone marrow hypoproliferation. The first section describes the 
classification of hypoproliferative anemias followed by discussions of 
aplastic anemia and pure red cell aplasia. These anemias are contrasted 
to other causes of cytopenias.

intROductiOn
The hypoproliferative anemias are a heterogeneous group of 
acquired and inherited disorders in which there is a normocytic or 
macrocytic, normochromic anemia associated with chronic bone 

Key Terms
Aplasia
Aplastic anemia
Diamond-Blackfan anemia 

(DBA)

Dyshematopoiesis
fanconi anemia (fa)
Hypocellularity
Hypoplasia

Hypoproliferative
Idiopathic
myelophthisis

Pancytopenia
Pure red cell aplasia

• outline the classification of anemias. (Chapter 11)
• explain the process of hematopoiesis. (Chapter 4)

Level ii
• explain the concepts of stem cell renewal and differentiation. 

(Chapter 4)
• Describe the normal bone marrow structure and cellularity and 

the process of bone marrow examination. (Chapters 3, 38)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

Level i
• Describe basic laboratory procedures used to screen for and 

assess anemia. (Chapters 10, 11)
• identify abnormal values and results for basic hematologic 

laboratory procedures. (Chapter 10)
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interferon@g (IFN@g) and tumor necrosis factor (TNF), substances 
known to inhibit hematopoiesis.4 One mechanism of inhibition is 
induction of apoptosis, resulting in cell death. Both IFN@g and TNF 
induce overexpression of Fas (a cell membrane receptor) by HSCs and 
HPCs. When the Fas receptor is activated by binding with its ligand, 
apoptosis is initiated (Chapter 2). It is estimated that the number of 
HSCs in severe acquired AA is decreased to 61% of normal. In tis-
sue culture, the addition of lymphocytes taken from patients with AA 
decreases hematopoietic cell production, and their removal improves 
the production of hematopoietic cells, thereby supporting the immu-
nosuppression theory.7

Flow cytometric analysis of lymphocyte subpopulations in 
acquired aplastic anemia has revealed a marked increase in activated 
CD8+ lymphocytes. The cause of activation of T lymphocytes in AA 
remains unclear, although it may be associated with viral infections or 
medical drugs in small numbers of cases. There is also evidence sup-
porting a genetic basis of aberrant cytotoxic T lymphocyte activation. 
An increased incidence of AA is associated with the presence of the 
class II histocompatibility antigen DR2, which is also linked to other 
autoimmune disorders. Aplastic anemia patients positive for this anti-
gen respond well to immunosuppressive therapy.8

The success of hematopoietic stem cell transplants (SCT) in many 
patients with AA indicates that the pancytopenia can be corrected by 
repopulation of the marrow with normal HSCs and immune cells. The 
aberrant clone of T lymphocytes is eliminated through the pretrans-
plant conditioning regimen and subsequently replaced with normal 
cells, thus lending further support to the immune basis of aplastic 
anemia.4

Defective telomere maintenance in HSCs and HPCs has been 
observed in some patients with AA and may contribute to its patho-
physiology. Telomeres are the ends of chromosomes consisting of 500–
2000 tandem repeats of the hexanucleotide TTAGGG. The telomere 
ends of chromosomes shorten with each cell division  (Chapter 2). 
Maintenance of telomere length occurs through the action of the 
enzyme telomerase. Mutations in telomerase-related genes, including 
telomerase reverse transcriptase (TERT), telomerase RNA template 
(TERC), and shelterin (TINF) result in shortened telomeres, reduced 
proliferation of hematopoietic precursors, and increased apoptosis. 
Furthermore, shortened telomeres may predispose to malignant trans-
formation, which is observed in some patients with AA. Additional 
environmental or genetic factors can also contribute to telomere 
shortening. Shortened telomeres and the mutations associated with 
them have been observed in patients with both acquired and inherited 
forms of aplastic anemia.9

Classification and Etiology
Aplastic anemia can be classified as either acquired or inherited 
(Table 16-2 ★). Historically, much attention has focused on an asso-
ciation between acquired AA and environmental exposures. Drugs, 
chemicals, radiation, infectious agents, and other factors have been 
linked to the development of acquired AA, which can be temporary 
or persistent. In most cases, no environmental link can be identified, 
and the cause is said to be idiopathic. The immune pathophysiologic 
model (discussed in the previous section) provides a unifying basis 
for understanding the disorder regardless of the presence or absence 
of environmental factors. Although acquired AA is more common 

Epidemiology
The anemias described in this chapter are rare, occurring at a fre-
quency of two cases per million. The actual prevalence of aplastic ane-
mia may be somewhat higher due to underdiagnosis and imprecision 
in applying diagnostic standards.1 A geographic variation in incidence 
occurs with 2–3 times more cases in Asia than in western countries. It 
is believed that this variation is related to environmental and occupa-
tional factors.2 Individual susceptibility could also play a role. Aplastic 
anemia is most commonly seen in 15–25-year-olds with two smaller 
affected groups consisting of 2–5 year olds and adults older than 60. 
The occurrence of AA in young children is mostly due to inherited 
forms, whereas the occurrence in adults is most frequently due to 
acquired forms, although there are exceptions.1,3

Pathophysiology
Recent attention has been focused on immunologic suppression of 
hematopoiesis as a cause of acquired aplastic anemia.4 Response of 
marrow failure to immunosuppressive therapy has led to the char-
acterization of most cases of acquired AA as an immune-mediated 
disease.5 The immune mechanism responsible is thought to involve 
the suppression of HSC growth and differentiation by abnormal cyto-
toxic T lymphocytes. This is supported by finding that treatment of 
the majority of AA patients with immunosuppressive drugs, includ-
ing antithymocyte globulin (ATG) and cyclosporine results in clinical 
improvement.6

Immunosuppressive therapy presumably eliminates an abnor-
mal population of activated cytotoxic T lymphocytes that produces 

Bone marrow cellularity 625%, plus two of the following:

Granulocyte count 60.5 * 109/L

Platelet count 620 * 109/L

Anemia with corrected reticulocyte count 61%  
(absolute concentration 640 * 109/L)

★ tabLe 16-1 Diagnostic Criteria for Aplastic Anemia

An anemic patient has a (corrected) reticulocyte count 
of 1.5%, hemoglobin of 100 g/L, hematocrit of 0.30 L/L, 
total neutrophil count of 0.4 * 109/L, and a platelet count 
of 30 * 109/L. Is it likely that this patient has aplastic 
anemia?

CheCkpoint 16-1

1. Select laboratory tests appropriate for screening for 
aplastic anemia.

2. Justify the selection of laboratory screening tests 
based on Rachael’s clinical signs and symptoms.

case study (continued from page 303)
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United States, indicated that an elevated risk of developing AA was 
associated with exposure to only a small number of substances, includ-
ing sulfonamides, thiazide diuretics, and mebendazole. In the Thai 
study, an increased risk was not found for chloramphenicol, a drug 
frequently implicated in case reports of AA.10 Other drugs that have 
been implicated include gold, anticonvulsants, nonsteroidal analgesics, 
antiprotozoals, and antithyroid medications.1 Most individuals taking 
such medications, however, do not develop AA. One possible explana-
tion is that persons with diminished P-glycoprotein, an efflux pump 
that is the product of the multi-drug resistance gene MDR-1, may have 
excessive accumulation of drugs that can increase susceptibility to HSC 
damage.11 In cases associated with drug exposure, the pathophysiology 
is thought to involve an abnormal immune response to the HSC.

The widespread use of toxic chemical agents in industry and 
agriculture is probably responsible for some cases of bone marrow 
aplasia. Benzene derivatives are well established as a cause of bone 
marrow suppression. Although most cases develop within a few weeks 
after exposure, some occur after months or years of chronic exposure. 
Although stem cells can be damaged, the main toxic effect of benzene 
is usually expressed on transient stages of committed proliferating 
precursor cells. Elevated risk of AA was documented in the Thai study 
for persons exposed to benzene and other solvents as well as agricul-
tural pesticides such as organophosphates and DDT and for persons 
who drink nonbottled water in rural regions.10

Most of the cytotoxic drugs used in chemotherapy of malignant 
diseases kill rapidly proliferating cells. However, the drugs do not distin-
guish between malignant and normal cells. Therefore, all proliferating cells 
are damaged, including normal cells of the hematopoietic compartment. 
Although quiescent (G0) stem cells are spared from immediate drug 
exposure, repeated doses of the drug over a long period of time can even-
tually deplete the remaining HSCs as they enter the proliferating pool. In 
most cases, timely withdrawal of the drug leads to hematopoietic recovery.

in adults, it is also an infrequent cause of aplasia in children. Both 
idiopathic and other acquired forms of AA are discussed in the next 
sections.

Inherited forms of AA result in chronic failure of the bone mar-
row, which may or may not be present at birth. A congenital condition 
is one that is manifest early in life, often at birth, but that is not neces-
sarily inherited; it can be caused by acquired factors (e.g., maternal 
exposure to an environmental toxin while pregnant). Inherited AA 
is quite rare and is often associated with other congenital anomalies.

aplastic anemia Pure Red cell aplasia Other Hypoproliferative anemias

acquired Transitory infections Anemia of chronic renal disease

Idiopathic

Drugs: chloramphenicol, phenylbutazone, gold compounds, 
sulfa drugs, antihistamines, antithyroid, tetracyclines, penicillin, 
methylphenylethylhydantoin

Acquired pure red cell aplasia

Acute: infections, transient erythrobla-
stopenia of childhood (TEC), drugs

Chronic: thymoma, autoimmune disorders

Anemia associated with endocrine 
abnormalities

Chemical agents: benzene, insecticides, hair dye, carbon tetra-
chloride, chemotherapeutics (vincristine, busulfan, etc.), arsenic

Ionizing radiation

Biological agents: parovirus, infectious mononucleosis, infec-
tious hepatitis, measles, influenza, errors of amino acid metabo-
lism, starvation

Pregnancy

Paroxysmal nocturnal hemoglobinuria

inherited inherited
fanconi anemia Diamond-Blackfan anemia

familial aplastic anemia

Dyskeratosis congenital

Congenital amegakarocytic thrombocytopenia

Shwachman-Diamond syndrome

★ tabLe 16-2 Classification of Hypoproliferative Anemias

3. Evaluate the relationship between Rachael’s age and 
the likelihood that she has aplastic anemia.

4. If aplastic anemia is present, would you expect her to 
have an idiopathic or secondary form? Explain your 
answer.

case study (continued from page 304)

acquired Forms of aplastic anemia
idiopathic
The majority of cases of aplastic anemia cannot be linked to an envi-
ronmental factor and are referred to as idiopathic. It is possible that 
previous exposure to an unrecognized agent or event could be respon-
sible for stimulating the immune system.

drugs and chemical agents
Recent research has shown that exposure to drugs or chemical agents 
is rarely associated with aplastic anemia, although historically these 
associations were given prominent attention. A study conducted in 
Thailand, where the incidence of AA is 2–3 times higher than in the 
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PNH is an acquired stem cell disease in which a blood cell mem-
brane abnormality increases the cells’ susceptibility to in vivo comple-
ment-mediated hemolysis. PNH is caused by mutations in the PIGA 
gene resulting in the absence of a glycolipid that serves to attach and 
anchor proteins to the cell membrane. Although considerable varia-
tion in clinical manifestations occurs, the typical picture in severe 
cases is pancytopenia and marrow hypoplasia. Between 40–50% of 
patients with an initial diagnosis of AA develop an abnormal eryth-
rocyte population similar to that seen in PNH, but they do not usually 
develop the full clinical manifestations of PNH (intravascular hemoly-
sis and venous thrombosis).14 PNH is a prominent, late complication 
in many AA patients who have received immunosuppressive ATG 
therapy.15 PNH is discussed in detail in Chapter 20.

ionizing Radiation
Aplastic anemia has been encountered in persons exposed to ionizing 
radiation in industrial accidents, military nuclear tests, and therapeutic 
regimens for malignancy. Ionizing radiation is directly toxic to HSCs 
and HPCs, and the effects are dose dependent. Small doses affect all 
cells but are especially destructive to rapidly proliferating cells. The 
bone marrow can recover from sublethal doses of irradiation because 
quiescent stem cells are induced to begin proliferating after exposure-
induced depletion of more differentiated progeny. Therapy in these 
cases is mostly supportive and needed only until hematopoietic func-
tion is restored. With high doses (74000 rads), bone marrow aplasia 
and peripheral blood pancytopenia are usually permanent.

infectious agents
Viral and bacterial infections can be followed by a transient cytopenia. 
The aplasia can be limited to the erythroid elements or can include all 
three cell lineages. Aplasia has been described in patients after recov-
ery from infectious mononucleosis, tuberculosis, and hepatitis but is 
typically transient. Hepatitis-associated AA occurs most frequently in 
males and does not appear to be caused by any of the known hepatitis 
viruses. It is often fatal if untreated.12 An aplastic crisis in patients with 
hereditary hemolytic anemias is commonly associated with human 
parvovirus infection. This aplasia, however, is limited to the erythroid 
lineage.

In Epstein-Barr viral infections as well as other viral infections, 
the virus can infect the HSC, triggering an immune response. Cyto-
toxic lymphocytes then destroy the virus-infected stem cell. Other 
mechanisms of stem cell damage in viral infections have been postu-
lated, including direct cytotoxicity of the virus and inhibition of cel-
lular proliferation and differentiation.4

metabolic
The rare inborn errors of amino acid metabolism, which result in 
accumulation of ketones and glycine, have been associated with aplas-
tic anemia.

Starvation or protein deficiency results in hypoproliferative ane-
mia after about 3 months of deprivation. Starvation that is not self-
induced usually occurs in areas where other endemic pathologies are 
also present, such as parasitic infection and blood loss. Thus, the causes 
of this anemia can be multifactorial.

Decreased hormonal stimulation of hematopoietic precursor 
cells is important primarily as a factor in erythroid hypoplasia. Renal 
disease and endocrine diseases are examples of hypoproliferation 
caused by a decrease in erythropoietin.

A life-threatening pancytopenia rarely can occur during preg-
nancy. The condition usually remits after delivery or abortion. It has 
been suggested that the aplasia may be related to estrogen inhibition 
of stem cell proliferation.13

association with clonal disorders
Even prior to the widespread use of immunosuppressive therapy 
for AA, patients occasionally developed clonal disorders, including 
paroxysmal nocturnal hemoglobinuria (PNH) and myelodysplastic 
syndromes (MDS). Thus, the development of these disorders in AA 
patients is not necessarily related to the treatment regimens currently 
used. As many as 15% of patients treated with immunosuppressive 
therapy for aplastic anemia may develop MDS.1

for the past 3 months, rachael’s family physician 
has been following her recovery from viral hepatitis. 
Her recovery was uneventful; her liver enzyme lev-
els returned to normal within 2 months. She has no 
other past medical history. There is no family history 
of hematologic disorders.

5. What aspect of this patient’s history could be associ-
ated with the occurrence of aplastic anemia?

case study (continued from page 305)

inherited aplastic anemia
A number of disorders have a congenital predisposition for develop-
ing AA, as described below.

Fanconi anemia
Fanconi anemia (FA) is an autosomal recessive (or rarely X-linked 
recessive) disorder resulting from a variety of molecular defects and is 
characterized by childhood-onset aplastic anemia, abnormal chromo-
somal fragility, and an increased predisposition to developing leuke-
mia and cancer. FA has a prevalence of about 1–5 per million persons 
in North America with a frequency of the heterozygous carrier state 
of ∼1 in 300.16 Patients can have a complex assortment of congenital 
anomalies in addition to progressive bone marrow hypoplasia. The 
congenital defects include dysplasia of bones, renal abnormalities, and 
other organ malformations as well as mental retardation, dwarfism, 
microcephaly, hypogonadism, and skin hyperpigmentation. Some 
patients lack congenital defects and may not be diagnosed until AA 
develops, which occasionally may not occur until adulthood.17

Aplastic anemia eventually develops in ∼90% of FA patients. The 
hematological manifestations are generally slowly progressive from 
birth and need to be monitored closely. Clinical signs of pancytopenia 
usually appear between the ages of 5 and 10 years with the median 
age at diagnosis of 6.5 years.3 Anemia is usually macrocytic (although 
it can be normocytic) with macrocytosis often preceding anemia. 
Erythrocytes often show increased levels of Hemoglobin F and the i 
antigen (reflecting hematologic stress and the development of eryth-
rocytes from earlier erythroid progenitor cells). Leukopenia primarily 
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Patients with Shwachman-Diamond Syndrome (SDS) can present 
with some of the same congenital anomalies, including AA as is seen in 
FA patients. However, they also have exocrine pancreatic dysfunction 
and malabsorption syndrome and do not display increased chromo-
somal fragility and defective DNA repair processes. This disorder is due 
to mutations of the SBDS gene, although the exact pathogenesis of the 
disorder is still unknown. Diagnosis is confirmed by genetic testing.3

involves the granulocytes. Thrombocytopenia often precedes anemia 
and leukopenia. Androgen therapy can reverse the pancytopenia for 
several years in about 50% of FA patients. G-CSF therapy can help 
increase neutrophil counts.

HSCT offers the only possible curative treatment for bone mar-
row failure in FA patients. In patients with HLA-matched sibling 
donors, 5-year survival is close to 75%. Stem cells from HLA-matched 
unrelated donors have also been used. Because FA patients are acutely 
sensitive to chemotherapeutic agents and radiation, pretransplant 
conditioning protocols must be altered to reduce toxicity that could 
increase the risk of developing a clonal disorder. Although HSCT can 
cure the marrow failure in FA patients, the increased risk of nonhe-
matologic malignancies remains.

The risk for developing cancer in FA is high and increases with 
age. Acute nonlymphocytic leukemia and solid tumors are common 
complications. Leukemia is difficult to treat, and survival is poor. With 
improved treatment options, the median survival for FA patients is 
now 29 years of age.3

Karyotyping of FA cells shows increased spontaneous chromo-
somal breakage, gaps, rearrangements, exchanges, and duplications. 
Diagnosis of FA involves exposing blood lymphocytes or skin fibro-
blasts to DNA crosslinking agents such as mitomycin C, diepoxybu-
tane (DEB), or cisplatin, which amplify chromosomal breakage.1,3 
Molecular techniques can be used to identify specific mutations. Test-
ing for FA is performed when warranted based on clinical findings 
and/or abnormal blood counts, usually in infants and children.

The molecular defects in FA are heterogeneous. To date, muta-
tions in 13 genes that are associated with the FA phenotype have been 
identified. Several of the FA-identified proteins function in a com-
mon cellular DNA repair mechanism, which is activated in response 
to DNA damage. Defective FA proteins are thus responsible for the 
genetic instability associated with DNA damage, resulting in increased 
apoptosis of hematopoietic stem cells and AA.1,3 In addition to genetic 
defects leading to defective DNA repair and DNA instability, TNFa 
is elevated in most patients. The telomeres of the HSC and HPC are 
shortened, suggesting an abnormally high proliferative rate, probably 
induced by the marrow’s attempt to replace damaged HSCs/HPCs and 
ultimately lead to HSC/HPC premature senescence.9

Other causes of inherited aplastic anemia
Several other rare disorders have a predisposition to developing AA. 
Dyskeratosis congenita (DC) is an inherited bone marrow failure syn-
drome, resulting in AA in ∼50% of cases. The physical abnormalities 
and mutations in patients with DC differ from those seen in patients 
with FA. Most DC patients have dystrophic nails and leukoplakia of 
the oral mucosa, conditions not seen in FA. Mutations in several genes 
are associated with DC. Markedly reduced telomerase activity, telo-
mere shortening, early HSC/HPC senescence, and a reduced stem cell 
compartment are characteristic. There are multiple subtypes of DC 
with varying clinical features.3

Congenital amegakaryocytic thrombocytopenia (CAT) presents in 
the neonatal period with isolated thrombocytopenia due to reduced 
or absent marrow megakaryocytes. Aplastic anemia subsequently 
develops in ∼45% of patients, usually in the first years of life. The 
defect is a mutation in the MPL gene, which codes for the thrombo-
poietin (TPO) receptor.3 TPO is required for maintenance of HSC 
viability (Chapter 4).

6. Is it likely that Rachael has an inherited form of aplastic 
anemia? Explain your answer.

case study (continued from page 306)

Clinical Findings
The onset of symptoms in AA is usually insidious and related to 
the cytopenias. Common initial signs are bleeding accompanied by 
petechial and mucosal hemorrhages and infection. Pallor, fatigue, 
and cardiopulmonary complications can be present as the anemia 
progresses.

Hepatosplenomegaly and lymphadenopathy are absent. Spleno-
megaly has occasionally been noted in later stages of the disease, but 
if found in the early stages, the diagnosis of aplastic anemia should be 
questioned.

Laboratory Findings
Laboratory studies of peripheral blood and bone marrow are essential 
if a diagnosis of aplastic anemia is suspected.

Peripheral blood
Pancytopenia is typical. Although the degree of severity can vary, the 
diagnosis of AA should be questioned unless the leukocyte count, 
erythrocyte count, and platelet count are all below the reference inter-
vals. Hemoglobin is usually 670 g/L. Erythrocytes appear normocytic 
and normochromic, or they can be slightly macrocytic. The presence 
of nucleated erythrocytes and teardrops is not typical of AA but sug-
gests marrow replacement (myelophthisic anemia). Myelodysplastic 
syndrome, rather than AA, is suggested by the presence of dysplastic 
neutrophils and other abnormal cells. The relative reticulocyte count 
(%) can be misleading due to the severe anemia. Therefore, the reticu-
locyte count should always be determined in absolute concentration 
and/or be corrected for anemia before interpretation. The absolute 
reticulocyte count is usually 625 * 109/L. The corrected reticulo-
cyte count is 61%. Most often, thrombocytopenia is present at the 
time of diagnosis. Neutropenia precedes leukopenia; initially, lympho-
cyte and monocyte counts are normal. Because of the neutropenia, 
the differential count reflects a relative lymphocytosis. When the leu-
kocyte count is below 1.5 * 109/L, an absolute lymphocytopenia is 
also present. The band to segmented neutrophil ratio is increased, and 
occasionally more immature forms are found. Neutrophil granules 
are frequently larger than normal and stain a dark red; these granules 
should be distinguished from toxic granules, which are bluish black. 
Flow cytometry of the peripheral blood can be ordered to detect 
CD59+  cells when PNH is suspected18 (Chapter 20).
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Other Laboratory Findings
Other abnormal findings are not specific for aplastic anemia but are 
frequently found associated with the disease. Hemoglobin F can be 
increased, especially in children. Erythropoietin is often increased, 
particularly when compared with the erythropoietin levels in patients 
with similar degrees of anemia. Serum iron is increased with 750% 
saturation of transferrin, reflecting erythroid hypoplasia. The clear-
ance rate of iron (Fe59) from the plasma is decreased because of the 
decrease in iron utilization by a hypoactive marrow. Patients who are 
younger than age 50 should be screened for FA using tests for chromo-
somal breakage.18 Results of these tests will be normal in other forms 
of inherited AA and in acquired/idiopathic forms of AA.

Prognosis and Therapy
Recent advances in treatment have tempered the previously grim prog-
nosis of patients diagnosed with aplastic anemia. HSCT and immu-
nosuppressive therapy (IST) have greatly improved survival. Presently, 

■  FiguRe 16-1 Bone marrow preparation from a patient 
with aplastic anemia shows marked hypocellularity (10%). 
The patches of cells remaining are primarily lymphocytes 
(Wright-Giemsa stain; 100*  magnification).

 7. Correlate Rachael’s clinical findings of weakness and 
shortness of breath as well as petechial hemorrhages 
and bruises with her laboratory screening results, 
which follow.

  Admission laboratory data for patient:

 8. Evaluate each of Rachael’s laboratory results by com-
paring them to reference intervals.

 9. Which of Rachael’s routine laboratory results are con-
sistent with those expected for aplastic anemia?

10. Classify the morphologic type of anemia.

11. Calculate the absolute lymphocyte count. Are 
Rachael’s lymphocytes truly elevated as suggested 
by the relative lymphocyte count?

12. Correct the reticulocyte count. Why is this step 
important?

13. Calculate the absolute reticulocyte count.

case study (continued from page 307)

RBC 2.42 * 1012/L
Hb 71 g/L
Hct 0.24 L/L
PLT 8.0 * 109/L
WBC 1.2 * 109/L
Differential

Segmented neutrophils 2%
Lymphocytes 94%
monocytes 4%

Uncorrected reticulocyte count 0.7%

bone marrow
Examination of the bone marrow is necessary to differentiate aplastic 
anemia from other diseases accompanied by pancytopenia. In AA, the 
bone marrow is hypocellular with 770% fat (Figure 16-1 ■). Thus, it 
is often difficult to obtain an adequate sample. Bone marrow infiltra-
tion with granulomas or cancer cells can lead to fibrosis, also resulting 
in a hypocellular dry tap on aspiration. Both aspiration and biopsy are 
needed for a correct diagnosis.18 It is recommended that several dif-
ferent sites be aspirated because focal sampling of the marrow can be 
misleading. Some areas of acellular stroma and fat can be infiltrated 
with clusters of lymphocytes, plasma cells, and reticulum cells. Areas 
of residual hematopoietic tissue termed hot spots can be found pri-
marily early in the disease but can occasionally be found in severe 
refractory cases. Iron staining reveals many iron granules in macro-
phages, but granules are rarely seen in normoblasts. Flow cytometry 
should be performed; the percentage of CD34+  cells in the bone mar-
row in AA is typically 60.3%. Bone marrow karyotyping is useful for 
differentiating hypocellular forms of myelodysplastic syndromes from 
aplastic anemia.1

Rachael was referred to a hematologist who ordered 
a bone marrow examination. The aspirate obtained 
was inadequate for evaluation due to lack of marrow 
spicules. Only a single site was aspirated. Touch preps 
made from the biopsy showed a markedly hypocel-
lular marrow with very few hematopoietic cells. Cells 
present consisted of lymphocytes, plasma cells, and 
stromal cells. There were no malignant cells present.

14. Compare these results with those expected for a 
person with aplastic anemia.

15. Interpret the significance of the lack of malignant 
cells and hematopoietic blasts.

16. Suggest a way to improve the validity of bone marrow 
examination results for this patient.

case study
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Differentiation of Aplastic Anemia 
from other Causes of Pancytopenia
Pancytopenia can be associated with disorders other than AA, but these 
disorders differ in that the pancytopenia is not the result of a defect in 
stem cell proliferation. Rather, the bone marrow can be normocellular, 
hypercellular, or infiltrated with abnormal cellular elements.

myelophthisic anemia
Myelophthisis signifies marrow replacement or infiltration by fibrotic, 
granulomatous, or neoplastic cells (Chapter 21). The abnormal replace-
ment cells reduce normal hematopoiesis and disrupt the normal bone 
marrow architecture, allowing the release of immature cells into the 
peripheral blood. Anemia can be accompanied by normal, increased, 
or decreased leukocyte and platelet counts. The most characteristic find-
ings are a leukoerythroblastic reaction and a moderate to marked 
poikilocytosis. Dacryocytes are common, as are large bizarre plate-
lets. By contrast, nucleated erythrocytes and significant morphologic 
changes are almost never found in the peripheral blood in AA. Myelo-
phthisic anemia is associated with diffuse cancer of the prostate, breast, 
and stomach and is typical of myelofibrosis and lipid storage disorders.

myelodysplastic syndromes
Myelodysplastic syndromes (MDS) are a group of hematologi-
cal disorders that have a propensity to terminate in acute leukemia 
(Chapter 25). The principal peripheral blood findings are pancyto-
penia, bicytopenia, or isolated cytopenias with reticulocytopenia. A 
macrocytic anemia is common. The bone marrow, however, is usu-
ally normocellular or hypercellular with various degrees of qualitative 
abnormalities of one or more cell lineages (dyshematopoiesis). Signs 
of dyshematopoiesis are also reflected in morphologic abnormalities 
of one or more cell lineages in the peripheral blood. These qualitative 
abnormalities of peripheral blood cells are useful in differentiating 
cytopenias due to true hypoproliferation of stem cells (AA) from cyto-
penias due to ineffective erythropoiesis.

A subgroup of patients with MDS can have a hypocellular mar-
row. This condition is referred to as hypoplastic MDS (HMDS). In 
these cases, differentiation of MDS and AA can be complicated if 
there are few bone marrow cells from a biopsy or aspirate to exam-
ine. If granulocytic and megakaryocytic dysplasias are seen and/or if 
an abnormal karyotype consistent with MDS is present, HMDS can 
be diagnosed. However, if only erythroid dysplasia is present, the evi-
dence is insufficient to differentiate HMDS and AA because erythroid 
dysplasia can be found in some cases of AA.15

congenital dyserythropoietic anemia
Congenital dyserythropoietic anemia (CDA) is a very rare familial refrac-
tory anemia characterized by both abnormal and ineffective eryth-
ropoiesis. The bone marrow is normocellular or hypercellular, but the 
peripheral blood is pancytopenic. In contrast to the normal erythroid 
precursors found in aplastic anemia, erythrocyte precursors in the bone 
marrow of CDA patients exhibit multinuclearity, and myeloblasts and 
promyelocytes are increased. The anemia can be normocytic, but most 
often it is macrocytic. The three types of CDA are discussed in Chapter 15.

the 5-year survival rate is 79%.19 Choice of definitive therapy for severe 
acquired AA depends on the age of the patient and availability of a 
matched donor. HSCT is recommended for patients up to age 45 who 
have a matched sibling donor, although some recommendations extend 
the age limit to age 55. HSCT is also recommended for patients up to 
age 21 with a fully compatible HLA-matched unrelated donor. IST is 
recommended for patients without a matched related donor, the situa-
tion faced by the majority of patients with aplastic anemia.20

Before beginning HSCT or IST, putative causative drugs should 
be withdrawn or the patient removed from a hazardous environment. 
The immediate treatment is often supportive with the administration 
of erythrocytes, platelets, and antibiotics. Granulocyte transfusions 
can be given to severely neutropenic patients with life-threatening 
sepsis.18 To avoid alloimmunization, transfusion should be mini-
mized if HSCT is anticipated. Irradiated and/or leukocyte-reduced 
blood products can be ordered (Chapter 1). Hematopoietic growth 
factors such as G-CSF generally do not have a beneficial effect on 
patients with AA and may increase the risk of MDS.5

HSCT using cells collected from bone marrow has become a rela-
tively common procedure and is curative in many patients with aplastic 
anemia. Bone marrow is preferred over peripheral blood stem cells due 
to the increased risk of graft-vs-host disease with the latter. Antithymo-
cyte globulin (ATG) and cyclosporine are typically used as precondi-
tioning regimens to suppress the immune response of the recipient. 
Preconditioning is nonmyeloablative.20 The current 5-year survival 
rate is 77% for HLA-matched sibling donors. Survival rates are high-
est for children and for patients who have been minimally transfused.4 
Treatment complications and post-transplant mortality remain high, 
especially in older patients; therefore, the probability for long-term cure 
must be weighed against the inherent risks of complications, including 
graft-vs-host disease and early and late toxicities of the conditioning 
regimen. Although engraftment of HSCs is successful in many cases, 
some transplants, even when performed between identical twins, do 
not correct the AA. These unsuccessful transplants suggest that the 
donor HSC growth is suppressed by the same immune mechanism 
that induced the original aplasia (Chapter 29). An additional constraint 
to HSCT is that matched sibling donors are available for only 20–30% 
of patients with aplastic anemia. Combined, intensive immunosup-
pressive therapy (IST) using ATG in combination with cyclosporine 
has become standard treatment for those patients with acquired 
severe aplastic anemia who lack a suitable bone marrow donor. IST 
is effective in restoring hematopoiesis in 60–90% of patients who are 
over 45 or who lack an HLA-matched sibling donor.4,18 More favorable 
outcomes are observed in children. Relapse requiring additional IST 
occurs in 30–40% of patients. About 15% of patients treated with IST 
develop clonal disorders such as PNH, leukemia, and myelodysplastic 
syndromes.4

17. Appraise the prognosis for Rachael.

18. Predict a treatment regimen.

case study (continued from page 308)
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other cancers, autoimmune disorders, infection following admin-
istration of certain drugs, immunosuppressive therapy, and post-
transplantation.21 Transient erythroblastopenia of childhood (TEC) 
is an acquired, self-limiting form of erythroid hypoplasia found in 
children. Inherited forms of PRCA, including Diamond-Blackfan 
anemia, are discussed in the section “Diamond-Blackfan Anemia.” 
The underlying pathophysiology of PRCA is variable and depends on 
associated clinical conditions. Treatment of the underlying  condition 
can resolve the anemia, but unresponsive cases are considered to have 
an immune basis.22 Refer to Table 16-3 ★ for results of laboratory 
tests in PRCA.

Acquired Acute Pure Red Cell Aplasia
Viral (parvovirus, Epstein-Barr virus, and viral hepatitis) and/or 
 bacterial infections can be associated with a temporary suppression 
of erythropoiesis. B19 parvovirus infects erythroid progenitor cells, 
lyses the target cell, and blocks erythropoiesis. Infection, as well as 
the block to erythropoiesis, is terminated by the production of neu-
tralizing  antibodies to the virus. In individuals who have a normal 
erythrocyte life span and hemoglobin level, temporary erythroid 
 hypoproliferation is not noticed. However, if the erythrocyte life 
span is decreased due to an underlying condition, the complica-
tion of  sudden erythroid  hypoproliferation (aplastic crisis) can be 
life  threatening. These  aplastic crises are most frequently noted in 
patients with hemolytic anemias including sickle cell anemia, par-
oxysmal  nocturnal  hemoglobinuria, and autoimmune hemolytic 
anemias.

The aplastic crisis cases brought to the attention of a physician 
probably represent only a minor fraction of the actual occurrence of 
temporary erythroid aplasia. The aplastic crises are often preceded 
by fever with upper respiratory and intestinal complaints. Several 
members of the same family are frequently affected with the illness. 
Patients with concurrent hemolytic anemia have a rapid onset of 
lethargy and pallor. Patients without hemolytic anemia may seek 
medical attention because of the primary illness, and anemia is only 
an incidental finding.

Hypersplenism
Hypersplenism due to a variety of causes can result in a decrease 
of one or more cellular elements of the blood as these elements 
become pooled and sequestered in the spleen. In this condition, the 
bone marrow is hyperplastic, corresponding to the peripheral blood 
 cytopenia. Anemia is accompanied by a reticulocytosis as opposed 
to the reticulocytopenia found in the true hypoproliferative anemias. 
Granulocytopenia can be accompanied by a shift to the left in these 
cells. Splenomegaly and other findings of the underlying disease are 
important in diagnosing this disorder. Splenectomy, although not 
always advisable, corrects the cytopenias.

Other
Deficiency of cobalamin or folic acid can be accompanied by 
 pancytopenia (Chapter 15). The bone marrow in these cases,  however, 
reveals normocellularity or hypercellularity with megaloblastic 
changes. In the peripheral blood, hypersegmented neutrophils and 
Howell-Jolly bodies are typical but are not found in pancytopenia of 
aplastic anemia.

19. What other hematologic conditions must be ruled 
out for Rachael?

20. What laboratory test is most beneficial in differen-
tiating aplastic anemia from these other disorders? 
Compare the expected results of AA with those of 
the other disorders.

case study (continued from page 309)

PuRe Red ceLL aPLasia
Pure red cell aplasia (PRCA) is a heterogeneous group of disorders 
characterized by a selective decrease in erythroid precursor cells in the 
marrow and by peripheral blood anemia. The anemia can be severe 
and is typically normocytic, normochromic. PRCA is thought to 
occur due to selective hypoproliferation of the committed  erythroid 
progenitor cell. The term aplastic anemia should be avoided in 
describing PRCA because there is no disturbance of granulopoiesis 
or thrombopoiesis. Reticulocytes can be present but are 61% when 
corrected for the degree of anemia. PRCA can be acquired (acute or 
chronic) or inherited and can affect any age group. Acquired PRCA 
can develop in patients with thymoma, hematopoietic neoplasms, 

test Findings

Erythrocyte count, 
hematocrit, and 
hemoglobin

Decreased

Reticulocyte count Severely decreased

Leukocyte count normal or possibly increased

Platelet count normal or possibly increased

Bilirubin Low or normal

Bone marrow Absence of erythroid cells if examined early in 
disease; if examined later in disease progression, 
increase in young erythroid cells, which can be 
mistaken for an erythroid maturation arrest. If the 
patient is followed, however, these cells show 
normal maturation and differentiation. There is 
normal myelopoiesis and granulopoiesis.

★ tabLe 16-3 Laboratory Findings in Pure Red 
Cell Aplasia

A pancytopenic patient has a presumptive diagnosis of 
aplastic anemia. While performing a smear review, you 
observe the presence of several types of poikilocytes, 
dysmorphic neutrophils, and large agranular platelets. Do 
these findings support the presumptive diagnosis? If not, 
which disorder(s) would be more likely for this patient?

CheCkpoint 16-2
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of cases have a mutation of the RPS19 gene (which encodes for a pro-
tein involved in ribosome assembly). Other genes mutated in patients 
with DBA have been identified and although the basic defect in most 
cases appears to be defective ribosome biogenesis, the exact functional 
defect in all mutations is not clear. A wide range of physical abnor-
malities can be observed in approximately 50% of DBA patients, and 
patients are predisposed to occurrences of cancer.21 Many cases have 
no familial pattern, suggesting spontaneous mutations or acquired 
disease.

The anemia in DBA is not due to a deficiency of erythro-
poietin (EPO) because EPO levels are consistently increased 
and  actually higher than expected for the degree of anemia. The 
EPO is active, and no antibodies directed against this cytokine 
are found, nor are there apparent mutations in either EPO or the 
EPO  receptor. The probable defect in DBA is an intrinsic defect of 
erythroid progenitor cells, resulting in their inability to respond 
normally to inducers of proliferation and differentiation. Hence, 
there is typically a deficit of erythroid precursors in the marrow 
of patients with DBA.21 Physical findings and symptoms are those 
associated with anemia or related to the congenital defects. Anemia 
is severe with erythroid hypoplasia in an otherwise normocellular 
bone marrow.

Diagnostic criteria for DBA are included in Table 16-4 ★.21 
 Testing for RPS19 mutations is helpful in only about 20–25% of cases. 
Testing for the chromosomal breakage associated with FA is negative. 
Vitamin B12 and folate levels are normal. Fetal-like erythrocytes are 
present; hemoglobin F is increased to 5–25%, and the i antigen is 
increased. The presence of fetal-like erythrocytes is not particularly 
useful in diagnosing DBA in children younger than 1 year of age 
because children in this age group normally possess erythrocytes with 
fetal characteristics. Serum iron and serum ferritin are increased, and 
transferrin is 100% saturated.

Therapy includes erythrocyte transfusions and administration of 
adrenal corticosteroids. Up to half of DBA patients develop prolonged 
remission, but most eventually require additional therapy. Transfusion 
dependence requires iron-chelation therapy (deferroximine). Most 
deaths are due to complications of therapy such as hemosiderosis.

DBA must be distinguished from transient  erythroblastopenia 
of childhood (TEC), a temporary suppression of erythropoiesis 
that frequently occurs after a viral infection in otherwise nor-
mal  children (Table 16-5 ★). The age of onset of TEC ranges 
from 1 month to 10 years with most cases occurring in children 
over the age of 2.  Progressive pallor in a previously healthy child 

If the anemia is severe, supportive therapy of packed  erythrocyte 
transfusions may be necessary until spontaneous recovery occurs. 
PRCA associated with viral hepatitis has a poor prognosis.

Acute erythroid hypoplasia also occurs with the administration 
of some drugs and chemicals. After removal of the inciting agent, 
 normal erythropoiesis usually resumes.

Transient erythroblastopenia of childhood (TEC) is a form of 
acquired acute pure red cell aplasia, but because of the importance 
of distinguishing this pediatric anemia from Diamond-Blackfan 
anemia (DBA), TEC will be discussed with DBA in the section 
“ Diamond-Blackfan Anemia.”

Chronic Acquired Pure Red Cell Aplasia
An acquired selective depression of erythroid precursors is a rare 
disorder encountered in middle-aged adults. This disease  usually 
occurs in association with thymoma, autoimmune hemolytic 
 anemia, systemic lupus erythematosus, rheumatoid arthritis, or 
hematologic neoplasms (MDS, large granular lymphocytic leu-
kemia, chronic lymphoid leukemia, Hodgkin disease). The high 
incidence of  autoimmune disorders associated with this disorder 
suggests that an immunologic mechanism could be responsible for 
the red cell aplasia. Cytotoxic antibodies to erythropoietin-sensitive 
cells in the marrow and to erythropoietin have been demonstrated 
in some cases. More commonly, the mechanism appears to be a 
T cell-mediated immunosuppression of erythropoiesis. In some 
cases, PRCA may be the initial presenting sign of the underlying 
disorder.21

Clinical findings are nonspecific. Pallor is usually the only 
 physical finding. Therapies include transfusion with packed 
 erythrocytes,  thymectomy if  the thymus is enlarged, and 
 immunosuppression.  Various drugs, including corticosteroids, 
 cyclosporine,  cytotoxic agents, ATG, and monoclonal  antibodies 
against B lymphocytes  (rituximab/anti-CD20, alemtuzumab/
anti-CD52), have been used to suppress the immune response. 
 Androgens or erythropoietin to stimulate erythrocyte produc-
tion is rarely used. In drug-induced red cell aplasia, withdrawal of 
the putative agent is indicated. Approximately 80% of patients with 
acquired PRCA have a spontaneous remission or remission induced 
by  immunosuppression. About half will relapse, but with additional 
 immunosuppression, 80% will enter a second remission. By retreating 
relapsing patients or  continuing maintenance immunosuppression, 
many can be maintained transfusion-free for years.22 HSCT is rarely 
indicated for acquired pure red cell aplasia.

Diamond-Blackfan Syndrome
Diamond-Blackfan anemia (DBA) is a rare congenital pro-
gressive erythrocyte aplasia that occurs in very young children. 
Anemia is present at birth in 25% of cases, and in 98% of cases, 
diagnosis is made within the first year of life.21 Unlike Fanconi 
anemia, there is no leukopenia or thrombocytopenia. The anemia 
is typically severe.

DBA is actually a diverse family of diseases with a common 
hematologic phenotype. Evidence exists for both autosomal domi-
nant and autosomal recessive modes of inheritance. About 20–25% 

macrocytic (or normocytic) normochromic anemia in first year of life

Reticulocytopenia

normocellular marrow with marked erythroid hypoplasia

Increased serum erythropoietin (EPO)

normal or slightly decreased leukocyte count

normal or increased platelet count

★ tabLe 16-4 Diagnostic Criteria for  
Diamond- Blackfan Anemia
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Feature diamond-blackfan tec

PRCA Present Present

fetal erythrocyte characteristics (i antigen, hbf 
increased)

Present Absent (if child is 71 year old)

Etiology Inherited Acquired following viral infection (mechanism unknown)

mCv Can be increased normal

Age at onset Birth to 1 year 71 year

Physical abnormalities Present in 50% Absent or unrelated to anemia

Therapy Corticosteroids, transfusions none, spontaneous recovery, or 1–2 transfusions

★ tabLe 16-5 Comparison of the Features of Diamond-Blackfan Anemia and Transient  
Erythroblastopenia of Childhood (TEC)

Decreased erythropoietin production

Presence of an inhibitor of erythropoiesis

Decreased erythrocyte survival

Blood loss

Iron deficiency

folate deficiency

★ tabLe 16-6 Possible Causes of Anemia in Chronic 
Renal Disease

present in the serum of uremic patients. In these cases, improve-
ment in hemoglobin levels is seen after dialysis.

3. In addition to hypoproliferation, decreased erythrocyte survival 
compounds the anemia. One factor responsible for the  shortened 
survival is related to an unknown  extracorpuscular cause, perhaps 
an unfavorable metabolic environment or  mechanical trauma. 
Another cause of hemolysis can be related to an acquired abnormal-
ity in erythrocyte metabolism that involves the pentose phosphate 
shunt. This abnormality causes impaired generation of NADPH 
and reduced glutathione.23 Thus, when exposed to oxidants, the 
erythrocytes develop Heinz bodies, inducing acute hemolysis. 
Hemolysis can also be related to a reversible defect in erythrocyte 
membrane sodium- potassium ATPase.

4. The anemia can be related to blood loss from the  gastrointestinal 
tract because of a decrease in platelets and/or platelet  dysfunction. 
Blood is also lost during priming for dialysis. Patients receiving dial-
ysis lose about 5–6 mg of iron daily. Thus, an anemia  complicated 
by iron deficiency is common (Chapter 12).

5. Patients on dialysis can become folate deficient because folate is 
dialyzable. Without folate supplements, the patient can develop a 
megaloblastic anemia (Chapter 15).

Laboratory Findings
A normocytic and normochromic anemia is typical in renal disease 
except when the patient is deficient in folate or iron; then a  macrocytic 
anemia or microcytic anemia prevails. Moderate anisocytosis with 
some degree of microcytosis can be present. Hemoglobin levels 

is the primary clinical finding. Fetal characteristics of erythro-
cytes (HbF, i antigen) seen in DBA are not found in TEC. The 
 pathophysiology of TEC is thought to be either a virus-associated, 
antibody-mediated, or a T cell-mediated suppression/inhibition 
of erythroid precursors. Although a preceding viral infection is 
associated with TEC, parvovirus B19 is not the  etiologic agent. It 
is important that the distinction be made between DBA and TEC 
because DBA requires treatment that is unnecessary and poten-
tially harmful to children with TEC. Patients with TEC recover 
within 2 months of diagnosis. Therapy, if needed, usually involves 
1– 2 red cell transfusions21

OtHeR HyPOPROLiFeRative anemias
Other hypoproliferative anemias due primarily to defective  hormonal 
stimulation of erythroid progenitor cells include the anemia  associated 
with chronic renal disease and the anemias associated with endocrine 
disorders. In most cases, these anemias can be traced to a decrease in 
erythropoietin production.

Renal Disease
Chronic renal disease is a common cause of anemia. The patient 
 usually seeks medical attention for symptoms related to renal 
 failure, and the anemia is discovered during the initial workup. The 
 hemoglobin begins to decrease when the blood urea nitrogen level 
increases to 730 mg/dL. Anemia develops slowly, and most patients 
tolerate the low hemoglobin levels well.

Pathophysiology
Due to the complexity of the clinical settings in uremia,  anemia 
is frequently the result of several different pathophysiologies 
(Table 16-6 ★):

1. The most important and consistent factor is bone marrow  erythroid 
hypoproliferation attributed to a decrease in erythropoietin (EPO) 
production by the diseased kidney.

2. In some cases, the EPO level is normal, but the bone marrow does 
not respond. The unresponsiveness can be caused by the presence 
of a low molecular weight dialyzable inhibitor of  erythropoiesis 
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hemoglobin is achieved, and in all cases, the patients remain 
transfusion-independent.

Endocrine Abnormalities
Disorders of the thyroid, adrenals, parathyroid, pituitary, or gonads 
can result in a mild to moderate anemia.24 Endocrine  deficiencies 
are sometimes associated with a decrease in EPO. The  resulting 
 anemia is usually normocytic, normochromic with normal eryth-
rocyte morphology. The bone marrow findings suggest erythroid 
 hypoproliferation. Treatment of the endocrine disorder can resolve 
the anemia.

A slowly developing normocytic, normochromic anemia is 
characteristic of hypothyroidism. Erythrocyte survival is normal, 
and reticulocytosis is absent. The anemia is most likely a physiologic 
response to a decrease in tissue demands for oxygen. With hormone 
replacement therapy, the anemia slowly remits.

Hypopituitarism is associated with an anemia more severe 
than that of hypothyroidism, and the leukocyte count can be 
decreased. However, anemia is a minor component of the other 
manifestations of hypopituitarism. The pituitary has an effect on 
multiple endocrine glands including the thyroid and adrenals. In 
males, a decrease in androgens (gonadal dysfunction) can be partly 
responsible for the anemia because they stimulate erythropoiesis. 
In addition, a decrease in growth hormone can have a trophic 
effect on the bone marrow. Mild anemia has also been associated 
with hyperparathyroidism.

are reduced to 50–80 g/L, and the reticulocyte production index is 
approximately 1. There is moderate to severe poikilocytosis with 
echinocytes and schistocytes. The number of echinocytes correlates 
roughly with the severity of azotemia. Spherocytes are associated with 
hypersplenism. Nucleated erythrocytes are noted in the peripheral 
blood. Leukocytes and platelets are usually normal. The bone  marrow 
reveals erythroid hypoproliferation, especially when compared with 
the degree of anemia.23

Other laboratory findings vary depending on the severity of 
renal impairment. Typically blood urea nitrogen is 730 mg/dL, 
serum  creatinine is increased, and electrolytes are abnormal. 
 Hemostatic abnormalities can be present. Serum ferritin levels are 
higher than normal in chronic renal failure even if iron deficiency 
is present. Therefore, it has been suggested that if the serum ferritin 
level is 640 ng/mL, iron deficiency should be considered. Increased 
 iron-binding capacity can be a useful predictor of iron deficiency in 
these cases.

therapy
Therapy for chronic renal disease includes hemodialysis, con-
tinuous ambulatory peritoneal dialysis, and renal transplantation. 
All treatments tend to ameliorate the anemia, but hemodialysis 
exposes the patient to additional causes of anemia including 
blood loss, iron and folate deficiency, and hemolysis. Thus, iron 
and folic acid  supplements are frequently given in conjunc-
tion with hemodialysis. Intermittent doses of EPO three times a 
week cause improvement in 1–2 weeks. In some cases, a normal 

Summary
The hypoproliferative anemias include a group of acquired 
and inherited disorders in which a chronic marrow failure of 
 erythropoiesis occurs. If only the erythrocytes are affected, 
the term pure red cell aplasia is appropriate. more commonly, 
 hypocellularity involves all cell lineages, and the diagnosis is 
aplastic anemia.

Immune suppression has been shown to frequently under-
lie the  hypocellularity in acquired aplastic anemia. Acquired 
AA can be idiopathic or secondary to drugs, chemical agents, 
 ionizing  radiation, or infectious agents. Inherited AA can be 
associated with other congenital anomalies. fanconi anemia 
is a form of inherited aplastic anemia with progressive bone 
 marrow  hypoplasia and other congenital defects. The  disorder 
is  characterized by chromosomal instability and fragility, 
 secondary to defective Dna repair mechanisms.

The laboratory findings in AA reveal pancytopenia. The 
erythrocytes are usually normocytic and normochromic but 
can be macrocytic. The reticulocyte count is low, and the 
corrected reticulocyte count is 61%. The bone marrow is 
625% cellular.

Pure red cell aplasia is characterized by a selective decrease 
in erythroid cells. This disorder can be acquired or inherited. 
The acquired forms are seen in thymoma, with administration of 
 certain drugs, autoimmune disorders, and infection,  especially 
viral infections. DBA is an inherited progressive erythrocyte 
aplasia occurring in young children. This inherited form of 
 aplasia must be differentiated from TEC, a temporary aplasia 
occurring after viral infection in otherwise healthy children.

Other hypoproliferative anemias are due primarily to 
 defective hormonal stimulation of erythroid stem cells. 
These include anemia associated with renal disease and with 
 endocrinopathies. The laboratory findings reflect not only 
 anemia but also pathologies of the primary disorder.

Immunosuppressive therapy using antithymocyte globulin, 
cyclosporine, or monoclonal antibodies against B-cell antigens 
is the treatment of choice for the majority of older patients 
who are not candidates for hematopoietic stem cell transplants 
(HSCT). HSCT is potentially curative but not without risks. 
 Transplantation still remains unavailable for many patients due 
to the inability to find matched donors.
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Review Questions
Level i

 1. Which statement best explains current theory on the 
 etiology of aplastic anemia? (Objective 3)

 A. An immune mechanism, possibly involving abnormal 
T lymphocytes, leads to suppression of hematopoietic 
stem cells.

 B. A deficiency of cytokines, such as erythropoietin, 
results in hematopoietic stem cells which are inca-
pable of mitosis.

 C. Hematopoietic stem cells are crowded out by 
 neoplastic cells invading the bone marrow.

 D. The bone marrow microenvironment is damaged 
and rendered nonsupportive of the growth of 
 hematopoietic stem cells.

 2. A 60-year-old patient with a history of severe anemia was 
found to have a marked decrease in erythrocyte  precursors 
in the bone marrow with no dysplasia. Leukocyte and 
platelet precursors were normal. Her hemoglobin was 
74 g/L, reticulocyte count was decreased, and red cell 
indices were normal. Erythrocyte morphology was normal. 
These test results and patient presentation are consistent 
with which disorder? (Objectives 8, 9)

 A. aplastic anemia

 B. iron-deficiency anemia

 C. sickle cell disease

 D. pure red cell aplasia

 3. A 6-year-old child has CBC and bone marrow results 
 consistent with a diagnosis of aplastic anemia. Chromo-
some fragility was present, and genetic mutations were 
demonstrated by molecular analysis. Which disorder is 
most consistent with this scenario? (Objectives 5, 6)

 A. Congenital dyserythropoietic anemia

 B. Diamond-Blackfan anemia

 C. fanconi anemia

 D. Acquired aplastic anemia

 4. Which laboratory test result is inconsistent with a diagnosis 
of aplastic anemia? (Objective 9)

 A. bone marrow cellularity = 50%

 B. granulocyte count = 0.2 * 109/L

 C. platelet count = 15 * 109/L

 D. reticulocyte count = 0.3%

 5. Which statement best describes current research on 
potential exposure to environmental agents and the 
 development of aplastic anemia? (Objective 7)

 A. There is no documented association between any 
environmental factors and development of aplastic 
anemia.

 B. The majority of aplastic anemia cases are not linked 
to environmental exposures, but links to benzene and 
radiation exposure and some medications have been 
reported.

 C. Environmental factors associated with development of 
most cases of aplastic anemia include a wide array of 
infectious and chemical agents, drugs, and radiation.

 D. Only the antibiotic chloramphenicol and radiation 
exposure are tied to aplastic anemia.

 6. What is the typical morphologic classification of erythro-
cytes in aplastic anemia? (Objective 9)

 A. hypochromic, microcytic

 B. normochromic, normocytic

 C. normochromic, microcytic

 D. hypochromic, macrocytic

 7. The bone marrow in aplastic anemia is typically: (Objective 8)

 A. hypocellular

 B. hypercellular

 C. dysplastic

 D. normal

 8. Which of the following is (are) considered a cause of 
 hypoproliferation in aplastic anemia? (Objective 3)

 1. damage to stem cells
 2. depletion of stem cells
 3. inhibition of stem cells

 A. 1 only

 B. 1 and 2 only

 C. 2 and 3 only

 D. 1, 2, and 3

 9. What term best describes the peripheral blood findings of 
a person with aplastic anemia? (Objective 9)

 A. pancytopenia

 B. bicytopenia

 C. granulocytopenia only

 D. anemia only
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 4. Mr. Garcia is a 68-year-old man who is being evaluated 
for kidney disease. His blood urea nitrogen (BUN) is 
15 mmol/L (reference interval = 2.197.1 mmol/L). His 
 hemoglobin concentration was found to be 109 g/L. 
Which  statement is the best possible explanation for his 
 hemoglobin  concentration? (Objectives 5,7,8)

 A. He most likely has experienced severe blood loss 
(hemorrhage) as result of kidney disease.

 B. His kidney disease is causing decreases in erythro-
poietin, red cell survival, iron, and folate, resulting in 
anemia.

 C. mr. Garcia’s hemoglobin concentration is normal for a 
male his age and is unrelated to kidney disease.

 D. nothing in the clinical or laboratory data presented 
explains the hemoglobin and additional testing is 
required.

 5. What are drawbacks to treatment of aplastic anemia with 
hematopoietic stem cell transplants? (Objective 3)

 A. This is considered merely supportive therapy and must 
be continuously administered.

 B. not all patients will respond to this therapy, which is 
most successful with older patients.

 C. Treatment complications and post-transplant mortality 
are high.

 D. This treatment is recommended only for very young 
children and is not useful for adults.

 6. What confirmatory test should be performed in suspected 
cases of AA? (Objective 4)

 A. serum iron and TIBC

 B. hemoglobin electrophoresis

 C. bone marrow examination

 D. direct antiglobulin test

 7. A 3-year-old patient presents with severe normocytic, 
 normochromic anemia. Platelet counts and leukocyte 
counts are normal. The mother reported that the child has 
been healthy since birth but recently had a cold. Which 
of the following laboratory test results would support a 
diagosis of TEC? (Objectives 1, 5, 6)

 A. decreased numbers of erythrocyte precursors on bone 
marrow examination

 B. normal hemoglobin f level on hemoglobin 
electrophoresis

 C. abnormal karyotype

 D. i antigen on the patient’s erythrocytes

 10. Diagnostic criteria for aplastic anemia include: (Objective 2)

 A. corrected reticulocyte count of 71%

 B. platelet count 6100 * 109/L

 C. granulocyte count 60.5 * 109/L

 D. bone marrow 650% cellular

Level ii

 1. What next line of testing would you recommend be 
ordered when a previously healthy adult presents with 
pancytopenia on a routine automated CBC? (Objective 8)

 A. molecular assays for fa mutations

 B. chromosome breakage assay

 C. review of RBC morphology on the peripheral blood 
smear

 D. bone marrow examination

 2. Immunosuppressive therapy (IST) can be used when 
patient has a diagnosis of aplastic anemia. What is the rela-
tionship between this treatment and a prevalent theory on 
pathophysiology of the disorder? (Objectives 1, 3)

 A. Current theory holds that the cause of AA is due to 
hematopoietic stem cells suppression by abnormal 
cytotoxic T lymphocytes, which are sensitive to IST.

 B. Current theory is that AA is due to neoplastic changes 
in hematopoietic stem cells, which must be eliminated 
by IST.

 C. Because current theory emphasizes the role of 
 environmental factors such as toxin and drug 
 exposure, IST enhances immune function and helps 
the individual with AA mount an immune response.

 D. There is no evidence of a relationship between the 
cause of AA and IST; we know only empirically that it 
is effective.

 3. A 70-year-old patient with a recent history of severe 
 anemia, thrombocytopenia, and neutropenia was referred 
to a hematologist. Further testing revealed a marked 
decrease in all hematopoietic precursors in the bone 
 marrow with no dysplasia. Pancytopenia and severely low 
hemoglobin was observed in the peripheral blood. Red cell 
indices and erythrocyte morphology was normal. These 
test results and patient presentation are consistent with 
which disorder? (Objective 8)

 A. aplastic anemia

 B. iron-deficiency anemia

 C. anemia of chronic disease

 D. pure red cell aplasia
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 10. What is the standard treatment for patients with acquired 
aplastic anemia? (Objective 3)

 A. immunosuppressive therapy

 B. bone marrow transplant

 C. administration of growth factors

 D. none; treatment typically not needed

 8. A bone marrow from an anemic patient that demonstrates 
a marked erythroid hypoplasia but normal numbers of 
other cell lineages is most consistent with a diagnosis of: 
(Objective 5)

 A. fanconi anemia

 B. aplastic anemia

 C. pure red cell aplasia

 D. myelophthisic anemia

 9. A male patient with previously diagnosed infectious mono-
nucleosis infection has become suddenly anemic. A pos-
sible cause of the anemia is: (Objective 1)

 A. iron deficiency

 B. folic acid deficiency

 C. anemia of chronic disease

 D. aplastic anemia

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

the reader is encouraged to access and use the companion resources created for this chapter. find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. List the hereditary membrane disorders involved with erythrocyte 

skeletal protein abnormalities.
 2. List the hereditary erythrocyte membrane disorders involved with 

abnormal membrane permeability.
 3. Describe the pathophysiology and recognize laboratory features 

associated with hereditary spherocytosis, hereditary elliptocytosis, 
hereditary pyropoikilocytosis, and hereditary stomatocytosis.

 4. Discuss the principle of the osmotic fragility test and interpret the 
results.

 5. Describe the etiology, pathophysiology, and laboratory features of 
paroxysmal nocturnal hemoglobinuria (PNH).

 6. Explain the principle of the sugar water (sucrose hemolysis) test and 
interpret its results.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Differentiate the protein defects associated with each hereditary 

membrane defect discussed in the chapter.
 2. Create a flow chart using laboratory tests to differentiate hereditary 

spherocytosis, elliptocytosis, pyropoikilocytosis, stomatocytosis, and 
paroxysmal nocturnal hemoglobinuria.

 3. Explain the role of decay-accelerating factor (DAF) and membrane 
inhibitor of reactive lysis (MIRL) in PNH.

 4. Explain the results of the sucrose hemolysis test and immunophenotyping 
to determine a diagnosis of paroxysmal nocturnal hemoglobinuria (PNH).

 5. Evaluate a clinical case study and determine the type of membrane 
disorder present by correlating clinical history and laboratory features.
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An erythrocyte membrane that is normal in both structure and 
function is essential to the survival of the cell (Chapter 5). Composed 
of proteins and lipids, the membrane is responsible for maintain-
ing stability and the normal discoid shape of the cell, preserving cell 
deformability, and retaining selective permeability.

MeMBrane DefeCts
Hemolytic anemia can result from abnormalities in constituent mem-
brane proteins or lipids, both of which can alter the membrane’s stability, 
shape, deformability, and/or permeability. The abnormal cells are par-
ticularly susceptible to entrapment in the splenic cords. Anemia results 
when the rate of hemolysis is increased to the point that the bone marrow 
cannot adequately compensate. Most hemolysis associated with abnor-
mal membranes is extravascular, occurring primarily in the spleen.

Skeletal Protein Abnormalities
The membrane protein and lipid interactions associated with abnor-
mal erythrocyte membranes can be divided into two categories, verti-
cal and horizontal interactions1 (Figure 17-1 ■ ; Table 17-1 ★).

Vertical interactions
Vertical interactions are perpendicular to the plane of the 
 erythrocyte membrane and include interactions between the skeletal 
lattice on the cytoplasmic side of the membrane and its attachment to 
the integral proteins and lipids of the membrane. These interactions 
stabilize the lipid bilayer of the membrane. Defects in vertical con-
tacts between the skeletal lattice proteins and the membrane’s integral 
proteins and lipids cause uncoupling of the lipid bilayer from the 
underlying skeletal lattice, allowing a selective loss of portions of the 
lipid bilayer. The net loss of cell membrane results in a decrease in 
the surface-area-to-volume ratio, the formation of a spherocyte, and 
the eventual hemolysis of the cell. The skeletal lattice, however, is not 

oVerView
This chapter focuses on a group of hemolytic anemias that result from 
defects in the erythrocyte membrane. These defects include hereditary 
spherocytosis, hereditary elliptocytosis, hereditary pyropoikilocytosis, 
and hereditary stomatocytosis; membrane lipid disorders; and paroxys-
mal nocturnal hemoglobinuria. The format for presentation of each of 
these disorders is pathophysiology, clinical features, laboratory findings, 
and therapy. Because these anemias result from defects in the erythro-
cyte membrane, the reader should have a good understanding of the 
normal erythrocyte membrane structure (Chapter 5) before beginning.

introDuCtion
Erythrocyte life span can be significantly shortened if the cell is intrin-
sically defective (intracorpuscular defect). Hemolytic anemia has been 
associated with defective erythrocyte membranes, structurally abnor-
mal hemoglobins (hemoglobinopathies), defective globin synthesis 
(thalassemias), and deficiencies of erythrocyte enzymes. Almost all 
of these defects are hereditary. The hemoglobinopathies and thalas-
semias, which have a significant hemolytic component, are discussed 
in Chapters 13 and 14.

Key Terms
Abetalipoproteinemia
Cholecystitis
Cholelithiasis
Decay-accelerating factor (DAF)
Dehydrated hereditary 

stomatocytosis (DHS)

Exchange transfusion
Hereditary elliptocytosis (HE)
Hereditary pyropoikilocytosis 

(HPP)
Hereditary spherocytosis (HS)
Horizontal interactions

Membrane inhibitor of reactive 
lysis (MIRL)

Overhydrated hereditary 
stomatocytosis (OHS)

Paroxysmal nocturnal 
hemoglobinuria (PNH)

Rh null disease
Spur cell anemia
Vertical interaction

Background Basics
The information in this chapter builds on concepts learned in previ-
ous chapters. To maximize your learning experience, you should 
review these concepts before starting this unit of study:

level i
• Describe the function, composition, and metabolism of the 

erythrocyte membrane. (Chapter 5)
• Identify the differences between extravascular and intravascular 

erythrocyte destruction. (Chapters 6, 11)
• Describe the general clinical and laboratory features associated 

with hemolytic anemias. (Chapter 11)

• Calculate erythrocyte indices, recognize abnormal erythrocyte 
morphology, and list reference intervals for common hematology 
parameters. (Chapters 10, 11, 37)

level ii
• List the erythrocyte membrane proteins associated with cell 

deformability and permeability, and describe their involvement in 
horizontal and vertical interactions. (Chapter 5)

We will refer to this case study throughout the chapter.

Jack, a 12-year-old male, was brought to his family physi-
cian for evaluation of right-upper-quadrant pain. He has a 
lifelong history of hemolytic and aplastic crises.

Consider why this patient history is important when 
selecting and evaluating laboratory tests.

Case stuDy
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disrupted, and the cell is mechanically stable. See Table 17-1 for the 
genetic defects associated with the vertical protein interactions of the 
red cell membrane.

horizontal interactions
Horizontal interactions are parallel to the plane of the membrane 
and are important in the formation of the stress-supporting skeletal 
protein lattice that provides mechanical stability to the membrane. 
Horizontal interactions include spectrin heterodimer head-to-head 
association to form tetramers as well as skeletal protein interactions 
in the junctional complexes at the distal ends of spectrin tetramers 
(spectrin, actin, protein 4.1R, glycophorin C, and adducin contacts). 
Horizontal defects characterized by defects of the skeletal protein 
interactions beneath the lipid bilayer lead to disruption of the skeletal 
lattice and, consequently, membrane destabilization. This causes cell 
fragmentation with formation of poikilocytes.

■  figure 17-1 Pathobiology of the red cell lesions in hereditary red blood cell membrane 
defects. Vertical interactions of membrane lipids and proteins are perpendicular to the plane 
of the membrane. These interactions stabilize the lipid bilayer. Deficiencies of spectrin, ankyrin 
(2.1), or band 3 protein cause the lipid bilayer to decouple from the underlying skeletal  lattice 
and subsequent membrane loss in the form of microvesicles. This leads to the formation of 
spherocytes (hereditary spherocytosis). Horizontal interactions are parallel to the plane of 
the membrane. These interactions provide mechanical stability to the membrane. Horizontal 
defects include abnormal spectrin heterodimer association to form tetramers and defective 
skeletal protein interactions of junctional complexes at the end of the spectrin tetramers 
 (spectrin, actin, protein 4.1R, previously referred to as protein 4.1). Horizontal defects result in 
fragmentation of the red blood cell (hereditary elliptocytosis, hereditary pyropoikilocytosis).
Sp = spectrin; GP = glycophorin; SpD@D = spectrin dimer dimer

Horizontal interactions
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SpD-D interaction Sp-4.1R -actin interaction
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Lipid bilayer-skeleton uncoupling:
A defect of vertical interactions

Gross membrane fragmentation:
A defect of horizontal protein interactions

Deficiency of
spectrin, ankyrin
or band 3 protein

Lipid bilayer -
skeleton

uncoupling 

Surface area
deficiency
leading to

spherocytosis 

Membrane loss
in the form of
microvesicles 

Normal skeleton Disrupted skeleton Whole cell fragmentation

interaction Defect Causes gene

Vertical Ankyrin ANK1
Band 3 SLC4A1
Protein 4.2 EPB42
a@Spectrin SPTA1
b@Spectrin SPTB

Horizontal Protein 4.1R EPB41
Glycophorin C GYPC
a@Spectrin SPTA1
b@Spectrin SPTB
Actin ACTB

★ taBle 17-1 Protein Mutations in the Erythrocyte 
Membrane That Result in Vertical or Horizontal Inter-
action Defects and Cause Hemolytic Anemia
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lipid Composition abnormalities
Disorders that affect the composition of the membrane lipid 
bilayer lead to the formation of acanthocytes or stomatocytes. The 
erythrocyte membrane normally contains equal amounts of free 
cholesterol and phospholipids. Excess free plasma cholesterol in 
patients can accumulate in the outer bilayer of the erythrocyte. 
Preferential expansion of the outer face of the lipid bilayer in 
comparison to the inner face leads to formation of acanthocytes.2 
Acanthocytes are more spheroidal cells with irregular projections 
and an absence of central pallor. These cells are poorly deformable 
and readily trapped in the spleen. A variety of conditions can lead 
to acanthocytosis.

Hemolytic anemias associated with the various membrane 
defects are listed in Table 17-2 ★. In general, vertical interaction 
defects are characterized by the presence of spherocytes; horizon-
tal defects are characterized by the presence of other types of poi-
kilocytes; and lipid composition defects are characterized by the 
presence of acanthocytes.

hereDitary sPheroCytosis
Hereditary spherocytosis (HS) is a common inherited mem-
brane disorder that affects 1 in 2000 Caucasians. It is less com-
mon in African Americans and southeast Asians.3 In about 75% 
of patients, the disease is inherited in an autosomal-dominant 
fashion, and recessive inheritance and de novo mutations account 
for the rest.4

Disorder inheritance Pattern Membrane Defect abnormal Membrane function erythrocyte Morphology

Hereditary 
spherocytosis (HS)

Usually autosomal 
dominant; autosomal 
recessive; de novo 
mutations

Combined deficiencies 
of Ankyrin and spectrin 
or isolated deficiencies 
of spectrin, band 3, or 
protein 4.2

Defective vertical protein interaction 
between RBC skeleton and membrane; loss 
of lipid bilayer and subsequent formation of 
a spherocyte with decreased deformability; 
abnormal permeability to Na+

Spherocytes

Hereditary 
elliptocytosis (HE)

Autosomal dominant 
or rare de novo muta-
tion; Melanesian 
variant is autosomal 
recessive

Defective spectrin

Deficiency or defect in 
band 4.1R

Abnormal integral proteins

Defect in horizontal protein interactions 
resulting in membrane instability; also can 
be a defect in permeability

Elliptocytes

Hereditary 
pyropoikilocytosis 
(HPP)

Autosomal recessive Two defects: Partial spectrin 
deficiency and presence of 
a mutant spectrin

Defect in horizontal protein interactions 
resulting in membrane instability

Schistocytes, elliptocytes, 
and microspherocytes

Overhydrated 
hereditary 
stomatocytosis

Autosomal dominant Unknown Abnormally permeable to Na+ and K+; 
overhydration and swelling; decreased 
deformability

Stomatocytes

Dehydrated hereditary 
stomatocytosis

Autosomal dominant Unknown Abnormally permeable resulting in loss of 
K+; water loss; decreased deformability

Target cells

Acanthocytosis 
(abetalipoproteinemia)

Autosomal recessive Increased sphingomyelin, 
which can be secondary 
to abnormal plasma lipid 
composition

Expansion of outer lipid layer causes abnor-
mal shape; increased membrane viscosity 
and decreased fluidity/deformability

Acanthocytes

Paroxysmal nocturnal 
hemoglobinuria (PNH)

Acquired Deficiency of DAF and MIRL Increased sensitivity to complement lysis Normocytic or macrocytic; 
microcytic, hypochromic if 
iron deficient

DAF = decay@accelerating factor; MIRL = membrane inhibitor of reactive lysis

★ taBle 17-2 Hemolytic Anemias Associated with Erythrocyte Membrane Defects

A CBC was ordered on Jack, and the results follow:

WBC 8.0 * 109/L
RBC 4.0 * 1012/L
Hb 108 g/L
Hct 0.292 L/L
Platelets 504 * 109/L

1. Calculate the erythrocyte indices.

2. Based on the calculated indices, describe the patient’s 
red blood cells.

Case stuDy (continued from page 318)

Pathophysiology
Hereditary spherocytosis is a clinically heterogeneous disorder char-
acterized by mild to moderate hemolysis. The erythrocytes in this dis-
order are deficient in certain membrane proteins and are abnormally 
permeable to monovalent cations. These features lead to erythrocytes 
that have problems with both deformability and permeability. The 
intrinsic red cell defect is compounded by the function of the spleen, 
which retains and further damages the abnormal HS erythrocytes.

The membrane defect in HS is a disorder of vertical protein inter-
actions most often characterized by a combined deficiency of spectrin 
and ankyrin, although there is considerable genetic heterogeneity at 
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Laboratory Findings
Hemoglobin levels in patients with HS can be normal or decreased, 
(about two-thirds to three-fourths have compensated or partially 
compensated mild to moderate anemia), varying directly with the 
individual’s age upon presentation of symptoms. Infants have the 
lowest values, 8–11 g/dL. Older children usually have concentrations 
above 10 g/dL. The reticulocyte count is usually 78% and often is 
disproportionately increased relative to the degree of anemia.9 The 
diagnosis of hereditary spherocytosis is suspected when many densely 
stained spherocytic cells with a decreased diameter and increased 
polychromasia on the blood smear are found (Figure 17-2 ■). Small, 
dense microspherocytes with a decreased MCV and increased MCHC 
also can be found. The number of microspherocytes varies consider-
ably, and these cells may not be prominent in 20–25% of patients. In 
mild forms of HS, the changes in erythrocyte morphology can be too 
subtle to detect even by experienced hematologists. Nucleated eryth-
rocytes can be found in children with severe anemia.

When the inheritance pattern of HS cannot be established, HS 
must be distinguished from other conditions causing spherocytosis. 
Spherocytes also can be found in acquired immune hemolytic anemia 
(AIHA), but in HS, the spherocytes are more uniform in size and shape 
than in AIHA.

Erythrocyte indices are helpful in diagnosing HS. The MCV usu-
ally is normal or only slightly decreased (77–87 fL). If reticulocytosis 
is marked, the MCV can be increased. The MCH is normal, but the 
MCHC is generally more than 36 g/dL.10 Spherocytes are the only 
erythrocytes with an increased MCHC. Modern blood analyzers uti-
lizing laser or aperture impedance methodology are extremely sensi-
tive in detecting erythrocytes with an MCHC of more than 41 g/dL 
(hyperhemoglobin).11 These erythrocytes are typically spherocytes. 
This technology can detect even the mild forms of HS. Importantly, 
the indices can vary, depending on iron and folate stores. Folate fre-
quently becomes depleted in chronic hemolytic states, resulting in 
macrocytosis (Chapter 15). Other markers of ongoing hemolysis may 
be present including increased serum bilirubin, increased lactic dehy-
drogenase (LD), and increased urine and fecal urobilinogen. Variable 
components of extravascular and intravascular hemolysis may be 
present including decreased haptoglobin.

the molecular level.5,6 The spectrin deficiency can be a primary defi-
ciency of spectrin or a secondary deficiency due to defective attach-
ment of the skeleton to the lipid bilayer. Defective attachment can 
occur as a result of mutations of ankyrin, a@ or b@spectrin, protein 
4.2, or band 3 protein.1,3,7 Identified mutations can be found at www 
.hgmd.cf.ac.uk/ac/index.php.

These defects in spectrin and ankyrin and their interactions with 
other skeletal proteins result in a weakening of the vertical connec-
tions between the skeletal proteins and lipid bilayer of the membrane. 
The uncoupling between the inner membrane skeleton and outer lipid 
bilayer leads to the shedding of the lipid bilayer in the form of lipid 
microvesicles.3 Secondary to membrane loss, the cell has a decreased 
surface-area-to-volume ratio, changing the morphology of the cell 
from a discocyte to a spherocyte. The most spheroidal cells have a 
greatly increased cytoplasmic viscosity. The spheroidal shape and 
increased viscosity result in reduced cellular flexibility. Reticulocytes 
and young erythrocytes in HS are normal in shape, emphasizing the 
fact that erythrocytes lose their membrane fragments after encounter-
ing the stress of the circulation.

In addition to the abnormal cytoskeleton of HS erythrocytes, 
other membrane abnormalities can be present. Total lipid content 
in the HS erythrocyte membrane is decreased both before and after 
splenectomy. Although the organization of lipids in the membrane is 
known to affect membrane fluidity, an association between abnormal 
fluidity and HS erythrocytes has not been established. The HS eryth-
rocytes also are abnormally permeable to sodium causing an influx 
of Na+ at a much higher rate than normal.8 An increase in the activity 
of the cation pump can compensate for the leak if adequate glucose is 
available for ATP production. The increased permeability is probably 
related to a functional abnormality of the membrane proteins.

The spherocytic shape, increased cytoplasmic viscosity, and 
increased membrane permeability account for the eventual destruc-
tion of HS cells in the spleen. The nondeformable spherocytes lack the 
flexibility of normal cells and become trapped in the splenic cords. In 
this acidic, hypoxic, hypoglycemic environment, the cell quickly runs 
out of the ATP needed to pump out the excess Na+ resulting from the 
increased membrane permeability. As energy production decreases, 
splenic macrophages destroy the metabolically stressed cells.

Clinical Findings
The clinical severity of HS varies among families and even among 
patients in the same family. About 25% of the patients have compen-
sated hemolytic disease, no anemia, little or no jaundice, and only slight 
splenomegaly. In contrast, the disease can be lethal for some patients, 
especially in those homozygous for dominant HS. Most patients, how-
ever, develop a partially compensated hemolytic anemia in childhood 
and appear asymptomatic. HS in some asymptomatic individuals can 
be detected only when family studies are conducted on patients with 
more severe forms of the disease. Intermittent jaundice can occur and 
is especially apparent during viral infections. Splenomegaly is pres-
ent in about 50% of affected infants increasing to 75–95% in older 
children and adults. Aplastic crisis is a life-threatening complication 
that can occur in childhood during or following a viral infection. 
Untreated older patients commonly develop pigment bile stones from 
excess bilirubin catabolism (cholelithiasis). These patients also are 
predisposed to cholecystitis.

■  figure 17-2 Peripheral blood from a patient with 
hereditary spherocytosis shows the presence of many 
densely staining spherocytes (arrows) (peripheral blood; 
Wright-Giemsa stain; 1000*  magnification)
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osmotic fragility test
In many laboratories, the principal confirmatory test in the diagnosis 
of HS is the osmotic fragility test. This test measures the erythrocyte’s 
resistance to hemolysis by osmotic stress, which depends primarily 
on the cell’s volume, surface area, and its membrane function. Eryth-
rocytes are incubated in varying concentrations of hypotonic sodium 
chloride (NaCl) solution. During the process of osmotic equilibration 
in hypotonic solutions, spherocytes are unable to expand as much as 
normal discoid shaped cells because of their decreased surface-area-
to-volume ratio. Very little fluid needs to be absorbed before the cells 
hemolyze. The spherocytes also can have increased membrane per-
meability, contributing to their increased fragility. Lysis of HS eryth-
rocytes, therefore, begins at higher NaCl concentrations than normal 
cells. These HS cells are said to exhibit increased osmotic fragility.

The osmotic fragility test is not abnormal unless spherocytes 
constitute at least 1–2% of the erythrocyte population; thus, patients 
with mild HS can have a normal osmotic fragility. These cells, however, 
show marked abnormal hemolysis if the blood is incubated overnight 
(24 hours) at 37°C before it is added to the NaCl solution. Incubation 
increases the loss of erythrocyte surface area in HS cells compared 
with normal erythrocytes due to their leaky and unstable membrane. 
The difference in osmotic fragility between HS cells and normal cells 
is particularly apparent at the 100% red cell lysis point which occurs 
at ∼0.43 { 0.05 g NaCl/dL with HS cells and at ∼0.23 { 0.07 g 
NaCl/dL with normal cells.9 Because of its increased sensitivity, this 
incubated osmotic fragility test is the most reliable diagnostic test for 
hereditary spherocytosis.

The osmotic fragility test results are graphed to depict the degree 
of fragility in comparison to the normal state (Figure 17-3 ■). A shift 
to the left of normal in the curve indicates increased osmotic fragil-
ity, whereas a shift to the right indicates decreased osmotic fragility 
(Table 17-3 ★). Cells with an increased surface area–to–volume ratio 
(e.g., target cells) have a decreased osmotic fragility, which is found in 
conditions including thalassemia and sickle cell anemia.

autohemolysis test
The autohemolysis test also is used in diagnosing HS but does not 
have an advantage over the osmotic fragility test. It is more valuable 
in differentiating various types of congenital, nonspherocytic hemo-
lytic anemias. This test measures the degree of spontaneous hemoly-
sis of blood incubated at 37°C. The degree of hemolysis depends on 
the integrity of the cell membrane and the adequacy of cell enzymes 
involved in glycolysis. Incubation of blood in vitro probably causes 
an alteration of membrane lipids, which leads to a change in cell per-
meability and an increase in the utilization of both glucose and ATP.

List various factors related to changes in the erythrocyte 
that can lead to a decrease or increase in the MCV in 
hereditary spherocytosis.

CheCkpoint 17-1

■  figure 17-3 Graph depicting the osmotic fragility of 
normal cells, spherocytes, and cells from a patient with thal-
assemia. Spherocytes show an increased fragility with a shift 
to the left in the osmotic fragility curve, and the thalassemia 
cells show a decreased fragility with a shift to the right in 
the osmotic fragility curve. The decreased fragility in thalas-
semia is caused primarily by the presence of target cells.

Patient normal Control

Initial hemolysis 0.65% NaCl 0.45% NaCl

Complete hemolysis 0.45% NaCl 0.30% NaCl

★ taBle 17-3 Example of Increased Osmotic Fragility

In HS, autohemolysis is increased to between 5 and 25% at 
24 hours (normal is 0.2–2.0%) and can increase to 75% at 48 hours. 
If glucose is added to the blood before incubation, hemolysis signifi-
cantly decreases. If large numbers of microspherocytes are present, 
hemolysis might not be corrected with glucose. Autohemolysis also 
increases in immune spherocytic anemias, but glucose does not usu-
ally affect the test results in these conditions.

antihuman globulin test
The antihuman globulin (AHG) test is negative, a finding helpful in 
distinguishing HS from immune hemolytic anemias in which large 
numbers of spherocytes also are found (Chapter 19). The AHG test 
detects antibodies or complement bound to erythrocytes in vivo 

As in other hemolytic states, the bone marrow demonstrates 
normoblastic erythroid hyperplasia with an increase in storage iron.
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the degree of hemolysis and in clinical severity. As its name indicates, 
the most prominent peripheral blood finding is an increase in oval 
and elongated erythrocytes (elliptocytes).

Three classifications of HE can be distinguished based on eryth-
rocyte morphology7: (1) common HE, (2) spherocytic HE (hemolytic 
ovalocytosis), and (3) stomatocytic HE, Melanesian ovalocytosis, or 
Southeast Asian ovalocytosis (SAO) (Table 17-4 ★).

Pathophysiology
The abnormal erythrocyte shape in hereditary elliptocytosis is the 
result of a defect of one of the skeletal proteins. Similar to HS, reticu-
locytes and young erythrocytes in this disorder are normal in shape; 
therefore, the elliptical erythrocyte shape is acquired progressively 
as they circulate. Erythrocytes must deform (elongate) to enter cap-
illaries in the microcirculation (vessels with diameters as small as 
∼3 mcM [mM]). Also, erythrocytes are subjected to shear stress as 
they circulate, which also contributes to their acquiring an elliptical 
shape. Normal erythrocytes revert to a biconcave shape once they 
 re-enter larger vessels and experience less circulatory stress, whereas 
HE erythrocytes remain in the elliptical shape. It is possible that 
the stress in the microcirculation causes disruption of the skeletal 
 protein contacts in the membrane of HE erythrocytes and leads to 
the  formation of new protein contacts that prevent HE erythrocytes 
from resuming the normal biconcave shape.

The principal defect involves horizontal membrane protein inter-
actions. Evidence indicates that several different membrane protein 
defects can be linked to this disease17,18:

1. Decreased association of spectrin dimers to form tetramers 
because of defective spectrin chains

2. Deficiency or defect in band 4.1 that aids in binding spectrin to 
actin

3. Abnormalities of the integral proteins including deficiency of gly-
cophorin C and abnormal anion transport protein (band 3) with 
increased affinity for ankyrin (vertical interaction defect).

Each of these defects can lead to skeletal disruptions that can 
cause the cell to become elliptical in shape and/or fragment under 
the stresses of the circulation, depending on the extent of the defect. 
Cells become more elliptical as they age.9 Mildly dysfunctional pro-
teins cause only elliptocytosis, whereas severely dysfunctional proteins 
cause membrane fragmentation in addition to elliptocytosis. Altera-
tion in shape only does not appear to affect cell deformability and 
viability, and the cells have a nearly normal life span. Elliptocytosis 

(direct antiglobulin test, DAT) or free antibodies in the serum (indi-
rect antiglobulin test, IAT). Immune hemolytic anemias are usually 
associated with a positive DAT whereas the DAT in HS is negative.

Explain why a patient with hereditary spherocytosis will 
demonstrate increased hemolysis in an autohemolysis test 
and why adding glucose prior to incubation will lead to a 
normal rate of hemolysis in these patients.

CheCkpoint 17-2

The patient’s peripheral smear revealed numerous ellipto-
cytes, spherocytes, teardrop cells, and micropoikilocytes.

3. What additional lab tests should be ordered?

Case stuDy (continued from page 320)

Identification of Deficient/Defective  
Membrane Protein
To determine which erythrocyte membrane protein(s) is/are involved, 
initial studies usually include sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by densitometric 
quantitation and/or enzyme linked immunosorbent assay (ELISA) 
techniques.10 Genetic linkage analysis using PCR-based techniques 
or cDNA and genomic DNA analyses can be done if a molecular 
diagnosis is needed (Chapter 42). Flow cytometric analysis of eryth-
rocytes labeled with the fluorescent dye eosin-5-maleimide (EMA) 
has recently been introduced. The dye binds to the integral protein 
band 3 and Rh-related proteins in a 1:1 stoichiometry. Flow cytometry 
reveals a decrease in fluorescence in HS erythrocytes reflecting the 
relative amount of band 3. This test has high specificity and sensitiv-
ity for HS and is useful in screening.9,12,13 The test is being offered by 
more laboratories as they become experienced with its use. The test 
also can detect other membrane abnormalities associated with band 
3 including abnormalities of erythrocyte hydration, variants of dyser-
thropoietic anemia, and sickle cell disease.9

Therapy
Mild forms of HS do not require therapeutic intervention. Total 
or partial splenectomy is the standard treatment in patients with 
 symptomatic hemolysis.14,15 This therapy corrects the anemia and 
hemolysis, but the basic membrane defect remains, and spherocytes 
can still be found in the peripheral blood. Fragments of the unstable 
membrane are probably removed in the liver.

type of he hemolysis erythrocyte shape

Common HE Variable—minimal 
to severe

Biconcave 
elliptocytes

Spherocytic HE (hemolytic 
ovalocytosis)

Present Spherocytes and fat 
elliptocytes

Southeast Asian ovalocyto-
sis (SAO) (stomatocytic HE; 
Melanesian ovalocytosis)

Mild or absent Roundish elliptocytes 
that are also 
stomatocytic

★ taBle 17-4 Classification of Hereditary Elliptocyto-
sis (HE) Based on Erythrocyte Morphology

hereDitary elliPtoCytosis
Hereditary elliptocytosis (HE) is inherited as an autosomal-
dominant trait except for a rare Melanesian type that is inherited as 
a recessive trait. Worldwide, the incidence is one case per 2000–4000 
individuals, although the true incidence is unknown because many 
patients with HE are asymptomatic.16 The disease is heterogeneous in 
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Laboratory Findings
The most consistent and characteristic laboratory finding in all vari-
ants is prominent elliptocytosis (Figure 17-4 ■). Elliptocytes also 
can be found in association with other diseases, but elliptocytes in 
these conditions usually constitute less than 25% of the erythro-
cytes. Acquired elliptocytosis is seen in megaloblastic anemias and 
iron-deficiency anemia. In contrast, the elliptocytes in HE make up 
more than 25% of the erythrocytes and usually more than 60%. In the 
asymptomatic variety of HE, elliptocytes could be the only morpho-
logic clue to the disease. Hemoglobin levels are usually higher than 
12 g/dL. Reticulocytes are mildly elevated, up to about 4%.

In the hemolytic HE variants, hemoglobin concentration is 
9–10 g/dL, and reticulocytes are elevated to as high as 20%. Micro-
elliptocytes, bizarre poikilocytes, schistocytes, and spherocytes are 
usually evident (Figure 17-5 ■). The bone marrow shows erythroid 
hyperplasia with normal maturation.

The incubated and unincubated osmotic fragility tests and 
 autohemolysis tests are usually abnormally increased in the overt 
hemolytic variants. However, the obvious blood picture suggests that 
there is no need to perform these tests.

with membrane fragmentation, however, causes a decrease in cell sur-
face area and reduced cell deformability. The life span of these cells is 
severely shortened.

In addition to membrane instability, HE erythrocytes are abnor-
mally permeable to cations. This altered permeability demands an 
increase in ATP to run the cation pump and maintain osmotic equi-
librium. Cells detained in the spleen can quickly deplete their ATP and 
become osmotically fragile.

The defect in the SAO variant of HE is an abnormal band 3 protein 
rather than a defect in the cytoskeletal proteins under the lipid bilayer. 
There is a nine-amino acid deletion near the boundary of the membrane 
and cytoplasmic domains of the protein. This is associated with a tighter 
binding of band 3 to ankyrin, a lack of transport of sulfate anions, and a 
restriction in the lateral and rotational mobility of band 3 protein within 
the membrane. As a result, these erythrocytes are very rigid.7

Clinical Findings
Ninety percent of patients with HE show no overt signs of  hemolysis. 
Although erythrocyte survival can be decreased, the hemolysis is usu-
ally mild and well compensated for by an increase in bone  marrow 
erythropoiesis (compensated hemolytic disease). Anemia is not 
characteristic.

Common HE is rare in the Western populations but more com-
mon in blacks, particularly in equatorial Africa. The severity ranges 
from asymptomatic to severe clinical disease. There can be minimal 
hemolysis and only mild elliptocytosis (15%) or severe hemolysis with 
cell fragmentation and formation of poikilocytes.

A variant of common HE noted in black infants is associated with a 
moderately severe anemia at birth and neonatal jaundice. The peripheral 
blood smear exhibits erythrocytes similar to those seen in hereditary 
pyropoikilocytosis with budding and fragile bizarre poikilocytes. Vari-
able numbers of elliptocytes are noted. Between 6 and 12 months of 
age, the hemolysis decreases, and the number of elliptocytes increases. 
One of the parents of affected infants has mild hereditary elliptocytosis.

The spherocytic HE variant constitutes a relatively rare form 
of HE characterized by the presence of hemolysis despite minimal 
changes in erythrocyte morphology. The erythrocytes have charac-
teristics of both HS and HE cells: Some are spherocytic and others 
are fat elliptocytes.

The Southeast Asian variant of HE (SAO, stomatocytic HE) is 
characterized by a mild or absent hemolytic component. Erythrocyte 
cation permeability appears to be increased, and the expression of blood 
group antigens is muted. The elliptocytes are roundish and stomatocytic 
with one or two transverse bars or a longitudinal slit. Evidence indicates 
that these cells can have more stable cytoskeletons than normal.17

The high prevalence of the SAO variant of HE in some parts of 
the world is related to the resistance of the SAO erythrocytes to inva-
sion by malarial parasites. The resistance may result from the abnor-
mal rigidity of the erythrocyte membrane. This protection against 
malaria has led to natural selection of individuals with HE in areas of 
the world where malaria is endemic.7

HE cells are poorly agglutinable with antisera against erythrocyte 
antigens. This is presumably the result of defective lateral movement 
and clustering of surface antigens associated with the abnormal band 
3 protein. The laboratory scientist should be aware of this problem 
because it can interfere with testing of patients’ cells in the blood bank.

■  figure 17-4 Peripheral blood from a patient with non-
hemolytic HE reveals almost 100% elliptocytes (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).

■  figure 17-5 Peripheral blood from a patient with hemo-
lytic hereditary elliptocytosis. Schistocytes as well as ellipto-
cytes are present (Wright-Giemsa stain, 1000* magnification).
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compatible blood) or phototherapy (therapeutic exposure to sunlight 
or artificial light) is present.17 Laboratory serologic studies for hemo-
lytic disease of the newborn, however, are negative.

Laboratory Findings
Stained blood smears exhibit striking erythrocyte morphologic abnor-
malities including budding, fragments, microspherocytes (2–4 fL), 
elliptocytes, triangulocytes (fragmented erythrocytes that are triangle 
shaped), and other bizarre erythrocyte shapes (Figure 17-6 ■). The 
MCV is decreased (25–55 fL), most likely as a result of the erythro-
cyte fragmentation. The osmotic fragility is abnormal, especially after 
incubation, and the thermal sensitivity test demonstrates an increase 
in erythrocyte fragmentation (Figure 17-7 ■). Autohemolysis is 
increased, and the hemolysis is not corrected with glucose.

Therapy
Patients show improvement after splenectomy, but the membrane 
defect remains, and fragmented erythrocytes are still present.

Therapy
The hemolytic variants of HE respond well to splenectomy. As in HS, 
splenectomy reduces hemolysis and protects the patient from compli-
cations of chronic hemolysis. The membrane defect, however, remains, 
and elliptocytes are still present. The asymptomatic variants require 
no therapy.

Why do the elliptocytes in HE demonstrate normal 
osmotic fragility?

CheCkpoint 17-3

■  figure 17-6 Peripheral blood from a patient with 
hereditary pyropoikilocytosis (peripheral blood, Wright-
Giemsa stain, 1000*  magnification).

Jack’s osmotic fragility test revealed the following:

4. Interpret the results of the osmotic fragility test.

Case stuDy (continued from page 323)

Patient Control
Initial hemolysis 0.65% NaCl 0.45% NaCl
Complete hemolysis 0.40% NaCl 0.30% NaCl

hereDitary PyroPoikiloCytosis (hPP)
Hereditary pyropoikilocytosis (HPP), a rare autosomal recessive 
disorder, is closely related to HE. Based on genetic and biochemical data, 
it has been established that HPP is a severe subtype of HE.16,18 It occurs 
primarily in blacks, although it also has been diagnosed in Arabs and 
Caucasians.2 The disease presents in infancy or early childhood as a 
severe hemolytic anemia with extreme poikilocytosis. The morphologi-
cal similarities of erythrocytes in HPP and that of erythrocytes associated 
with thermal injury led investigators to examine the thermal stability of 
HPP cells. In contrast to normal erythrocytes that fragment at 49–50°C, 
HPP cell membranes fragment when heated to 45–46°C. In addition, 
pyropoikilocytes disintegrate when incubated at 37°C for 76 hours.

Pathophysiology
The HPP cells have two defects with one inherited from each parent. 
One is related to a deficiency of a@spectrin and the other to the pres-
ence of a mutant spectrin that prevents self-association of heterodi-
mers to tetradimers.17 The parent carrying the mutant spectrin either 
has mild HE or is asymptomatic. The parent with the deficiency of 
spectrin, is usually hematologically normal. The HPP phenotype also 
is found in patients who are homozygous or doubly heterozygous for 
one or two spectrin mutations characteristically found in HE trait.17 
These defects lead to a disruption of the membrane skeletal lattice 
and cell destabilization followed by erythrocyte fragmentation and 
poikilocytosis. Poikilocytes are removed in the spleen.

Clinical Findings
Clinical features consistent with a hemolytic anemia are present at 
birth. Hyperbilirubinemia requiring exchange transfusion (a pro-
cedure involving simultaneous withdrawal of blood and infusion with 

■  figure 17-7 Peripheral blood from a patient (same as in 
Figure 17-6) with hereditary pyropoikilocytosis. Smear made 
after incubation of blood for 10 minutes at 46°C (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).
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different membrane defects. Some patients, have marked  stomatocytosis 
but no abnormal sodium transport and, thus, no overt hemolysis. Rh 
null disease (a disorder associated with the lack of all Rh antigens on 
erythrocytes) also is associated with the presence of stomatocytes. Rh 
proteins are normally noncovalently linked with Rh-associated glyco-
proteins (RhAG) and together they form the Rh–RhAG complex. A 
lack of this complex alters the cation regulation of the erythrocyte.20,21

The stomatocytic cells in OHS are osmotically fragile and less 
deformable than normal cells, and, as a result, the cells are sequestered 
in the spleen where glucose supplies are readily exhausted. As the ATP 
levels fall, the cation pump is unable to maintain osmotic equilibrium, 
causing cell lysis or phagocytosis.

OHS must be differentiated from acquired stomatocytosis. Sto-
matocytes are seen as an acquired defect in acute alcoholism, liver dis-
ease, and cardiovascular disease. However, these acquired conditions 
lack abnormal cation permeability, and little hemolysis is present.

The cells are dehydrated in DHS, which is reflected by an increased 
MCHC. As the MCHC of the cell increases beyond 37 g/dL, the cyto-
plasmic viscosity increases, and cellular deformability decreases. The 
rigid cells become trapped in the spleen.

Laboratory Findings
Anemia is usually mild to moderate with a hemoglobin concentration 
of 8–10 g/dL. Bilirubin is increased and reticulocytosis is moderate. 
The MCHC of the stomatocytes seen in OHS is decreased, and the 
MCV can be increased. The blood smear is remarkable for 10–50% 
stomatocytes. Osmotic fragility and autohemolysis are increased, and 
autohemolysis is partially corrected with glucose and ATP.

Target cells and erythrocytes that have hemoglobin puddled at 
the periphery are observed in DHS. The cells demonstrate a slightly 
increased MCV, increased MCHC, and decreased osmotic fragility.

hereDitary stoMatoCytosis 
synDroMes
The term hereditary stomatocytosis includes a group of rare  autosomal 
dominant hemolytic anemias in which the erythrocyte membrane 
exhibits abnormalities in cation permeability.8 These  syndromes 
include overhydrated hereditary stomatocytosis (OHS) (also 
known as hereditary hydrocytosis) and dehydrated hereditary 
stomatocytosis (DHS) (also known as hereditary xerocytosis). The 
red cell membrane in OHS is abnormally permeable to both Na+ and 
K+. The net gain of Na+ ions is greater than the net loss of K+ ions as the 
capacity of the cation pump (fueled by ATP derived from glycolysis) 
to maintain normal intracellular osmolality is exceeded. Because the 
pump exchanges 3 Na+ (outward) for 2 K+ (inward), as the pump fails, 
the intracellular concentration of cations increases, water enters the 
cell, and the overhydrated cells take on the appearance of stomatocytes. 
 Stomatocytes (hydrocytes) on dried, stained blood films are erythro-
cytes with a slitlike (mouthlike) area of pallor (Figure 17-8 ■). These 
cells are uniconcave and appear to be bowl shaped on wet preparations.

The primary defect in DHS is a net loss of intracellular K+ that 
exceeds the passive Na+ influx, and net intracellular cation and water 
content are thus decreased. Consequently, the cell dehydrates and the 
cells appear targeted or contracted and spiculated.

■  figure 17-8 This peripheral blood picture from 
a patient with hereditary overhydrated stomatocy-
tosis reveals erythrocytes with slitlike or mouthlike 
(stoma = mouth) areas of pallor (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).

Explain why the osmotic fragility is decreased in DHS.

CheCkpoint 17-5

Interpret the results of the following thermal sensitivity test:

Patient’s erythrocytes  Marked erythrocyte fragmentation 
after 10-minute incubation at 46°C

Normal control No significant change in erythrocyte  
 morphology after 10-minute  
  incubation at 46°C.

CheCkpoint 17-4

A thermal sensitivity test demonstrated that Jack’s eryth-
rocytes fragment when incubated for 10 minutes at 46°C.

5. What do the results of the thermal sensitivity test 
reveal about Jack’s red blood cells?

Case stuDy (continued from page 325)

Pathophysiology
The specific membrane defect for OHS and DHS has not been identi-
fied. Patients with OHS demonstrate a deficiency of stomatin (band 
7.2b), an integral red cell membrane protein, which is secondary to 
a yet to be found protein mutation.2,19 Abnormalities of erythrocyte 
lipids have been demonstrated to induce stomatocytosis with impaired 
sodium transport. However, stomatocytosis also occurs when mem-
brane lipids are normal. In these cases, membrane proteins can be 
abnormal. Although membrane proteins are usually electrophoreti-
cally normal, their conformation may be altered.

From the variability of clinical findings, laboratory results, and 
response to splenectomy, these disorders appear to be caused by several 
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(burr cells) and keratocytes. Spherocytes and echinocytes can also be 
found. An increase in unconjugated bilirubin and liver enzymes and a 
decrease in serum albumin reflect evidence of liver disease.

Studies with transfused cells have shown that spur cells acquire 
their shape as innocent by-standers and that when normal cells are 
transfused into the patient, they acquire the abnormal shape and 
are hemolyzed at the same rate as the patient’s cells. This suggests 
that the diseased liver and associated plasma lipid abnormalities 
are responsible for the transformation of normal red cells into spur 
cells.23

Biliary obstruction is often associated with the presence of nor-
mocytic or slightly macrocytic target cells that result from an acquired 
excess of lipids in the cell membrane. However, in contrast to the 
acanthocytes found in severe hepatocellular disease, the excess lipid 
in target cells associated with biliary obstruction includes an increase 
in both cholesterol and phospholipids in a ratio similar to that of nor-
mal cells. As a result, lipid viscosity and membrane deformability are 
normal. These target cells have a normal survival.

Abetalipoproteinemia (Hereditary 
Acanthocytosis)
Abetalipoproteinemia is a rare autosomal recessive disorder 
 characterized by the absence of serum b@lipoprotein, low serum 
 cholesterol, low triglyceride, and low phospholipid and an increase in 
the ratio of cholesterol to phospholipid.24 The primary abnormality 
is the defective synthesis of apolipoprotein B, a microsomal triglycer-
ide transfer protein. Mutations in band 3 protein of the erythrocyte 
membrane that alters band 3 conformation have also been described 
in hereditary acanthocytosis.25 Acanthocytes are typically found, 
but hemolysis is minimal with little or no anemia. Reticulocytes are 
usually normal but can be slightly increased. The acanthocytes have 
normal cholesterol levels, but lecithin is decreased and sphingomy-
elin is increased. This is in contrast to spur cells found in severe liver 
disease that have increased membrane cholesterol. Membrane fluidity 
is decreased, presumably because of the increase in sphingomyelin, 
which is less fluid than other phospholipids. The degree of distor-
tion of erythrocytes increases with cell age. The acanthocytes have 

Therapy
Splenectomy is not a required therapeutic measure for OHS and 
DHS. In fact, this procedure is usually contraindicated because some 
patients have experienced catastrophic thrombotic episodes after sple-
nectomy.20,22 Most patients are able to maintain an adequate hemo-
globin level without this procedure.

Determine the type of erythrocyte membrane disorder 
present based on the following lab results: reticulocyte 
count: 4%; osmotic fragility: increased; autohemolysis: 
increased; bilirubin: increased; peripheral smear: 30% 
stomatocytes present.

CheCkpoint 17-6

aBnorMal MeMBrane liPiD 
CoMPosition: aCanthoCytosis
Acanthocytosis is most often associated with acquired or inherited 
abnormalities of the membrane lipids. This occurs in liver disease and 
in a rare inherited condition, abetalipoproteinemia. Although the 
mature erythrocyte has no capacity for de novo synthesis of lipids or 
proteins, the lipids of the membrane continually exchange with plasma 
lipids. Thus, erythrocytes can acquire excess lipids when the concen-
tration of plasma lipids increases. Excess membrane lipids expand the 
membrane surface area and cause the cell to acquire abnormal shapes, 
including target cells (codocytes), leptocytes, or acanthocytes. If por-
tions of the membrane are lost because of “grooming” of excess lipids 
in the spleen or if the membrane’s lipid viscosity increases, the cells lose 
their ability to deform and are sequestered in the spleen. On the other 
hand, a significant decrease in one or more lipids in the cell membrane 
can also lead to increased destruction. The rare hereditary forms of 
acanthocytosis also can result from abnormal proteins.

Spur Cell Anemia
Spur cell anemia is an acquired hemolytic condition associated 
with severe hepatocellular disease such as cirrhosis in which serum 
lipoproteins increase, leading to an excess of erythrocyte membrane 
cholesterol. The total phospholipid content of the membrane, how-
ever, is normal. As the membrane ratio of cholesterol to phospholipid 
increases, the cell becomes flattened (leptocyte) with a scalloped edge. 
The increased cholesterol-to-phospholipid ratio also causes a decrease 
in membrane fluidity and an associated decrease in cell deformabil-
ity. During repeated splenic passage or conditioning, membrane frag-
ments are lost, and the cell acquires irregular spikelike projections 
typical of acanthocytes (spur cells). Eventually, the cell is hemolyzed. 
In patients with cirrhosis, this hemolysis is enhanced by congestive 
splenomegaly.

The peripheral blood shows a moderate to severe normocytic, 
normochromic anemia with a hemoglobin concentration of 5–10 g/dL. 
Reticulocytes are increased to 5–15%. Approximately 20–80% of the 
erythrocytes are acanthocytes (Figure 17-9 ■). On the peripheral 
blood smear, acanthocytes must be distinguished from echinocytes 

■  figure 17-9 Spur cell anemia in a patient with 
alcoholic cirrhosis. Note the echinocytes (1) and 
acanthocytes (spur cells; 2). Spherocytes (3) are also 
present (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

1
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Pathophysiology
An intrinsic erythrocyte disorder, PNH results from an acquired stem 
cell somatic mutation that leads to an abnormal clone of differentiated 
hematopoietic cells. The abnormal stem cell clone produces erythro-
cytes, platelets, and neutrophils that bind abnormally large amounts 
of complement and that are abnormally sensitive to complement lysis 
(Chapter 19). Complement is composed of at least 20 proteins respon-
sible for a variety of biologic activities. These proteins are abbreviated 
as C1 through C9. They normally circulate in an inactive form and are 
activated as part of the body’s defense system (Chapter 7). If activated 
complement components attach to the erythrocyte membrane, the cell 
can be hemolyzed.

The susceptibility of PNH cells to complement-induced lysis is 
related to deficient regulation of complement activation. At least two 
regulatory proteins, decay-accelerating factor (DAF) (CD55) and 
membrane inhibitor of reactive lysis (MIRL) (CD59), found on 
normal cell membranes are responsible for preventing amplification 
of complement activation. DAF is a complement regulatory protein 
that amplifies the decay of C3 convertase, accelerates decay (dissocia-
tion) of membrane-bound C3bBb, and thus prevents amplification of 
C3 convertase and activation of other complement components. The 
major role of MIRL is to prevent the interaction between C8 and C9; 
thus, it interferes with the formation of the membrane attack complex 
(MAC) (the final steps of complement activation). These regulatory 
factors help normal cells avoid lysis by autologous complement. Lack 
of DAF and MIRL on PNH cells is causally related to excessive sensi-
tivity of these cells to complement.27

Deficiency of DAF and MIRL in PNH is not due to the lack of 
production of these proteins but to the absence of a membrane gly-
colipid that serves as an anchor that attaches these proteins to the cell 
membrane. Other proteins anchored to the cell membrane in a similar 
manner also are deficient on hematopoietic cells in PNH. The com-
mon link in the deficiencies of these membrane proteins is the lack 
of the glycolipid anchoring structure, glycosyl-phosphatidyl inositol 
(GPI). GPI embedded in the cell membrane is important for the cova-
lent linkage of a wide variety of proteins to the cell membrane. These 
GPI-linked proteins vary in structure and function, and include adhe-
sion molecules, hydrolases, and receptors.27

The GPI-anchoring deficiency is because of a somatic mutation of 
the PIGA gene, which encodes the enzyme phosphatidyl inositol  glycan 
Class A essential for synthesis of the GPI anchor. A large number of 
PIGA mutations have been identified. Analysis of bone marrow cells 
indicates that the mutation occurs in the hematopoietic stem cell (HSC). 
Although not understood, the mutated HSC has a proliferative  advantage. 
All blood cell lineages derived from the mutant HSC are deficient in 
DAF  activity, confirming PNH as a clonal disorder of hematopoiesis. 
Thus, many patients with PNH are not only anemic but also granulo-
cytopenic and thrombocytopenic. The abnormal clone can appear after 
damage to the marrow or spontaneously (idiopathic). A significant 
number of patients with PNH have or eventually develop another clonal 
blood  disorder such as acute nonlymphocytic leukemia (Chapter 26), 
chronic lymphocytic leukemia (Chapter 28), myeloproliferative disorder 
( Chapter 24), or myelodysplastic syndrome (Chapter 25).28

normal membrane permeability, normal glucose metabolism, and 
normal osmotic fragility. Autohemolysis at 48 hours is increased and 
only partially corrected by glucose. In addition to hypolipidemia, the 
disorder is characterized by steatorrhea, retinitis pigmentosa, and neu-
rological abnormalities. Transport of fat-soluble vitamins (A, D, E, K) 
is impaired, and the prothrombin time can be increased because of 
decreased vitamin K stores (Chapters 32 and 36).

Lecithin-Cholesterol Acyl 
Transferase (LCAT) Deficiency
This rare autosomal recessive disorder affects metabolism of high-
density lipoproteins. Onset is usually during young adulthood. The 
disorder is characterized by a deficiency of LCAT, the enzyme that cat-
alyzes the formation of cholesterol esters from cholesterol. As a result, 
patients with this deficiency demonstrate low levels of high-density 
lipoprotein (HDL) and low-density lipoprotein (LDL) and elevated 
levels of very low-density lipoproteins (VLDL) and lipoprotein X.26 
Because erythrocyte membrane cholesterol is in a relatively rapid 
equilibrium with unesterified plasma cholesterol, the activity of LCAT 
indirectly regulates the amount of free cholesterol in the cell. The most 
characteristic hematologic findings include a mild hemolytic anemia 
marked by the presence of numerous target cells. The target cells are 
loaded with cholesterol. LCAT activity decreases in most patients with 
spur cells and target cells, but the relationship to lipid abnormalities of 
the membrane is not known.

Rare Forms
The rare forms of acanthocytosis associated with abnormalities of 
membrane proteins include the McLeod phenotype with a deficiency 
of Kx protein and the K antigen, chorea-acanthocytosis syndrome, and 
acanthocytosis with band 3 protein abnormalities.

Compare the membrane lipid abnormalities seen in LCAT 
deficiency, spur cell anemia, and abetalipoproteinemia, 
and explain how they result in hemolysis of the cell.

CheCkpoint 17-7

ParoxysMal noCturnal 
heMogloBinuria (Pnh)
All erythrocyte membrane disorders discussed so far are hereditary 
except spur cell anemia. Paroxysmal nocturnal hemoglobin-
uria (PNH) is a rare acquired disorder of the erythrocyte mem-
brane. The membrane defect makes the cell abnormally sensitive to 
lysis by complement. The disease derives its name from the classic 
pattern of intermittent bouts of intravascular hemolysis and noc-
turnal hemoglobinuria. The condition is exacerbated during sleep 
and remits during the day. However, many patients have chronic 
hemolysis that is not associated with sleep and with no obvious 
hemoglobinuria.
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even more. The DAT is negative for immunoglobulin (Ig) but can be 
positive for complement given the fact that PNH cells have a propen-
sity to bind C3b.

The sucrose hemolysis (sugar-water) test is useful in identifying 
erythrocytes that are abnormally sensitive to complement lysis. The 
patient’s blood is incubated in a sucrose solution. The sucrose provides 
a low-ionic-strength medium that promotes the binding of comple-
ment to the erythrocytes. PNH cells show hemolysis in this medium.

The Ham (acidified-serum lysis) test is a more specific test 
for PNH cells (Chapter 37), but laboratories have replaced it with 
immunophenotyping for confirmation of PNH (Chapter 40). Immu-
nophenotyping uses monoclonal antibodies directed against the GPI 
anchored molecules. When the GPI link is missing, these molecules 
are also missing. This technology can detect three types of cells in 
PNH related to the degree of deficiency of GPI-linked proteins on 
cell membranes:

•	 Type I Little or no hemolysis by complement; nearly normal GPI-
linked protein expression

•	 Type II Moderately sensitive to complement lysis; intermediate 
GPI-linked protein expression

•	 Type III Highly sensitive to complement lysis; no expression of 
GPI-linked proteins

Because different hematopoietic cells display different types of 
GPI-anchored proteins, it is recommended that at least two differ-
ent antibodies be used for a diagnosis of PNH (CD55, CD59, CD14). 
CD55 (DAF) and CD59 (MIRL) antibodies are used most frequently 
and are most attractive because they are involved in the complement 
pathway that directly leads to the hemolysis in PNH. PNH cells show 
low-intensity staining for these molecules. CD55 and CD59 are both 
normally found on all hematopoietic cells. CD14 is normally on 
monocytes, and some laboratories use it to verify PNH. The analysis of 
molecules that can be expressed on the membrane in a GPI-anchored 
form as well as a transmembrane form is not as useful because it can 
give false normal results.

The most accurate measurement of the PNH defect with immu-
nophenotyping is performed using nucleated cells rather than eryth-
rocytes because the patient with PNH often receives red blood cell 
transfusions. In addition, results on erythrocytes might not be accu-
rate because PNH type III erythrocytes have a shorter life span than do 
type I or II, thus underestimating type III erythrocyte concentration.

The fluorescent-labeled inactive toxin aerolysin (FLAER) test 
is another method used to diagnose PNH.29 This technique utilizes 
toxin from the bacterium Aeromonas hydrophila bound to a fluoro-
chrome. The toxin binds to the GPI anchor itself, not to an attached 
protein, which makes it a direct measurement of GPI-deficient cells.

The increased sensitivity of PNH cells to complement can be 
demonstrated in vitro by activation of either the classic or the alter-
nate pathway of complement activation. In vivo, however, activation 
is probably primarily via the alternate pathway.

Clinical Findings
PNH occurs most often in adults but is occasionally found in children. 
The four basic disease manifestations are hyperhemolysis, venous 
thrombosis, infection, and bone marrow hypoplasia.28 PNH begins 
insidiously with irregular brisk episodes of acute intravascular hemo-
lysis accompanied by hemoglobinuria. The patient usually seeks medi-
cal attention when reddish-brown urine is noted. In some patients, the 
irregular exacerbations of hemolysis are associated with sleep, hence the 
name paroxysmal nocturnal hemoglobinuria. In other patients, these 
hemolytic episodes can follow infections, transfusions, vaccinations, 
surgery, or ingestion of iron salts. In a large number of patients, hemoly-
sis is unrelated to any specific event. Iron-deficiency anemia can occur 
because of the chronic intravascular hemolysis and urinary loss of iron-
containing degradation products. Renal function can become abnormal 
as the result of chronic iron deposition. Folic acid deficiency can occur 
because of increased demand for this nutrient. Abdominal and lower 
back pain, eye pain, and headaches can occur during hemolytic episodes.

In spite of the moderate thrombocytopenia, venous thrombo-
sis is a prominent and severe complication and is a common cause 
of death. Thrombotic events may be related to abnormal platelet or 
 neutrophil function because of the lack of GPI-anchored proteins.

When leukopenia is present, infections are common. Propensity 
for infection also can be related to the absence of granulocyte glyco-
proteins and altered functional responses of granulocytes. Immuno-
logical abnormalities can be present.

Laboratory Findings
Most patients with PNH experience anemia with a hemoglobin con-
centration of 8–10 g/dL. The erythrocytes are normocytic or macro-
cytic but can appear microcytic and hypochromic if iron deficiency 
develops. Reticulocytes are increased (5–10%) but not to the extent 
expected for a hemolytic anemia. Nucleated red blood cells can be 
found on the blood smear. Isolated development of leukopenia and/
or thrombocytopenia often occurs during the course of the disease. 
Neutrophil alkaline phosphatase and erythrocyte acetylcholinesterase 
decrease (Chapter 23). Although hemoglobinuria can be intermittent 
or even mild, hemosiderinuria is a constant finding, indicating chronic 
intravascular hemolysis.

The bone marrow usually exhibits normoblastic hyperplasia but 
can be hypocellular. In some cases, marrow failure develops during the 
course of the disease. Interestingly, aplastic anemia can be the initial 
diagnosis with an abnormal clone of PNH cells developing during the 
course of the disease (in up to 50% of patients with aplastic anemia, 
Chapter 16). PNH rarely precedes aplastic anemia and should be con-
sidered as a diagnosis when hypoplastic anemia is found in association 
with hemolysis.28 Bone marrow iron is decreased or absent.

The osmotic fragility is normal. Autohemolysis is increased after 
48 hours, and when glucose is added, the hemolysis can increase 

Explain why immunophenotyping with CD14, CD55, and 
CD59 is used to establish a diagnosis of PNH.

CheCkpoint 17-8
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Therapy
Treatment is primarily supportive in the form of transfusions, antibi-
otics, and anticoagulants. A humanized monoclonal antibody against 
C5 (eculizumab) has been shown to relieve the hemoglobinuria in 
PNH patients by inhibiting the formation of the membrane attack 
complex (MAC).30 In patients with PNH-induced marrow aplasia, 
bone marrow transplantation may be indicated.

Summary
Intrinsic defects of the erythrocyte such as an abnormal mem-
brane, structurally abnormal hemoglobin, defective globin syn-
thesis, or deficient erythrocyte enzymes can lead to a shortened 
erythrocyte life span because of increased hemolysis. An anemia 
will result if the bone marrow is unable to compensate for the 
erythrocyte loss. These intrinsic abnormalities are almost always 
inherited defects.

Erythrocyte membrane defects can be caused by abnor-
malities of membrane proteins or lipids, which can affect 
cell deformability, stability, shape, and/or permeability. The 
abnormal erythrocytes become trapped in splenic cords and 
are removed from the circulation. Interactions between the 
skeletal lattice proteins and integral proteins and lipids of the 
membrane are vertical interactions that when disrupted cause a 
reduced density of spectrin and uncoupling of the lipid bilayer. 
This causes selective loss of the lipid bilayer and formation of 
spherocytes. Skeletal lattice proteins interact horizontally to 
form the stress-supporting skeletal protein lattice. Defects in 
these proteins result in mechanical instability and fragmenta-
tion of the cell. Inherited defects in membrane proteins pro-
duce the hereditary hemolytic anemias including hereditary 

spherocytosis, hereditary elliptocytosis, and hereditary pyro-
poikilocytosis. Abnormally permeable membranes can cause 
hereditary overhydrated and dehydrated stomatocytosis, but 
the specific abnormality of the membrane in these two disor-
ders has not been definitively identified. Abnormalities in the 
lipid portion of the membrane can be inherited or acquired. 
These disorders result in the formation of acanthocytes.

Paroxysmal nocturnal hemoglobinuria (PNH), a stem 
cell disorder, is an acquired membrane abnormality in which 
 complement-mediated destruction of the cell occurs. The 
defect is due to a lack of decay-accelerating factor (DAF) and 
membrane inhibitor of reactive lysis (MIRL) on the erythrocytes, 
secondary to the absence of a membrane glycolipid, glycosyl-
phosphatidyl inositol (GPI) to anchor these proteins to the cell 
membrane. Hemolysis is intravascular, resulting in hemoglobin-
uria and decreased haptoglobin. Leukopenia and thrombocyto-
penia are common because these cells also are susceptible to 
complement destruction. The sucrose hemolysis test is a screen-
ing test for PNH. Although the Ham test was used in the past, 
immunophenotyping and the FLAER test are now the standard 
technologies for confirming a diagnosis of PNH.

Review Questions
Level i

 1. What is the most prevalent erythrocyte morphology 
observed in hereditary spherocytosis? (Objectives 1, 3)

 A. small, spherical erythrocytes with little or no central pallor

 B. spheroidal erythrocytes with sharp irregular projections

 C. fragmented erythrocytes

 D. oval-shaped erythrocytes

 2. What erythrocyte membrane disorder has erythrocytes 
that are thermally unstable and fragment when heated to 
45–46°C? (Objectives 1, 3)

 A. hereditary spherocytosis

 B. hereditary elliptocytosis

 C. hereditary pyropoikilocytosis

 D. PNH

This case study depicts a young man who presented 
with right-upper-quadrant pain. The CBC disclosed 
 anemia with a decreased MCV and increased MCHC. The 
peripheral blood smear revealed numerous  elliptocytes, 
teardrop cells, and micropoikilocytes. The patient’s 
 erythrocytes demonstrated increased osmotic fragility 
and thermal sensitivity.

6. What disorder do the patient’s lab findings suggest?

Case stuDy (continued from page 326)
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 3. Choose the principal confirmation test for a diagnosis of 
hereditary spherocytosis. (Objective 3)

 A. autohemolysis test

 B. sucrose hemolysis test

 C. thermal stability test

 D. osmotic fragility test

 4. Erythrocyte membrane disorders associated with known 
skeletal protein mutations include all of the following 
except: (Objective 1)

 A. hereditary spherocytosis

 B. hereditary overhydrated stomatocytosis

 C. hereditary elliptocytosis

 D. hereditary pyropoikilocytosis

 5. Which of the following erythrocyte disorders is associated 
with abnormal membrane permeability? (Objective 2)

 A. hereditary elliptocytosis

 B. hereditary dehydrated stomatocytosis

 C. PNH

 D. HPP

 6. Laboratory features associated with hereditary spherocy-
tosis include: (Objective 3)

 A. spherocytes on the peripheral smear

 B. MCHC more than 36%

 C. increased osmotic fragility

 D. all of the above

 7. The red blood cells in paroxysmal nocturnal hemoglobin-
uria (PNH) demonstrate a(n) ___________________ osmotic 
fragility test. (Objectives 4, 5)

 A. decreased

 B. increased

 C. normal

 D. unpredictable

 8. Which of the following statements describes the basic prin-
ciple behind the sucrose hemolysis test? This test deter-
mines whether: (Objective 6)

 A. a patient’s erythrocytes incubated in their own serum 
will demonstrate increased hemolysis.

 B. a patient’s erythrocytes are sensitive to complement 
lysis when exposed to acidified serum.

 C. the patient’s erythrocytes incubated in a low ionic medium 
such as sucrose will demonstrate increased hemolysis.

 D. the patient’s erythrocytes will resist acid elution.

 9. The laboratory features associated with asymptomatic 
common hereditary elliptocytosis include: (Objective 3)

 A. fragmented erythrocytes on the peripheral smear

 B. increased osmotic fragility

 C. positive autohemolysis test

 D. mild reticulocytosis

 10. The osmotic fragility test determines whether a patient’s 
erythrocytes are osmotically fragile by measuring the 
amount of hemolysis that occurs: (Objective 4)

 A. after a patient’s erythrocytes have been incubated for 
24 hours in acidified serum

 B. when a patient’s erythrocytes are incubated in various 
concentrations of hypotonic saline

 C. when the patient’s erythrocytes are incubated in a 
sucrose solution

 D. hemolysis when the patient’s erythrocytes are incubated 
in their own serum for 48 hours

Level ii

 1. Which of the following is the red blood cell membrane pro-
tein defect associated with hereditary pyropoikilocytosis? 
(Objective 1)

 A. deficiency of band 3

 B. defective ankyrin protein

 C. mutant spectrin

 D. excess cholesterol

 2. Which of the following erythrocyte disorders will demon-
strate an increased osmotic fragility pattern? (Objective 2)

 A. hereditary elliptocytosis and paroxysmal nocturnal 
hemoglobinuria

 B. hereditary overhydrated stomatocytosis and hereditary 
spherocytosis

 C. paroxysmal nocturnal hemoglobinuria and hereditary 
xerocytosis

 D. sickle cell anemia and thalassemia
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 3. Which erythrocyte index differentiates this membrane 
disorder from most of the other erythrocyte membrane 
disorders discussed in this chapter? (Objectives 2, 5)

 A. MCV

 B. MCH

 C. MCHC

 D. both the MCV and MCH

 4. The patient’s osmotic fragility test demonstrates that his 
erythrocytes have what type of osmotic fragility? (Objec-
tives 2, 5)

 A. increased

 B. decreased

 C. normal

 D. questionable

 5. Immunophenotyping for a diagnosis of PNH uses the fol-
lowing monoclonal antibodies: (Objective 4)

 A. CD55 and CD59

 B. CD11b/CD18

 C. CD33 and CD34

 D. CD56 and CD10

 6. The RBC membrane permeability in hereditary overhy-
drated stomatocytosis is ___________________, and the 
cells have a(n) ___________________ osmotic fragility. 
(Objective 2)

 A. increased; decreased

 B. decreased; increased

 C. increased; increased

 D. decreased; decreased

normal Control Patient
Initial hemolysis 0.50% 0.65% NaCl
Complete hemolysis 0.30% 0.45% NaCl

  These results most closely relate to which of the following 
statements? (Objective 2)

 A. The patient’s peripheral smear will reveal spherocytes.

 B. The patient’s peripheral smear will reveal target cells.

 C. The patient’s peripheral smear will reveal sickle cells.

 D. The test is out of control and should be repeated.

 8. A decrease in the level of which erythrocyte enzyme occurs 
in PNH? (Objective 3)

 A. leukocyte alkaline phosphatase (LAP)

 B. acid phosphatase

 C. C5 convertase

 D. acetylcholinesterase

 9. Which of the following statements best describes the role 
of the decay-accelerating factor (DAF)? (Objective 3)

 A. This regulatory protein enhances the amplification of 
complement lysis.

 B. This complement regulatory protein stimulates eryth-
rocyte lysis.

 C. This regulatory protein prevents the amplification of 
C3/C5 convertase activity.

 D. None of these adequately describes the DAF role.

 10. The function of the membrane inhibitor of reactive lysis 
(MIRL) is to: (Objective 3)

 A. induce erythrocyte aggregation

 B. interfere with the end stages of complement activation

 C. prevent production of an autoantibody

 D. all of the above

Use this case study to answer questions 3 and 4.

A 5-year-old white male was admitted with the diagnosis of a 
fractured tibia following a playground accident. His admission 
laboratory results follow:

WBC 125 * 109/L Differential
RBC 3.6 * 1012/L Segmented 
Hb 10.2 g/dL  neutrophils 70%

Hct 27% Lymphocytes 22%
MCV 96.3 fL Monocytes 5%
MCH 28.3 fL Eosinophils 2%
MCHC 38 g/dL Basophils 1%

RBC morphology:  Slight polychromasia and spherocytes 
present

Osmotic fragility test: Initial hemolysis: 0.65% NaCl
 Complete hemolysis: 0.45% NaCl

 7. The following results were obtained on an osmotic fragility 
test.
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the two main pathways by which erythrocytes catabolize 

glucose.
 2. Explain the role of erythrocyte enzymes in maintaining the cell’s 

integrity, and describe how deficiencies in these enzymes can lead 
to anemia.

 3. Identify the most common erythrocyte enzyme deficiency.
 4. Describe the inheritance pattern for glucose-6-phosphate 

 dehydrogenase (G6PD).
 5. Explain how the diagnosis of G6PD deficiency is made.
 6. List the tests used to detect G6PD deficiency and describe their 

principles.
 7. Recognize the erythrocyte morphology in a Romanowsky-stained blood 

smear associated with G6PD deficiency.
 8. Identify common compounds that induce anemia in G6PD deficiency.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Recommend appropriate laboratory testing and interpret results for 

suspected G6PD deficiency following a hemolytic episode.
 2. Explain the function of glutathione in maintaining cellular integrity.
 3. Associate the mechanisms of hemolysis with defects in the glycolytic 

and hexose monophosphate shunt pathways.
 4. Correlate clinical and laboratory findings with the common G6PD 

variants.
 5. Diagram the reaction catalyzed by pyruvate kinase, and explain how a 

defect of this enzyme can cause hemolysis.
 6. Recognize erythrocyte morphology associated with pyruvate kinase 

deficiency.
 7. Review and interpret laboratory findings in a case study presentation of 

G6PD deficiency.
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(Chapter 13), or enzymes. The two most common enzyme defects 
within the erythrocyte are glucose-6-phosphate dehydrogenase 
(G6PD) and pyruvate kinase (PK). Of these two enzyme deficiencies, 
G6PD defects are found more frequently and affect the hexose mono-
phosphate shunt. PK defects are the second most common enzyme 
deficiency and affect the glycolytic pathway. Thus, the chapter begins 
with a description of the role of these two pathways in erythrocyte 
metabolism and a general overview of the clinical and laboratory find-
ings in enzyme deficiencies associated with these pathways. G6PD and 
PK enzyme deficiencies are discussed in detail in the format of patho-
physiology, clinical and laboratory findings, and therapy.

IntroDuctIon
Even though the mature erythrocyte lacks a nucleus, mitochondria 
and ribosomes, the cell is still metabolically active (Chapter 5). Metab-
olism provides energy to keep hemoglobin iron in the reduced state, 
pump ions across the cell membrane, keep the sulfhydryl groups in 
enzymes and other proteins in the reduced state, and maintain the cell’s 
shape. These activities are essential for red cell survival. The erythro-
cyte life span can be significantly shortened if the cell is intrinsically 
abnormal. Lacking the ability to synthesize proteins and undergo 
oxidative phosphorylation for ATP production, the mature erythro-
cyte depends entirely on anaerobic metabolism for its energy needs. 
Maturation of the reticulocyte is associated with a decline in the activ-
ity of some enzymes, but the activity usually is relatively stable in the 
mature erythrocyte.1 Because the erythrocyte cannot synthesize new 
enzymes, the amount of enzyme present for normal cell function is 
limited.

An inherited deficiency in one of the erythrocyte enzymes 
can disrupt cellular metabolism and compromise the integrity of 
the cell membrane or hemoglobin and cause hemolysis. Refer to 
Table 18-1 ★ for the more common hereditary enzyme deficien-
cies known to cause hemolytic anemia. Most are associated with 
two erythrocyte metabolic pathways: the hexose monophosphate 
(HMP) shunt and the glycolytic (Embden-Meyerhof, EM) pathway. 
To understand how defects in these two pathways can result in hemo-
lysis, they will be reviewed. (For a more thorough discussion of each, 
review Chapter 5.)

overvIew
Defects within the erythrocyte can shorten the red cell life span, 
resulting in hemolytic anemia. These defects are intrinsic to the cell 
and can involve the erythrocyte membrane (Chapter 17), hemoglobin 

Key Terms
Bite cell
Blister cell
Chronic nonspherocytic 

hemolytic anemia

favism
Hypoxia
Lyonization

Background Basics
The information in this chapter builds on concepts learned in 
previous chapters. To maximize your learning experience, you 
should review the following concepts from previous chapters 
and other resources:

Level I and Level II
• Describe the normal erythrocyte metabolic processes. 

(Chapter 5)
• recognize rBC morphology as it relates to hemolytic disease 

processes. (Chapters 10, 11)
• Understand basic enzymology and techniques to measure 

enzyme activity. (Other resources)

We will address this case study throughout the chapter.

The patient, Henry, is a 20-year-old African American 
male who was in the process of being assigned to West 
Africa for a 12-month period with the Peace Corps. 
Because of the high prevalence of malaria in the area, 
he was started on antimalarial prophylaxis (primaquine) 
3 days prior to his flight to Africa. Twenty-four hours after 
starting the medication, he developed fever, chills, and 
general malaise. he subsequently reported to the emer-
gency department and was admitted to the hospital for 
observation and additional testing.

The physical exam revealed a normal appearing, well-
nourished adult male in no acute distress. His family his-
tory was noncontributory, and he had no known drug 
allergies. Laboratory analysis yielded the following:

case stuDy

CBC
WBC 12 * 109/L
Hb 9.1 g/dL (91 g/L)
Hct 27% (0.27 L/L)
MCV 90 fL
PLT 423 * 109/L
Total bilirubin 5.0 mg/dL
Conjugated bilirubin 0.2 mg/dL
Unconjugated bilirubin 4.8 mg/dL
Haptoglobin 39 mg/dL

Based on the clinical history and these laboratory results, 
consider what could have precipitated this patient’s 
condition.
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Hexose Monophosphate Shunt
Glucose, the cell’s primary metabolic substrate, enters the cell in a 
 carrier-mediated, energy-free transport process and is catabolized via 
the glycolytic pathway or the HMP shunt. The HMP shunt catabo-
lizes approximately 10% of the glucose, and is essential for maintaining 
adequate concentrations of reduced glutathione (GSH). GSH protects 
the erythrocyte from oxidant damage: it maintains hemoglobin in the 
reduced functional state and safeguards vital cellular enzymes from 
oxidation. GSH is maintained at high levels by conversion of NADPH 
to NADP; NADP is reduced back to NADPH in a reaction catalyzed by 
glucose-6-phosphate dehydrogenase (G6PD) (Figure 18-1 ■). When 
the cell is exposed to an oxidizing agent, more NADPH is consumed 
as part of the cell’s protective mechanism to maintain sufficient levels 
of GSH, and G6PD is required to restore levels of NADPH. Oxidized 
GSH (GSSG) is also actively transported out of the erythrocyte. If 
enzymes in the HMP shunt are deficient, the cell’s reducing power is 
compromised, and oxidized hemoglobin accumulates, subsequently 
denaturing in the form of Heinz bodies. Heinz bodies aggregate at the 
cell membrane, causing membrane damage. As the cells pass through 
the spleen, the macrophages attempt to remove the Heinz bodies, lead-
ing to premature extravascular hemolysis. The most common enzyme 
deficiency of the HMP shunt is G6PD deficiency.

Glycolytic Pathway
Most of the cell’s energy is produced via glycolysis in the glycolytic 
pathway. About 90% of the glucose is metabolized by this pathway as 
one mole of glucose is catabolized to lactic acid with a net produc-
tion of two moles of ATP. ATP is needed for active cation transport 
of Na+, K+, and Ca++, maintaining membrane deformability and the 
normal erythrocyte biconcave disc shape.1 The erythrocyte’s ability 
to deform is an important determinant of its survival. Deficiencies in 
enzymes of the glycolytic pathway decrease ATP production and lead 
to hemolysis. The mechanism of hemolysis is related to decreased ATP, 
leading to impaired cation pumping. Membrane integrity is compro-
mised and increased osmotic fragility results. The osmotically fragile 
cells are trapped in the hostile splenic environment and phagocytized. 

Heinz bodies are not formed because the cell’s reducing power is pri-
marily linked to the HMP shunt, which is not affected.

The Rapoport-Luebering shunt of the glycolytic pathway pro-
vides the erythrocyte with 2,3-bisphosphoglycerate (2,3-BPG). 
When 1,3-BPG is shunted to 2,3-BPG instead of directly to 3-PG, a 
critical reaction producing ATP is bypassed and there is no net gain 
of ATP from glycolysis. The activity of this shunt is stimulated during 
hypoxia to facilitate oxygen delivery to the tissues. 2,3-BPG binds 
to hemoglobin, decreasing hemoglobin’s oxygen affinity and making 
more oxygen available to the tissues.

Clinical and Laboratory Findings 
in Erythrocyte Enzyme Deficiencies
Most erythrocyte enzyme deficiencies are inherited as autosomal 
recessive traits. However, the most common enzyme deficiency, G6PD, 
is inherited as an X-linked recessive (sex-linked) disorder. Individu-
als homozygous for the autosomal recessive enzyme deficiencies and 
males with X-linked G6PD deficiency are most likely to be symptom-
atic. The clinical presentation is variable, depending on the specific 
mutation inherited and can range from no hemolysis/anemia, to inter-
mittent hemolysis, to a chronic hemolytic state. Affected individuals 
generally have a normocytic, normochromic anemia, reticulocytosis, 
hyperbilirubinemia, and neonatal jaundice. The direct antiglobulin 
test (DAT) is negative, indicating an absence of antibodies coating the 
erythrocytes, and there is no evidence suggesting a defect in either the 
erythrocyte membrane or hemoglobin.

The anemias associated with inherited defects of erythrocyte 
metabolism can be acute or chronic, depending on the mutant 

Metabolic Pathway enzyme Deficiency

Glycolytic (Embden-Meyerhof) Pyruvate kinase (PK)

Glucose phosphate isomerase (GPI)

Hexokinase (HK)

Phosphoglycerokinase (PGK)

phosphofructokinase (pfK)

Triosephosphate isomerase (TPI)

Hexose monophosphate Glucose-6-phosphate 
 dehydrogenase (G6PD)

Glutathione synthetase

Glutamylcysteine synthetase

Glutathione reductase

Nucleotide Pyrimidine 5′@nucleotidase (P5N)

★ taBLe 18-1 Erythrocyte Enzyme Deficiencies  
 Associated with Congenital (Chronic) 
 Nonspherocytic Hemolytic Anemia

■  FIgure 18-1 G6PD is needed for maintaining ade-
quate quantities of glutathione (GSH), an important buf-
fer to oxidants within the erythrocyte. As GSH reduces 
H2O2 to H2O, it is oxidized (GSSG). G6PD generates 
NADPH in the conversion of glucose-6-phosphate to 
6- phosphogluconate. NADPH, in turn, regenerates 
reduced glutathione from oxidized glutathione.
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Navy, and Air Force screen all soldiers, civilians, and other beneficia-
ries for G6PD and prohibit prescriptions for primaquine in G6PD-
deficient individuals.4 G6PD deficiency is found worldwide but 
occurs most frequently in people from the Mediterranean area, Africa, 
and China.

The geographic distribution coincides with that of malaria, suggest-
ing that G6PD deficiency may provide protection against this disease. 
One mechanism for this protection could be oxidant injury to the para-
site. Due to the cell’s inability to restore NADPH and GSH, the parasite 
may be more vulnerable to the reactive intermediates formed when the 
parasite breaks down hemoglobin.5 Evidence also suggests that G6PD-
deficient erythrocytes containing earlier stages of parasite maturation 
(ring stage) may be more readily phagocytized.6,7 The exact mechanism 
of this hypothesized protection is unknown, however, and epidemiologi-
cal and clinical studies have not consistently shown a clear connection 
between protection against malaria and G6PD deficiency.8,9,10 Never-
theless, the geographic coincidence is compelling.

Because G6PD deficiency is a sex-linked disorder (the cyto-
genetic location of the gene, G6PD, is Xq28), it is fully expressed in 
males with a genetic mutation and in females homozygous or double 
heterozygous for a mutant allele. More than 400 G6PD variants have 
been identified.1

G6PD deficiency is heterogeneous with differences in severity 
among races, sexes, and the mutant variant inherited. The majority of 
people with a G6PD variant allele have no clinical expression of the 
deficiency unless they are exposed to oxidative chemicals or drugs, 
or have severe infections. They also can have neonatal jaundice. See 
Table 18-2 ★ for compounds that have been associated with hemo-
lytic anemia in G6PD deficiency.

enzyme inherited. Some mutations cause low enzyme activity or 
instability, whereas other mutations are associated with enzymes 
that have moderately to mildly decreased activity. Some mild types 
are associated with hemolysis only under stressful conditions such 
as administration of oxidant drugs, whereas severely deficient or 
unstable types cause chronic hemolysis in the absence of stress. The 
chronic hemolytic types are often collectively referred to as hereditary 
nonspherocytic hemolytic anemia. Crosby introduced this term in 
1950 to describe hemolytic anemia that appeared at an early age but 
in whom testing revealed a normal osmotic fragility,1 and it was used 
to differentiate a hereditary hemolytic anemia that was not hereditary 
spherocytosis. This heterogeneous group of anemias does not have 
significant poikilocytosis. Although the anemias might not be life 
threatening, they can be disabling and lead to debilitating complica-
tions. Although anemias other than those caused by enzyme muta-
tions can also be chronic, hemolytic, and nonspherocytic, they are not 
included in this group (e.g., sickle cell disease, thalassemia).

Diagnosis
Definitive diagnosis of enzyme deficiencies requires spectrophoto-
metric measurement of the suspected deficient enzyme and/or molec-
ular testing for the specific gene. The timing of enzymatic testing and 
interpretation of the results is important for accurate diagnosis. With 
some enzyme deficiencies, enzyme activity is nearly normal in reticu-
locytes but decreases as the cell ages (e.g., G6PD@A-). Thus, depending 
on the age distribution of the circulating cells and the degree of reticu-
locytosis, the enzyme content can appear normal. For this reason, the 
patient’s blood should not be collected for testing immediately after 
a hemolytic episode when most of the enzyme-deficient cells have 
been hemolyzed and there is a compensatory reticulocytosis. Diag-
nosis during or shortly after a hemolytic episode can be made if the 
blood is centrifuged and the older dense erythrocytes at the bottom 
of the column of blood are tested.2,3 If a patient has been recently 
transfused, testing should be delayed until the transfused cells are no 
longer present.1

Transfusion of red blood cells in a patient with chronic 
nonspherocytic, hemolytic anemia as the result of an 
erythrocyte enzyme deficiency does not reverse or pre-
vent the recipient’s condition. However, a transfusion 
does help to raise the patient’s hemoglobin. If tests are 
performed to quantitate the enzyme after a transfusion, 
the results can be within the normal reference intervals. 
Explain.

CheCkpoint 18-1

Oxidant compounds are harmful because they result in 
the production of toxic peroxides or other oxygen radi-
cals that overwhelm the body’s natural mechanisms to 
scavenge them. Why is the protection against oxidants 
easily compromised in G6PD deficiency?

CheCkpoint 18-2

gLucose-6-PhosPhate 
DehyDrogenase DeFIcIency
G6PD deficiency is the most common erythrocyte enzyme disorder. 
It was first recognized during the Korean War when 10% of African 
American soldiers who were given the antimalarial drug primaquine 
developed a self-limited hemolytic anemia. Currently, the U.S. Army, 

Pathophysiology
G6PD is necessary for maintaining adequate levels of GSH for reduc-
ing cellular oxidants (Figure 18-1). In G6PD deficiency, the generation 
of NADPH, and subsequently GSH, is impaired and cellular oxidants 
accumulate. The buildup of cellular oxidants leads to erythrocyte 
injury and both intravascular and extravascular hemolysis. Oxidants 
cause the oxidation of free –SH groups in hemoglobin and other intra-
cellular proteins, forming disulfide bridges. Oxidized hemoglobin has 
decreased solubility and precipitates as Heinz bodies. Heinz bodies 
attach to the erythrocyte membrane, causing increased membrane 
permeability to cations, osmotic fragility, and cell rigidity. Heinz bodies 
are removed from the erythrocytes by splenic macrophages,  producing 
bite cells and blister cells. With progressive membrane loss, sphero-
cytes can be formed (Figure 18-2 ■). Spherocytes are less deformable 
than normal cells and become trapped and hemolyzed in the spleen 
(extravascular hemolysis). Heinz bodies require a supravital stain to 
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G6PD Variants
More than 400 variants of the G6PD enzyme have been identified.1 
Many of them differ in activity, stability, and/or electrophoretic 
mobility. The World Health Organization (WHO) has categorized 
the variant enzymes into five classes according to the degree of defi-
ciency and hemolysis12 (Table 18-3 ★). Most of the identified vari-
ants actually have normal enzyme activity. Deficient enzyme variants 
tend to have mutations clustered in domains responsible for stable 
dimerization of the active form of the protein, or the NADP bind-
ing site.13 Except for G6PD-B, G6PD@A+, and G6PD@A-, variants are 
given geographic or other types of names.

Females with G6PD Deficiency
Female heterozygotes for G6PD deficiency always contain two popu-
lations of cells, one normal and one G6PD deficient. In contrast, all 
cells in affected males are G6PD deficient. The dual population in 
females is caused by lyonization, the random inactivation of one 
X chromosome in each hematopoietic stem cell. Depending on the 
proportion of abnormal erythrocytes and the nature of the inherited 
variant, females might have no clinical expression of the deficiency or 
be affected as severely as males. Although rare, there are case reports of 

G6PD activity is highest in young cells and decreases rapidly as 
cells age. Reticulocytes have approximately 5 times higher enzyme 
activity than the oldest circulating erythrocytes. However nor-
mal erythrocytes use only 0.1% of their maximum G6PD enzyme 
 capacity.11 Thus, under normal conditions, even older cells retain 
enough G6PD activity to maintain adequate GSH levels. This explains 
why most G6PD-variant cells can maintain normal function and 
hemolysis is sporadic. When erythrocytes are overwhelmed by exces-
sive oxidant stress, the G6PD activity becomes inadequate to main-
tain normal metabolic function in individuals who have inherited 
a G6PD variant. Those cells that are most deficient (i.e., the oldest) 
undergo oxidative damage and are rapidly removed from circulation. 
With most G6PD variants, hemolysis is self-limited (e.g., hemolysis 
stops after a time even if the oxidant stress continues). Self-limited 
hemolysis occurs because the older, most G6PD-deficient erythro-
cytes initially are destroyed, but the younger cells remain because they 
have sufficient enzyme activity to avoid hemolysis. The reticulocytes 
released from the bone marrow in response to the hemolytic episode 
also have enough enzyme activity to maintain metabolic activity even 
under oxidant stress. However, it is important to recognize that under 
the stress of severe oxidants (drugs, chemicals), even normal cells can 
experience oxidant damage and hemolysis.

be visualized because they are not evident on Romanowsky-stained 
blood smears. Oxidant stress also can oxidize membrane lipids and 
proteins. This disruption of the membrane structural integrity results 
in removal of the cell from the circulation by splenic macrophages. 
Cell membrane damage can occasionally be severe enough for the 
cell to hemolyze in the circulation. This intravascular hemolysis can 
be acute and accompanied by hemoglobinemia and hemoglobinuria.

Antimalarials primaquine

pamaquine

pentaquine

Quinacrine (Atabrine)

Sulfonamides Sulfanilamide

Sulfacetamide

Sulfapyridine

Sulfamethoxazole (Gantonol)

Sulfasalazine (Azulfidine)

Sulfones Thiazosulfone

Diaphenylsulfone (DDS, Dapsone)

Sulfoxone (Diasone)

Nitrofurans nitrofurantoin (furadantin)

Analgesics Acetanilid

Miscellaneous fava beans

Hydroxylamines

Methylene blue

Naphthalene (moth balls)

Naxidlic acid

Niridazole

Phenylhydrazine

Toluidine blue

Trinitrotoluene (TNT)

★ taBLe 18-2 Compounds Associated with Hemolysis 
in G6PD Deficiency

■  FIgure 18-2 Peripheral blood from a patient with 
G6PD deficiency during a hemolytic episode. There are 
erythrocytes with a portion of the cell, known as a bite 
cell, missing. The spleen pits the Heinz bodies with a 
portion of the cell producing these misshapen erythro-
cytes. Some of the cells reseal and become spherocytes 
(Wright-Giemsa stain, 1000*  magnification).

Erythrocyte morphology should always be examined 
carefully. The ability to pick up subtle clues regarding 
the cause of a disease process can be acquired from a 
comprehensive evaluation of abnormal erythrocyte mor-
phology. How is this likely to aid the diagnosis of G6PD 
deficiency?

CheCkpoint 18-3
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widespread in the Mediterranean area and the Middle East. The first 
signs of favism are malaise, severe lethargy, nausea, vomiting, abdomi-
nal pain, chills, tremor, and fever.1 Hemoglobinuria occurs a few hours 
after ingestion of the beans. Persistent hemoglobinuria usually prompts 
the individual to seek medical attention. Jaundice can be intense. Severe 
favism usually affects children between the ages of 2 and 5 years. The 
incidence in young children is changing in some countries, however, 
due to neonatal screening and parental education. Even though favism 
occurs more often in males due to the X-linked nature of the disease, 
heterozygous females can also be affected depending on the propor-
tion of enzyme-deficient erythrocytes present.

hereditary nonspherocytic hemolytic anemia
Hereditary nonspherocytic hemolytic anemia syndrome is associated 
with G6PD variants (WHO class I) that have low in vitro activity or 
are markedly unstable. Hemolysis is chronic and not associated with 
ingestion of drugs or infections, although drugs and infections can 
exacerbate the hemolysis. The hemolysis is usually compensated so 
anemia can be mild. Reticulocytosis is in the range of 4–35%. This type 
of G6PD deficiency is often referred to as chronic nonspherocytic 
hemolytic anemia.

Leukocyte and platelet G6PD are controlled by the same gene 
locus as erythrocyte G6PD. Thus, some patients with G6PD-deficient 
red cells have been found also to have leukocyte G6PD deficiency. 
An increase in pyogenic infections has been reported in those with 
65% normal activity.5,18–20 However, a group of Israeli patients with 
severe G6PD deficiency without an increased incidence of infections 
had bactericidal activity in their G6PD-deficient neutrophils within 
the range of healthy controls.21 Considerable fluctuation of enzyme 
activity in leukocytes was found to depend on the time of day it was 
measured. This fluctuation can produce enough NADPH to initiate 
the respiratory burst and prevent infection. Neutrophils also are rela-
tively short-lived cells, so those with unstable variants might not show 
functional impairment.

neonatal hyperbilirubinemia
Some neonates with G6PD deficiency have severe hyperbilirubinemia 
with the potential of kernicterus if untreated. The prevalence of this 
severe jaundice occurs twice as often in G6PD-deficient male neonates 
compared with neonates from the general population. The mecha-
nism is unknown. Although hemolysis can be present, other factors, 
including inability to conjugate and clear bilirubin, seem to play a 
more important role.22 In one study, G6PD deficiency was identified 

homozygous or double heterozygous-deficient females.14 Web Figure 
18-1 illustrates the expected progeny from G6PD-deficient males or 
females.

Clinical Findings
A spectrum of clinical presentations is associated with this disorder: 
(1) acute, acquired hemolytic anemia (episodic), including favism; 
(2) hereditary (congenital) nonspherocytic hemolytic anemia (chronic); 
and (3) neonatal hyperbilirubinemia with jaundice. Homozygotes and 
heterozygotes can be symptomatic, depending on the severity of the 
deficiency. G6PD deficiency is most common in those of African, Asian, 
Mediterranean, and Middle Eastern heritage.

acute, acquired hemolytic anemia
Most persons with G6PD deficiency have no clinical symptoms, and 
they are not anemic. Diagnosis usually occurs during or after infec-
tious illnesses or following exposure to certain drugs because these 
conditions commonly precipitate hemolytic episodes. Hemolysis is 
variable and depends on the degree of oxidant stress, the G6PD vari-
ant, and sex of the patient. The symptoms are those of an acute intra-
vascular hemolytic anemia (Chapter 11). Drug-induced hemolysis 
usually occurs within 1 to 3 days after exposure to the drug. Sudden 
anemia develops with a 3–4 g/dL drop in hemoglobin. Jaundice is not 
prominent. The patient can experience abdominal and low back pain, 
as well as dark or black urine due to hemoglobinuria. In one study of 
35 G6PD-deficient children in India, the most common significant 
complication, occurring in 750% of the cases, was renal failure.15 
Hemoglobinemia is prominent. Often, however, hemolysis is less 
striking and is not accompanied by hemoglobinuria or conspicuous 
symptoms.

Favism refers to the sudden severe hemolytic episode that devel-
ops in some individuals with G6PD deficiency after the ingestion of 
fava beans (broad beans). Hemolytic episodes occur in much the same 
way as drug-induced hemolytic episodes. The most likely components 
of the bean responsible for the sensitivity are isouramil and divicine.16 
These acute hemolytic episodes were thought to be associated with 
severe G6PD deficiency, especially the G6PD-Mediterranean variant. 
It is now known that other forms of G6PD deficiency are also asso-
ciated with favism, including G6PD@A- and G6PD-Aures, a variant 
identified in Algerian subjects.17

The hemolysis associated with favism is similar to the acute 
hemolytic episodes that occur after primaquine administration in 
individuals with the G6PD@A- variant. Consumption of fava beans is 

class g6PD activity hemolysis Important variants

I Severely deficient Chronic nonspherocytic hemolytic anemia, not self-limited Minnesota, Iowa

II Severely deficient (610%) Acute, episodic, can be chronic and not self-limited G6PD-Mediterranean, common severe 
oriental variants

III Moderately to mildly deficient (10–60%) Acute, episodic G6PD@A- , G6PD-Canton

IV Normal (60–150%) Absent G6PD-B, G6PD@A+

V Increased activity Absent

★ taBLe 18-3 WHO Classification of Mutant G6PD Alleles
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is characteristic following a hemolytic episode.26 Leukocytes can 
increase, but platelets are usually normal. Unconjugated bilirubin 
and serum lactate dehydrogenase (LD) can be increased. Hapto-
globin commonly decreases during the acute hemolytic phase. 
Absence of haptoglobin in the recovery stage indicates chronic 
hemolysis.

Definitive diagnosis depends on the demonstration of a decrease 
in erythrocyte G6PD activity. In affected individuals, the enzyme 
activity can appear normal during and for a time after a hemolytic 
episode because older cells with less G6PD are preferentially destroyed 
and the newly released reticulocytes have higher activity. A reticulocy-
tosis of 77% is generally associated with a normal enzyme screen after 
hemolysis.27 For this reason, assays for G6PD should be performed 2 
to 3 months after a hemolytic episode. In G6PD-Mediterranean, how-
ever, even young cells have gross deficiencies of G6PD, and enzyme 
activity appears abnormal even with reticulocytosis. Both severe and 
mild types of G6PD deficiency are detected by measuring the enzyme 
if the patient is not undergoing hemolysis.

in at least 21% of infants who were readmitted with kernicterus.23 
Treatment can include phototherapy and exchange transfusion.

Healthy neonates and preterm infants (29–32 weeks’ gestation) 
have higher G6PD activity than do adults. However, the higher activity 
does not affect the diagnosis of G6PD because neonates and preterm 
infants with G6PD deficiency have lower activity than do normal 
neonates.24

Laboratory Findings
Anemia is absent and peripheral blood findings are normal for most 
of the common G6PD variants associated with episodic disease except 
during hemolytic episodes. Patients with the hereditary nonsphero-
cytic hemolytic anemia form can exhibit chronic hemolysis. During 
or immediately following a severe hemolytic episode, polychromasia, 
occasional spherocytes, small hypochromic cells, erythrocyte frag-
ments, blister cells, and bite cells can be seen on the blood smear. Bite 
cells (degmacytes) have a chunk of the cell removed from one side 
and are thought to be formed when phagocytes in the spleen remove 
the denatured hemoglobin (Heinz bodies) bound to the cell mem-
brane. They are frequently thought to be typical of G6PD deficiency 
(Figure  18-2). However, bite cells are more characteristic of drug-
induced oxidant hemolysis in individuals with normal hemoglobin 
and enzyme activity.25

A peculiar cell, the blister cell, referred to by a variety of 
descriptive terms (irregularly contracted cell, eccentrocyte, eryth-
rocyte hemighost, double-colored erythrocyte, and cross-bonded 
erythrocyte) has been described in G6PD deficiency after oxi-
dant-related hemolysis (Figure 18-3 ■). The red cell membrane is 
oxidized, and the hemoglobin is confined to one side of the cell, 
whereas the other side is transparent. The transparent side often 
contains Heinz bodies and has flattened membranes in which the 
opposing membrane sides are juxtaposed. This cross-bonding of the 
membrane appears to decrease deformability and destine the cell for 
phagocytosis by macrophages. These cells have a decreased volume 
and increased MCHC.

A variety of abnormal laboratory findings related to hemolysis 
can be found during or after a hemolytic episode. Reticulocytosis 

■  FIgure 18-3 The arrows are pointing to blister 
cells, which have various names (see the chapter text). 
 Hemoglobin is condensed to one side of the cell, leaving 
a transparent area (blister) on the other. These cells can 
be found in G6PD-deficient individuals after a hemolytic 
attack (Wright-Giemsa stain, 1000*  magnification).

Because of the low hemoglobin, Henry was transfused 
with 2 units of packed red cells. Examination of the 
peripheral blood smear was remarkable for occasional 
spherocytes and bite cells. This blood smear finding, pre-
sentation of anemia, and onset of illness coinciding with 
the initiation of primaquine suggested shortened rBC life 
span due to oxidative damage.

1. What test should be considered after finding bite cells 
on a blood smear?

case stuDy (continued from page 335)

Qualitative Fluorescent spot test
The fluorescent spot test (Beutler fluorescent spot test) is a rapid, 
reliable, and sensitive screening test for G6PD deficiency. Whole 
blood is added to a mixture of glucose-6-phosphate (G6P), NADP, 
and saponin. A drop of this mixture is placed on a piece of filter 
paper and examined under ultraviolet light for fluorescence. The 
G6PD enzyme present in erythrocytes normally metabolizes G6P, 
producing NADPH, which fluoresces. NADP does not fluoresce, 
so lack of fluorescence indicates G6PD deficiency. Although this 
test often produces false negative results, especially after a hemo-
lytic episode, it is useful in identifying severe deficiencies. A recent 
modification of the fluorescent spot test is to report “intermediate” 
fluorescence along with “absent” and “present” fluorescence. This 
modification is recommended to improve the diagnosis of G6PD 
deficiency in heterozygous females and individuals with moderate 
deficiencies.28 In a recent clinical trial, the fluorescent spot test had 
26% false negatives and 2% false positives.29

Dye reduction test
The dye reduction screening test incubates a hemolysate of patient’s 
blood with G6P, NADP, and the dye brilliant cresyl blue. If the hemo-
lysate contains G6PD, the NADP is reduced to NADPH, which in 
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Differential Diagnosis
G6PD deficiency has similar clinical features and some overlapping 
laboratory test results that are similar to drug-induced hemolysis 
associated with unstable hemoglobins.1 Abnormalities in hemoglo-
bin electrophoresis and the hemoglobin stability test help identify the 
unstable hemoglobins but are normal in G6PD deficiency. The ascor-
bate cyanide test can be abnormal in both unstable hemoglobins and 
G6PD deficiency, but the G6PD assay and fluorescent screening test 
are positive only in G6PD deficiency. Exclusion of anemias associated 
with defects of the erythrocyte membrane can be made as these ane-
mias have characteristic poikilocytosis (e.g., spherocytes, ovalocytes, 
stomatocytes).

Therapy
Most of the patients with G6PD deficiency are asymptomatic and do 
not experience chronic hemolysis; thus, no therapy is indicated. How-
ever, patients should avoid exposure to the oxidant drugs and foods 
that can precipitate hemolytic episodes. In acute hemolytic episodes, 
supportive therapy including blood transfusions, treatment of infec-
tions, and removal of the precipitating agent are used. Exchange trans-
fusion may be necessary in cases of severe neonatal jaundice. Dialysis 
can be indicated in patients with oliguria and severe azotemia.10

turn reduces the blue dye to its colorless form. The time it takes for 
this change to occur is inversely proportional to the amount of G6PD 
present. Normal blood is also tested as a control. The test is specific 
and is available as a commercial kit. A recent study of a point-of-care 
dye reduction test kit reported a significant problem with false nega-
tives.30 Another commercial kit uses a lateral flow test strip and is read 
visually. This kit had a positive predictive value of 72% with heparin-
ized blood and 65% with EDTA-preserved blood.31 A quantitative ver-
sion of this test measures the rate of reduction of NADP to NADPH 
at 340 nm in a spectrophotometer.

ascorbate cyanide test
The ascorbate cyanide test is the most sensitive screening test for 
detecting heterozygotes and G6PD deficiency during hemolytic epi-
sodes. The test is not specific for G6PD deficiency but also detects 
other defects or deficiencies in the HMP shunt. The test is also posi-
tive in paroxysmal nocturnal hemoglobinuria (PNH), PK deficiency, 
and unstable hemoglobin disorders. The test’s principle is that G6PD-
deficient cells fail to reduce hydrogen peroxide. A patient’s blood 
sample is incubated with sodium ascorbate, sodium cyanide, and glu-
cose. Hydrogen peroxide is generated by the interaction of ascorbate 
with hemoglobin. The sodium cyanide inhibits the activity of normal 
erythrocyte catalase, which catalyzes the degradation of hydrogen 
peroxide. Erythrocytes deficient in G6PD cannot reduce the perox-
ide, and hemoglobin is oxidized to methemoglobin, which imparts a 
brown tint to the solution.

cytochemical staining
The enzyme activity in individual cells is detected by the cytochemi-
cal staining method. The G6PD in the red cells reacts with a sensitive 
tetrazolium salt to ultimately form formazan. The level of formazan 
is directly related to the G6PD activity. The activity in the cells can be 
scored by hand, but automated methods utilizing flow cytometry are 
available.32

Quantitation of g6PD
Screening tests for the enzyme are recommended before performing 
more expensive quantitative tests. It has been shown that semiquan-
titative tests that use a low cutoff of 2.10 U/g Hb fail to detect most 
heterozygous female neonates. Sensitivity of the test can be increased 
if the cutoff is raised to 2.55 U/g Hb for females and to 2.35 U/g Hb 
for males.33 A blood sample can be submitted to a reference laboratory 
that can perform the quantitative erythrocyte enzyme assays. G6PD 
enzyme levels can be quantitated by incubating an erythrocyte hemo-
lysate with G6P and NADP, and measuring the rate of reduction of 
NADP to NADPH at 340 nm in a spectrophotometer.

Molecular Methods
In the case of heterozygous females or when the quantitation of the 
enzyme can yield misleading results such as during or after a hemo-
lytic episode, it is best to perform polymerase chain reaction (PCR) 
tests to reveal the genetic abnormality. In a DNA-based screening 
test, DNA is extracted from spots of dried blood and then submit-
ted for PCR. Fluorescent-labeled probes are used to detect mutant 
G6PD alleles.

A spectrophotometric assay for G6PD was performed 
on Henry’s peripheral blood. The result was borderline 
normal, and a preliminary diagnosis of G6PD deficiency 
was made. primaquine usage was discontinued, and the 
patient recovered without complications. Upon follow-
up, the patient was retested for G6PD deficiency and was 
found to be abnormal, confirming the diagnosis.

2. Why was the initial G6PD test result normal but the 
repeat test abnormal?

case stuDy (continued from page 340)

3. What was the precipitating cause of the Henry’s 
anemia?

case stuDy 

other DeFects anD DeFIcIencIes 
oF the hMP shunt anD gsh 
MetaBoLIsM
Erythrocytes synthesize about 50% of their total glutathione every 
4 days. Congenital deficiencies of the enzymes needed for glutathi-
one synthesis (glutathione synthetase, glutamylcysteine synthetase) 
have been reported to be associated with a decrease in GSH and a 
hereditary nonspherocytic hemolytic anemia. Hemolysis increases 
during administration of certain drugs. Deficiencies of glutathione 
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causing potassium loss as well as sodium and calcium gain and dehy-
dration (echinocytes). The echinocytes are sequestered in splenic 
cords and phagocytized by macrophages.

Clinical Findings
Clinical symptoms vary depending on the degree of anemia, which 
can vary from mild to severe. Individuals tolerate the anemia relatively 
well because of the increase in 2,3-BPG that accompanies this distal 
block in glycolysis. The two to three times normal increase in 2,3-BPG 
enhances the release of oxygen to the tissues. Jaundice can occur with 
intermittent hemoglobinuria. Gallstones are a common complication 
due to high levels of bilirubin excreted from the liver in the bile.

PK deficiency can be life threatening in neonates. When anemia is 
present at birth, PK deficiency should be considered and differentiated 
from other etiologies associated with anemia in newborns (ABO/Rh 
incompatibility, thalassemia, G6PD deficiency, and hereditary sphe-
rocytosis).39 Severe PK deficiency can cause pronounced jaundice 
in neonates that may require exchange transfusions, and some cases 
have been associated with hydrops fetalis.39,40 Splenectomy in older 
children can result in stabilization of the hemoglobin and decrease the 
need for transfusions. Patients with milder forms of PK deficiency are 
commonly diagnosed in early adulthood although they may have had 
neonatal jaundice.21

Laboratory Findings
Patients with PK deficiency have a normocytic, normochromic ane-
mia with hemoglobin levels of 6–12 g/dL. Reticulocytosis ranges from 
2–15% and increases after splenectomy, often 740%. The degree of 
reticulocytosis before splenectomy is not proportional to the degree 
of anemia as it is in most other hemolytic anemias because the spleen 
preferentially sequesters and removes the younger PK deficient 
erythrocytes. The blood smear exhibits irregularly contracted cells 
and occasional echinocytes before splenectomy; more are found fol-
lowing splenectomy (Figure 18-5 ■). In contrast to G6PD deficiency, 
Heinz bodies and spherocytes are not found in PK deficiency. Serum 
unconjugated indirect bilirubin and LD are increased, and hapto-
globin is decreased or absent. Osmotic fragility is normal, but cells 

reductase, an enzyme that catalyzes the reduction of GSSG to GSH, 
although rare, have been reported.34,35 Glutathione peroxidase cata-
lyzes the detoxification of hydrogen peroxide by GSH. Deficiencies 
of this enzyme, although common, are not a cause of hemolysis. This 
might be explained by the fact that peroxide reduction by GSH occurs 
nonenzymatically at a significant rate.

Pyruvate kInase (Pk) DeFIcIency
Pyruvate kinase deficiency is the most common enzyme deficiency 
in the glycolytic pathway and the second most common erythrocyte 
enzyme deficiency. Although PK deficiency is less common than 
G6PD deficiency, it is the most common inherited enzyme defect 
associated with a chronic hemolytic anemia.36 Many pyruvate kinase 
enzyme mutations account for the disorder’s variability of clinical 
manifestations. The more severe types are noted in infancy, whereas 
the milder types may not be detected until adulthood. Inheritance is 
autosomal recessive. Clinically significant hemolytic anemias due to 
PK deficiency are associated with the homozygous state or double het-
erozygosity for two mutant enzymes. The variation in clinical pheno-
type associated with the genetic mutations appears to reflect not only 
the aberrant properties of the mutant protein but also interactions of 
the genotype with physiological and environmental factors including 
epigenetic modifications, ineffective erythropoiesis, splenic function, 
and coexisting polymorphisms of other enzymes.37 Simple hetero-
zygotes are usually asymptomatic. Acquired PK deficiency is seen in 
some leukemias and myelodysplastic disorders.

Pathophysiology
More than 220 different mutations in the PK gene, 178 of which 
result in PK deficiency (PKLR gene on chromosome 1q21) have been 
identified.38 Most are missense mutations, but nonsense mutations, 
deletions, and insertions are also found. PK catalyzes the conversion 
of phosphoenolpyruvate (PEP) to pyruvate, concurrent with the con-
version of ADP to ATP (Figure 18-4 ■). PK deficiency compromises 
this energy-producing reaction, resulting in a decrease of ATP pro-
duction. The cell’s inability to maintain normal ATP levels results in 
alterations of the erythrocyte membrane: failure of the cation pumps 

■  FIgure 18-4 Glucose is metabolized to pyruvate in the 
glycolytic pathway. ATP is generated as phosphoenolpyru-
vate and is converted to pyruvate with a net gain of 2 ATP. 
Two molecules of pyruvate are formed from 1 glucose 
molecule. In PK deficiency, this reaction is slowed, result-
ing in deficient ATP production.

Glucose

2 Phosphoenolpyruvate

2 Pyruvate

Pyruvate
kinase

ADP

ATP

■  FIgure 18-5 Blood smear from a patient with PK defi-
ciency. Note the echinocyte, acanthocyte, target cells, and 
irregularly contracted cells. Howell-Jolly bodies are also 
present (Wright-Giemsa stain, 1000*  magnification).
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other enzyMe DeFIcIencIes 
In the gLycoLytIc Pathway
Other enzyme deficiencies in the glycolytic pathway, when associated 
with anemia, have clinical manifestations and laboratory findings that 
resemble those of PK deficiency.

•	 Glucose phosphate isomerase deficiency (GPI) This is the 
second most common disorder of the glycolytic pathway. Almost 
all GPI mutants are unstable, causing hemolytic anemia. Affected 
individuals show a partial response to splenectomy.

•	 Hexokinase (HK) deficiency As the first enzyme in the gly-
colytic pathway HK is responsible for priming the glycolytic pump. 
Of the two types of HK deficiency, one is associated with hemolytic 
anemia that responds to splenectomy. The other is associated not 
only with hemolytic anemia but also with an array of other abnor-
malities. Because the metabolic defect occurs before the generation 
of 2,3-BPG, production of 2,3-BPG is reduced and patients tolerate 
the anemia poorly.

•	 Phosphoglycerokinase (PGK) deficiency A sex-linked disor-
der, PGK deficiency causes hemolytic anemia and mental retarda-
tion in males, but females have a milder form of the disorder.

•	 Phosphofructokinase (PFK) deficiency This is indicated 
when subunits of the PFK enzyme are found in various tissues. 
Deficiency of this enzyme can appear as myopathy, hemolytic ane-
mia, or both.44

•	 Triosephosphateisomerase (TPI) deficiency This causes 
severe abnormalities in erythrocytes resulting in severe hemolysis. 
Abnormalities are also noted in striated muscle and the central ner-
vous system. Death in infancy is common.

aBnorMaL erythrocyte 
nucLeotIDe MetaBoLIsM
Pyrimidine 5′@nucleotidase (P5N) contributes to the degradation 
of nucleic acids by cleaving pyrimidine nucleotides into smaller 
nucleosides that can diffuse out of the cell. The buildup of pyrimi-
dine nucleotides decreases the adenine nucleotide pool needed for 
normal function. P5N deficiency is an autosomal recessive disorder 
that leads to a severe hemolytic anemia unresponsive to splenectomy. 
Partially degraded mRNA and rRNA accumulate within the cell and 
are visualized as basophilic stippling in stained smears. Lead inhibits 
this enzyme, which may explain the similar coarse basophilic stippling 
seen in lead poisoning (Chapter 12).

demonstrate increased hemolysis when incubated at 37°C. Autohe-
molysis is increased at 48 hours and is not corrected with the addition 
of glucose but is corrected with the addition of ATP.

In performing enzyme tests for PK, the erythrocytes must be 
separated from leukocytes because leukocytes contain more PK than 
erythrocytes. Two genes located on chromosomes 15q22 and 1q21 
encode for pyruvate kinase. The first locus produces PK active in 
muscle, leukocytes, platelets, and various other tissues. The second 
locus produces the PK active in erythrocytes. Thus, in erythrocyte PK 
deficiency (mutations of the second locus), only the erythrocytes are 
deficient; leukocytes are normal. The screening procedure is based on 
the disappearance of fluorescence as erythrocytes are incubated with 
phosphoenol-pyruvate (PEP), LD, ADP, and NADH.41

PKPEP + ADP ¡ Pyruvate + ATP

               LD
Pyruvate + NADH + H+ ¡ Lactate + NAD+

 Fluorescence No Fluorescence  

Some mutant PK enzymes have normal activity at high substrate con-
centrations and abnormal activity at low substrate concentrations. A 
modification of this procedure has been developed to improve the 
interpretation of the endpoint.42 In this modification, patient blood 
is frozen and thawed to ensure complete hemolysis of the specimen 
before testing.

Fluorescence in normal erythrocytes disappears in 30 minutes. In 
PK-deficient erythrocytes, fluorescence persists 45–60 minutes. The 
quantitative test for PK deficiency is performed in the same manner as 
the screening test except that the rate of disappearance of fluorescence 
is measured in a spectrophotometer at 340 nm. A rapid potentiomet-
ric method has also been developed to measure enzymatic activity 
by monitoring the change in pH in a reaction buffer during the con-
version of the substrate to pyruvate. Because of the large number of 
mutations and the low incidence of PK deficiency, molecular methods 
were initially not widely used to detect the disease43 but more recently 
have largely replaced enzymatic assays.36

Therapy
There is no specific therapy for PK deficiency. Transfusions help main-
tain the hemoglobin above 8–10 g/dL. Splenectomy can improve the 
hemoglobin level and decrease the need for transfusions in some 
affected individuals; however, hemolysis continues.

What are the differentiating characteristics of PK and 
G6PD deficiencies found on the peripheral blood smear?

CheCkpoint 18-4
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Summary
The erythrocyte life span can be significantly shortened if the 
erythrocyte has intrinsic defects such as deficient metabolic 
machinery. Maintaining a balance of intracellular constituents 
is compromised when enzymes responsible for various meta-
bolic pathways are deficient or fail to function properly. These 
abnormalities are almost always inherited defects. Erythrocytes 
with intrinsic defects are susceptible to early destruction, and 
when this destruction exceeds the marrow capacity to replace 
cells, hemolytic anemia results. These hemolytic anemias are 
known as chronic or hereditary nonspherocytic hemolytic 
anemias.

Erythrocyte enzyme deficiencies can compromise the integ-
rity of the cell membrane or hemoglobin and lead to hemolysis. 
The HMP shunt provides the cell-reducing power, protecting 
it from oxidant damage. Defects in this shunt allow hemoglo-
bin to be oxidized and denatured to Heinz bodies. The Heinz 
bodies damage the cell membrane. The finding of bite cells 
(degmacytes) on the blood smear is evidence that Heinz bodies 
have been pitted from the cells. The most common deficiency 
in this pathway is G6PD deficiency, a sex-linked disorder. This 
enzyme has many different variants, some of which cause severe 
hemolysis and others mild hemolysis. In most cases, hemolysis 

is sporadic, occurring during infections or with the administra-
tion of certain drugs, and is self-limited. In these variants, the 
younger cells have adequate enzyme activity, but the older cells 
are severely deficient and selectively hemolyzed. Testing for the 
enzyme should be delayed until 2 months after the hemolytic 
episode when reticulocytes are at a steady state (normal) and 
the erythrocytes produced after the hemolytic episode have 
aged. Screening tests for the enzyme include the fluorescent 
dye test, cytochemical staining, dye reduction test, and ascor-
bate cyanide test. Definitive testing requires quantitation of the 
enzyme or genetic testing for mutations.

Deficiencies of enzymes in the glycolytic pathway decrease 
ATP production and lead to hemolysis. Cation pump activity 
can be impaired and osmotic fragility can be increased. Pyru-
vate kinase (PK) is the most common enzyme abnormality in this 
pathway. Many PK enzyme mutants exist, resulting in a diverse 
array of clinical and laboratory findings. Reticulocytosis can be 
significant. The blood film is remarkable for the presence of 
irregularly contracted cells and echinocytes. Heinz bodies and 
bite cells are not found. Screening and definitive tests for the 
enzyme are based on fluorescence. Several other rare enzyme 
defects that also lead to hemolysis have been identified.

Review Questions
Level i

 1. What are the two main metabolic pathways that erythro-
cytes use for glucose metabolism? (Objective 1)

 A. Krebs cycle and glycolytic pathway

 B. hexokinase and Krebs cycle

 C. oxidative phosphorylation and glycolytic pathway

 D. hexosemonophosphate shunt and glycolytic pathway

 2. The main protective functions of erythrocyte enzymes 
result from which of the following? (Objective 2)

 A. electron transport and cation pumping using ATP

 B. cation pumping using ATP and protection of hemoglo-
bin by reduced glutathione

 C. protection of hemoglobin by reduced glutathione and 
electron transport

 D. cation pumping and bilirubin production

 3. In G6PD deficiency, anemia ultimately results from: 
(Objective 2)

 A. buildup of 2,3-BPG and poor iron binding

 B. inability to maintain enough ATP to pump cations

 C. oxidative damage to hemoglobin and splenic removal 
of erythrocytes

 D. membrane protein defects and loss of erythrocyte 
flexibility

 4. Which is the most common erythrocyte enzyme deficiency? 
(Objective 3)

 A. pyruvate kinase

 B. hexokinase

 C. glucose phosphate isomerase

 D. glucose-6-phosphate dehydrogenase

 5. Which is true for the inheritance pattern for G6PD? 
(Objective 4)

 A. It is X-linked and only found in males.

 B. It is autosomal dominant and affects all offspring.

 C. It is X-linked; however, females can be affected.

 D. It is autosomal, and males are affected; females are 
carriers.

 6. Which of the following is a quantitative test for G6PD? 
(Objective 6)

 A. rate reduction test

 B. fluorescent spot test

 C. dye reduction test

 D. ascorbate cyanide test
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 3. The main consequence of enzyme defects in the glycolytic 
pathway is: (Objective 3)

 A. decreased ATP production

 B. Heinz body formation

 C. decreased formation of reduced glutathione

 D. decreased formation of 2,3-BPG

 4. Which of the following G6PD isoenzyme variants will not 
result in hemolysis? (Objective 4)

 A. G6PD-Mediterranean

 B. G6PD-B

 C. G6PD-Canton

 D. G6PD@A-

 5. The blood smear of a patient with chronic nonspherocytic 
hemolytic anemia reveals echinocytes, acanthocytes, target 
cells, and irregularly contracted cells. Which follow-up test 
could help define the cause of this anemia? (Objective 6)

 A. PEP fluorescent test

 B. ascorbate cyanide test

 C. fluorescent spot test

 D. quantitation of G6pD

 6. Explain why bite cells are not characteristic of pyruvate 
kinase deficiency. (Objectives 3, 5, 6)

 A. The spleen removes them as they are formed.

 B. The erythrocyte forms a spherocyte as inclusions are 
removed.

 C. Heinz bodies are not formed in pyruvate kinase 
deficiency.

 D. Pyruvate kinase deficiency does not cause abnormal 
erythrocyte morphology.

 7. Hereditary nonspherocytic hemolytic anemia syndrome is 
associated with which G6PD variants? (Objective 4)

 A. class I

 B. class II

 C. class III

 D. class IV

 8. Harmful peroxides in the erythrocyte are neutralized by 
which of the following? (Objective 2)

 A. ATP production

 B. Heinz bodies

 C. bilirubin

 D. glutathione

 7. Following a hemolytic episode, which of the following is a 
common finding in G6PD deficiency? (Objective 5)

 A. reticulocytosis

 B. appearance of burr cells on the blood smear

 C. increased haptoglobin

 D. decreased unconjugated bilirubin

 8. An abnormal erythrocyte resulting from splenic removal of 
Heinz bodies in erythrocytes is called: (Objective 7)

 A. macrocyte

 B. target cell

 C. bite cell

 D. dacryocyte

 9. Following a hemolytic episode in a G6PD-deficient individual, 
a characteristic finding on a blood smear is: (Objective 7)

 A. increased polychromasia

 B. echinocytes

 C. Howell-jolly bodies

 D. Pappenheimer bodies

 10. What compound can induce anemia in G6PD deficiency? 
(Objective 8)

 A. aspirin

 B. vitamin C

 C. iron

 D. primaquine

Level ii

 1. Why should G6PD testing be delayed for an individual 
 following a hemolytic episode? (Objective 1)

 A. The level of glucose must have time to replenish.

 B. Heinz bodies can interfere with the test method.

 C. Deficient cells have been selectively destroyed.

 D. The patient needs time to build up iron stores.

 2. An 18-year-old black male was suspected of having G6PD 
deficiency when he experienced hemolytic anemia after 
administration of primaquine. An erythrocyte G6PD analysis 
performed on blood taken 2 days after symptoms appeared 
was normal. A reticulocyte count revealed 12% reticulo-
cytes at this time. These results suggest that: (Objective 7)

 A. the patient definitely does not have G6PD deficiency 
but could have pyruvate kinase deficiency

 B. another G6PD test should be done in several months 
when the reticulocyte count returns to normal

 C. leukocytes could be contaminating the sample, giving 
a false result

 D. the patient probably has the G6PD-Mediterranean 
variant
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

the reader is encouraged to access and use the companion resources created for this chapter. find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. List the antibody systems or specificities usually involved in:
 a. cold agglutinin syndrome
 b. paroxysmal cold hemoglobinuria (PCH)
 c. warm autoimmune hemolytic anemias (WAIHA)

 2. Describe the purpose and general procedure for the direct antiglobulin 
test (DAT) and identify the typical DAT profile (polyspecific AHG, 
anti-IgG, anti-C3) found in patients with cold agglutinin syndrome and 
warm autoimmune hemolytic anemia.

 3. Describe and recognize the characteristic hematologic findings associ-
ated with the following conditions:

 a. cold agglutinin syndrome
 b. warm autoimmune hemolytic anemia (WAIHA)

 4. Describe and recognize the typical hematologic laboratory findings in 
ABO and Rh hemolytic disease of the fetus and newborn (HDFN).

 5. Contrast alloimmune and autoimmune hemolytic anemias including 
stimulus for antibody production, site of hemolysis, type of antibody 
involved, and direct antiglobulin test (DAT) and indirect antiglobulin 
test (IAT) reactions.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare the pathophysiology of extravascular and intravascular hemo-

lysis in immune hemolytic anemia (IHA) including site of destruction, 
immunoglobulin class of antibody, and underlying mechanism.

 2. Given a set of laboratory data, determine the underlying mechanism of 
hemolysis, and suggest confirmatory tests.

 3. Contrast the different mechanisms of drug-induced immune hemolytic 
anemia and tests used for confirmation, and identify the drugs com-
monly involved.

 4. Describe the mechanism of hemolysis, select the confirmatory tests for 
paroxysmal cold hemoglobinuria (PCH), and evaluate the results.

(continued)
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types of autoimmune hemolytic anemia. Hemolytic transfusion reac-
tions and hemolytic disease of the fetus and newborn (HDFN) are 
included as examples of alloimmune hemolytic anemia. The causative 
antibody and clinical presentation for acute and delayed transfusion 
reactions are compared and the laboratory tests required to confirm 
hemolytic transfusion reactions are described. The section on HDFN 
compares ABO-HDFN and Rh-HDFN. The treatment of a fetus and 
a newborn with this condition as well as preventative measures are 
included.

introduction
When an immune-mediated process (antibody and/or comple-
ment) destroys erythrocytes prematurely, the disorder is referred 
to as an immune hemolytic anemia (IHA). The individual, 
however, might or might not become anemic, depending on the 
severity of hemolysis and the ability of the bone marrow to com-
pensate for erythrocyte loss. Diagnosis of anemia (and underlying 
hemolysis) is determined by laboratory findings such as a decrease 
in hemoglobin and hematocrit, an increase in reticulocytes and/or 
unconjugated bilirubin, and a decrease in serum haptoglobin. Ini-
tial confirmation of the underlying immune mechanism is accom-
plished by demonstrating attachment of antibody or complement 
to the patient’s erythrocytes. Table 11-14 (Chapter 11) summarizes 
some common laboratory values characteristically seen in hemo-
lytic anemia.

 5. Compare the prenatal and postnatal pathophysiology of 
hemolytic disease of the fetus and newborn (HDFN).

 6. Interpret the results of laboratory tests for HDFN, and 
determine whether evidence of hemolysis is present.

 7. Compare and contrast the pathophysiology and clinical 
findings of an immediate transfusion reaction with those 
of a delayed reaction.

 8. List the causes of the secondary types of cold agglutinin 
syndrome and warm autoimmune hemolytic anemia and 
identify key laboratory results linking the cause and the 
autoimmune condition.

Key Terms
Alloimmune hemolytic anemia
Antihuman globulin (AHG)
Autoimmune hemolytic anemia 

(AIHA)
Cold agglutinin syndrome 

(CAS)
Direct antiglobulin test (DAT)
Donath-Landsteiner (D-L) 

antibody
Drug-induced hemolysis
Erythroblastosis fetalis

Hemolytic disease of the fetus 
and newborn (HDFN)

Hemolytic transfusion reaction
Immune hemolytic anemia 

(IHA)
Immune tolerance
Indirect antiglobulin test (IAT)
Kernicterus
Paroxysmal cold 

hemoglobinuria (PCH)

We will refer to this case study throughout the chapter.

Nancy, a 28-year-old female, makes an appointment with 
her physician because she feels tired all the time and is 
short of breath with minor exertion. She indicates that the 
symptoms have been ongoing for about 3 weeks. She has 
no known history of chronic diseases.

Consider the initial laboratory tests that should be 
performed to evaluate this patient’s condition based on 
clinical history and symptoms.

caSe Study

Objectives—Level II (continued) Background Basics
The information in this chapter builds on the concepts learned in 
previous chapters. Additionally, a basic understanding of immu-
nology principles and an introduction to immunohematology will 
be helpful. To maximize your learning experience, you should 
review these concepts before starting this unit of study:

Level i
• summarize the normal production, life span, and destruction of 

erythrocytes. (Chapter 5)
• list the reference interval for the hematology parameters: 

hemoglobin, hematocrit, erythrocyte count, and reticulocytes. 
(Chapters 10,11)

• list the different intrinsic and extrinsic factors that can result in 
hemolytic anemia. (Chapter 11)

• Describe the basic structure of immunoglobulin and its normal 
physiologic role. (Chapter 8)

Level ii
• Describe the role of erythropoietin and regulation of its pro-

duction. (Chapter 5)
• Differentiate intravascular and extravascular destruction of eryth-

rocytes and relate these types of destruction to laboratory param-
eters in the diagnosis of abnormal hemolysis. (Chapters 5, 11)

• Choose laboratory tests to assist in diagnosing anemia in a cost 
efficient and effective manner. (Chapter 11)

• identify clinical signs of hemolytic anemia and changes that occur in 
laboratory tests that signal possible hemolytic anemia. (Chapter 11)

overview
This chapter compares the different types of immune-mediated 
hemolytic anemias: autoimmune, alloimmune, and drug induced. The 
underlying mechanism for each of these anemias involves the reaction 
of an antibody with erythrocyte antigens and subsequent cell destruc-
tion by either intravascular or extravascular processes. The chapter 
also compares mechanisms of intravascular and extravascular hemo-
lysis and describes the tests necessary to detect erythrocyte sensitiza-
tion and identify the causative antibody.

The chapter discusses pathophysiology, clinical and laboratory 
findings, differential diagnosis, and therapy for each of the major 
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cLaSSification of immune 
hemoLytic anemiaS
Determining the underlying process of immune hemolysis is impor-
tant because each type requires a specific treatment regimen. Initially, 
IHA can be classified into three broad categories based on the stimu-
lus for antibody production1,2 (Table 19-1 ★). These are:

•	 Autoimmune hemolytic anemia
•	 Drug-induced hemolytic anemia
•	 Alloimmune hemolytic anemia

Autoimmune hemolytic anemia (AIHA) is a complex and 
incompletely understood process characterized by an immune reac-
tion against self-antigens and shortened erythrocyte survival.1,2 Indi-
viduals produce antibodies against their own erythrocyte antigens 
(autoantibodies), which are usually directed against high-incidence 
antigens (antigens present on the erythrocytes of most people). The 
autoantibodies characteristically react not only with the individual’s 
own erythrocytes but also with the erythrocytes of other individuals 
carrying that antigen. The reactions that occur with autoantibodies 
include sensitization (attachment of antibody or complement to the 
erythrocytes), agglutination of the erythrocytes, or erythrocyte lysis.

Autoimmune hemolytic anemias are further classified as warm 
or cold hemolytic anemia based on clinical symptoms and on the opti-
mal temperature at which the antibody reacts in vivo and in vitro1–3 
(Table 19-2 ★). Some antibodies react best at body temperature (37°C); 
the anemia they produce is termed warm autoimmune hemolytic 
anemia (WAIHA). About 70% of the AIHAs are of the warm type. The 
majority of warm autoantibodies are of the IgG class (most frequently 
IgG1) and cause extravascular hemolysis of the erythrocyte. A few 
warm-reacting autoantibodies of either the IgM or IgA class have been 
identified.4–6 Cold hemolytic anemias, on the other hand, are usually 
due to the presence of an IgM antibody with an optimal thermal reac-
tivity below 30°C. Hemolysis with cold-reacting antibodies results from 
IgM binding to and activating complement. The IgM antibody attaches 
to erythrocytes in the cold and fixes complement. After warming, the 
antibody dissociates from the cell, but the complement remains, either 
causing direct cell lysis or initiating extravascular destruction. Included 
in the cold hemolytic anemia classification is a special condition, 

paroxysmal cold hemoglobinuria (PCH), which is characterized by a 
cold-reacting IgG antibody capable of fixing complement.

A third category, mixed-type autoimmune hemolytic anemia, 
demonstrates both warm-reacting (IgG) autoantibodies and cold-
reacting (IgM) autoantibodies.

classification causes

autoimmune • Warm-reactive antibodies (37°C)

Primary or idiopathic

Secondary

• Autoimmune disorders (systemic lupus 
erythematosus, rheumatoid arthritis, and others)

 • Chronic lymphocytic leukemia and other 
 immunoproliferative diseases

• Viral infections

• Neoplastic disorders

• Chronic inflammatory diseases

• Cold-reactive antibodies (630°C)

Primary or idiopathic (cold hemagglutinin disease)

Secondary

 • Infectious diseases (Mycoplasma pneumoniae, 
Epstein-Barr virus, other organisms)

• Lymphoproliferative disorders

Paroxysmal cold hemoglobinuria

• Idiopathic

• Secondary

Viral syndromes

Syphilis (tertiary)

• Mixed type

• DAT negative

drug induced • Drug dependent

• Drug independent

• Nonimmunologic protein adsorption (NIPA)

alloimmune • Hemolytic transfusion reaction

• Hemolytic disease of the fetus and newborn

★ tabLe 19-1 Classification of Immune 
Hemolytic Anemias

warm-reacting antibodies cold-reacting antibodies

Immunoglobulin (Ig) class IgG IgM

IgM (rare) IgG (PCH only)

IgA (usually with IgG)

Optimal reactivity 37°C 630°C, usually 610°C
Mechanism of hemolysis Extravascular

Attachment of membrane-bound IgG or C3b to macrophage 
receptors

Intravascular: complement-mediated lysis

Extravascular: attachment of membrane-bound C3b to 
macrophage receptors

Specificity usually broad specificity anti-rh usually autoanti-i

Occasionally autoanti-i

PCH: autoanti-P

PCH = paroxysmal cold hemoglobinuria

★ tabLe 19-2 Characteristics of Agglutinins in Hemolytic Anemia
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SiteS and factorS that 
affect hemoLySiS
Regardless of whether it is caused by alloantibodies or autoantibod-
ies, hemolysis can be intravascular or extravascular, depending on 
the class of antibody involved and whether the complement cascade 
has been completely activated. Most immune-mediated hemolysis is 
extravascular. Erythrocytes sensitized (coated) with antibody (IgG) 
or complement components (e.g., C3b) attach to macrophages in the 
spleen or liver via macrophage receptors for the Fc portion of IgG or 
the C3b component of complement. These cells are then phagocy-
tized (Figure 19-1 ■). Intravascular hemolysis occurs if the comple-
ment cascade is activated through C9 (the membrane attack complex), 
resulting in lysis of the cell. The rate at which hemolysis occurs in 
hemolytic anemia is related to several factors.8–11 Table 19-3 ★ sum-
marizes the major factors and their effects. A full description of the 
mechanisms is found on the Web (Additional Materials: Factors 
Affecting Hemolysis).

Drugs that attach to the erythrocyte membrane or alter it in 
some way can cause drug-induced hemolysis. Historically, several 
different mechanisms of hemolysis have been hypothesized based on 
whether the drug binds directly to the cell, reacts with an antibody in 
the circulation to form an immune complex that binds to the cell, or 
alters the erythrocyte antigens to stimulate formation of autoantibod-
ies. Now however these antibodies are broadly classified as either drug 
dependent or drug independent based on reactions of patient’s eryth-
rocytes and the drug in in vitro test systems.2,7 These mechanisms are 
discussed in detail later in this chapter.

AIHA occurs as a result of antibody development to an erythro-
cyte antigen that the individual lacks. When an individual is exposed 
to erythrocytes from another person, there could be antigens on the 
transfused cells that are not present on the recipient’s erythrocytes. 
Therefore, the recipient’s lymphocytes recognize antigens on the 
transfused cells as foreign and stimulate the production of antibodies 
(alloantibodies). In contrast to autoantibodies, these alloantibodies 
react only with the antigens on the transfused cells or cells from indi-
viduals who possess the antigen. The alloantibodies do not react with 
the individual’s own erythrocytes. Examples of alloimmune hemolytic 
anemia are:

•	 HDFN in which the mother makes antibodies against antigens on 
the fetal erythrocytes

•	 Transfusion reactions in which the recipient makes antibodies to 
antigens on the transfused (donor) cells

The presence of alloantibodies can be detected in vitro by per-
forming an antibody screen in which the patient’s serum reacts with 
commercial erythrocytes containing most of the clinically significant 
antigens. An autocontrol consisting of the patient’s serum and eryth-
rocytes can also be set up. When only alloantibodies are present, the 
autocontrol shows no hemolysis or agglutination, whereas the mixture 
of patient’s serum and the commercial cells produce agglutination and, 
in rare cases, hemolysis.

What are the three major categories of immune hemo-
lytic anemia, and how is antibody production stimulated 
in each type?

CheCkpoint 19-1

Nancy’s initial complete blood count (CBC) shows a hemo-
globin value of 7.0 g/dL and a hematocrit of 21%. Her white 
blood cell (WBC) count and platelet count are within the 
reference interval.

1. What are some reasons for her to have a low hemoglobin 
value?

caSe Study (continued from page 349)

■  figure 19-1 Immune-mediated extravascular hemoly-
sis. Erythrocytes sensitized with antibody or complement 
(C3b) attach to macrophages via specific cell receptors for 
these immune proteins.

Macrophage

Fc receptor C3b receptor

C3bRBCRBC

Antibody

factor effect

Class of immunoglobulin coating the erythrocytes For IgG subclasses, the affinity of macrophage receptors and rate of hemolysis is greatest 
for IgG3 and IgG1

Quantity of Ig molecules per erythrocyte Immunoglobulins coat a cell with a high density (large number) of corresponding antigens 
more heavily than a cell with low density (fewer) antigens

Ability of the Ig to activate complement IgM and IgG can activate complement; for IgG, the ability to activate complement is 
IgG3 7 IgG1 7 IgG2

Thermal amplitude of the antibody Warm-reacting (37°C) antibodies can cause hemolysis but cold-reacting (0–4°C) antibodies 
usually do not

The activity level of macrophages Suppression of Fc receptors decreases rate of hemolysis

Complement components on the membrane Macrophages have receptors for C3b but no effective receptor for C3d

★ tabLe 19-3 Factors Affecting the Rate of Hemolysis in Immune Hemolytic Anemias
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occurs when only a portion of the cascade is activated and deposited 
on the erythrocyte membrane; lysis results when the entire system is 
activated.

The complement proteins are designated numerically (e.g., C1, 
C2, C3) or by letters or historical names. Complement proteins nor-
mally circulate in an inactive state but under certain circumstances 
become activated in a cascadelike fashion. An activated component is 
identified by placing a bar over the component (C5).

The complement cascade can be initiated by at least three sepa-
rate mechanisms:

•	 Classic
•	 Alternate
•	 Lectin

The usual and most important activation pathway in IHA is the clas-
sic, although on some occasions the alternate pathway can be activated 
(Figure 19–2 ■). The classic complement pathway is initiated by an 
antigen–antibody reaction involving IgM as well as IgG1 and IgG3 
antibodies (IgG2 antibodies activate but less efficiently). The first com-
plement component (C1q) must attach to two antibody Fc regions, 
requiring that two antibody-binding sites be in close proximity. Thus, 
the attachment of complement depends on the density or concentration 
of antibody molecules and their spatial arrangement when attached to 
antigens on the cell surface. Only one IgM molecule (a pentameric 
structure) is required to activate the complement pathway, whereas two 
IgG molecules (monomeric) are required; as a result, IgM is much more 
likely to activate complement than IgG. Therefore, the nature of the anti-
body involved is an important determinant of the extent of erythrocyte 
destruction by complement.

Activation of the complement cascade is initiated when the first 
complement component, C1, binds to two Fc regions of IgG or IgM 
antibody molecules. This attachment initiates activation of the other 
complement components (C4, C2, C3). The complex containing C3b 
activates the terminal components, C5 to C9. Activation of these ter-
minal complement components, known as the membrane attack 
complex (MAC), is responsible for the lytic attack on the erythrocyte 
membrane. Membrane leakage begins at the C8-activation stage when 
a transmembrane pore is formed. C9 prevents the pore from reseal-
ing, resulting in osmotic lysis. The alternate pathway of complement 
activation, which bypasses C1, C2, and C4 and activates C3 directly, 
can be initiated by aggregated IgG, IgA, and IgE as well as by a number 
of polysaccharides and liposaccharides.

If complement activation on the erythrocyte membrane is com-
plete (C1 S C9), intravascular hemolysis occurs. However, activa-
tion of complement does not always go through C9 and thus does 
not always lead to direct cell lysis. More commonly, activation pro-
ceeds only through C3 on the erythrocyte membrane (in which case 
the cell is said to be sensitized). As C3 is activated, it is broken down 
into two fragments: C3a, which is released into the plasma, and C3b, 
which remains attached to the cell membrane. The sensitized cell with 
attached C3b is totally or partially engulfed by binding to the C3b 
receptors (CR1, CR3) of macrophages in the liver (most complement-
coated cells are removed in this organ). Because of the enzymatic 
action of the protein C3b inactivator in plasma, C3b on erythrocytes 
can be further cleaved to form C3c and C3d before the cell encounters 

mechaniSmS of hemoLySiS
The mechanism for hemolysis is based on whether IgM, IgG, and/
or complement are/is present on the erythrocyte. Specific phago-
cytic cells in the spleen or liver initiate extravascular hemolysis 
of cells coated with IgG or complement. Complete activation 
(through C9) of the complement cascade results in intravascular 
hemolysis.

IgG-Mediated Hemolysis
IgG mediates erythrocyte destruction by first attaching to the eryth-
rocyte membrane antigens through the Fab portion of the Ig mol-
ecule. The Fc portion of the bound IgG is exposed and binds to Fc 
receptors (FcgR@I, -II, -III) on macrophages in the red pulp of the 
spleen. After binding, the macrophage pits the antigen–antibody 
(Ag/Ab) complex, fragmenting the cell membrane, which then 
reseals itself. With repeated splenic passage, the erythrocyte contin-
ues to lose membrane and gradually assumes a spherocytic shape. 
As the cell becomes more spherocytic, it becomes rigid and less 
deformable and is eventually phagocytized by splenic macrophages. 
Alternatively, the antibody-sensitized cell can be entirely engulfed 
by the macrophages (phagocytosis). Natural killer (NK) cells and 
neutrophils also have FcgR. Neutrophils are capable of phagocy-
tosis (FcgR@I,@III). Interaction of antibody-coated cells with NK 
cells usually results in the recognition and lysis of cells by NK cells, 
which is referred to as antibody-dependent cell-mediated cytotox-
icity (ADCC). This occurs through binding of IgG by the FcgRIII 
(CD16) on NK cells.

As the spleen becomes saturated with sensitized red blood cells 
(RBCs) (RBCs coated with antibody and/or complement), the liver 
assists in removing the cells. Lightly coated cells are more efficiently 
removed in the spleen due to the sluggish splenic blood flow. The liver 
can be of some importance in removing heavily sensitized cells. The 
splenic tissue proliferates in response to an increase in erythrocyte 
sequestration and can be responsible for splenic enlargement (sple-
nomegaly) in chronic warm-immune hemolytic anemias (Chapter 3). 
In immune hemolytic anemias in which complement is activated, it as 
well as IgG is present on the erythrocyte membrane, which enhances 
phagocytosis by increasing the likelihood of the cell binding to either 
the Fc and/or C3b receptors of macrophages.

Complement-Mediated Hemolysis
The complement system consists of 720 serum proteins responsible 
for a number of diverse biological activities including the mediation 
of acute inflammatory responses and destruction of cells and micro-
organisms. The major roles of complement in immune hemolytic 
anemias are sensitization and lysis of erythrocytes.11,12 Sensitization 

Explain how the class of immunoglobulin, amount of anti-
body bound, and thermal reactivity of the antibody affect 
hemolysis.

CheCkpoint 19-2
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and C3b inactivation determines the susceptibility of erythrocytes to 
phagocytosis by macrophages via the C3b receptors.

In addition to C3b inactivator, other inhibitors of complement 
activation exist. Web Table 19-1 lists some of these inactivators and 
their functions.

IgM-Mediated Hemolysis
In cold agglutinin syndrome, IgM molecules attach to the erythrocyte 
membrane, but these sensitized cells are not removed from circulation 
in the same manner as those sensitized with IgG because macrophages 
do not have receptors for the Fc portion of IgM. However, IgM is an 
efficient activator of complement, and cells can be lysed intravas-
cularly if complement activation through C9 is complete. If activa-
tion is incomplete and only C3b coats the erythrocytes, they can be 
destroyed extravascularly via adherence to CR1 and CR3 receptors on 
macrophages. Adherence of the cell to macrophages via complement 
receptors and subsequent phagocytosis, however, is less efficient than 
immune adherence (adherence mediated via immunoglobulin) and 
phagocytosis via macrophage Fcg receptors. It has been estimated that 
7100,000 molecules of the complement component C3b are required 
on the cell surface to induce effective macrophage phagocytosis via 
complement alone. C3b is also inefficient in promoting adherence to 
macrophages because much of the C3b is inactivated to C3d. Thus, 
extravascular hemolysis of cells sensitized with complement is not as 
severe as hemolysis of cells sensitized with IgG.

In addition to activating complement, IgM antibodies agglutinate 
cells. In vitro, agglutination is a useful phenomenon for detecting the 
presence of cold agglutinins.

■  figure 19-2 The complement cascade. The central 
event in complement activation is the activation of C3 
by C3 convertases. This can occur by two separate but 
interrelated mechanisms, the classic and alternate path-
ways. The classic complement pathway is initiated by an 
antigen–antibody reaction. The antigen–antibody complex 
activates the C1q, r, s complex, which in turn activates 
C4 by proteolytic cleavage to C4a and C4b. C2 binds to 
C4b and is proteolytically cleaved by C1s to form C2a 
and C2b. The C4b2a complex serves as C3 convertase. In 
the alternate pathway, C3b serves as the cofactor of the 
C3-cleaving enzyme complex (C3b, P, Bb), also known as 
C3 convertase. Thus, C3b serves to prime its own activa-
tion. The C3b formed through the classic pathway can 
directly initiate the assembly of the alternate pathway 
C3 convertase. C3 can also be activated by spontaneous 
hydrolysis. The C3b complexes formed by the classic and 
alternate pathways activate C5 to C5a and C5b. Mem-
brane damage is initiated by the assembly of C5b with 
C6, 7, 8, 9.
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C1q,r,s
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macrophages. C3c dissociates from the membrane, but C3d remains 
attached. Erythrocytes coated with C3d have a normal survival 
because macrophages have no receptors for this complement com-
ponent. Thus, the balance between C3b deposition on the membrane 

Compare the mechanisms of IgG-mediated hemolysis 
with those of IgM-mediated hemolysis.

CheCkpoint 19-3

Laboratory identification 
of SenSitized red ceLLS
Suspicion of immune hemolytic anemia indicates specific tests to 
detect and identify the causative antibody. In general, two distinct 
techniques are used:

•	 Agglutination in saline, which will detect IgM antibodies
•	 Antihuman globulin (AHG) test, which will detect IgG antibod-

ies and/or complement

IgM antibodies can be detected by agglutination reactions using 
test sera (antibody) and appropriate erythrocytes suspended in saline, 
but IgG antibodies cannot. The difference in the ability of IgG and 
IgM to cause agglutination in saline can be explained by the differ-
ence in size of the two antibodies in relation to the zeta potential. The 
erythrocyte zeta potential is an electrostatic potential created by the 
ionic cloud surrounding erythrocytes when they are suspended in 
saline. This force tends to keep the erythrocytes about 25 nm apart in 
solution. Thus, an antibody must be large enough to span the 25 nm 
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Compare the purpose of the DAT and the IAT, and state 
the type of specimen used for each test.

CheCkpoint 19-4

AIHA because it differentiates AIHA from all other types of hemolytic 
anemia, confirming the immunologic basis of erythrocyte destruc-
tion. Specimens collected in tubes with ethylenediaminetetraacetate 
(EDTA) are preferred to clotted specimens for the DAT procedure. 
EDTA chelates Ca++ and Mg++, preventing the in vitro binding of 
complement to red cells that can be mediated by naturally occurring 
cold-reactive antibodies (e.g., autoanti-I). However, complement that 
has been bound in vivo will be detected. Polyspecific AHG is added 
to saline-washed patient cells, and agglutination is considered positive 
evidence for the presence of IgG and/or complement components on 
the cells due to in vivo coating.

A positive test with polyspecific AHG should be followed by a 
DAT with monospecific AHG antiserum that reacts specifically with 
either IgG or complement to determine the type of proteins bound 
to the erythrocyte. Either or both of the monospecific IgG-AHG and 
C3b-AHG can be positive. If the anti-IgG test is positive, the antibody 
can be removed from the cell by an elution process, and the resulting 
eluate (solution containing the antibody) tested to identify the speci-
ficity of the antibody.

If an autoantibody is IgM, only complement usually is detected 
on the erythrocytes as the IgM tends to dissociate from the cells in 
the warmer part of the circulation. The polyspecific and the anti-C3 
monospecific DAT test will be positive; the anti-IgG will be negative. 
An elution procedure is not used if only complement is detected on the 
erythrocyte because no antibody would be recovered for identification. 
In general, if the antibody coating the cells is IgA, the DAT will be nega-
tive because the AHG reagent cannot detect that immunoglobulin class.

Indirect Antiglobulin Test
The indirect antiglobulin test (IAT), sometimes referred to as an 
antibody screen, is used to detect antibodies in the patient’s serum. A 
positive IAT indicates alloimmunization (immunization to antigens 
from another individual) and/or the presence of free autoantibody in 
the patient’s serum. In the IAT, free antibody is detected by incubat-
ing the patient’s serum with reagent erythrocytes of known antigenic 
makeup (commonly referred to as screening cells). An autocontrol con-
sisting of the patient’s serum and erythrocytes is also performed. After 
a specified incubation period, the cells are washed free of excess serum, 
and AHG antiserum is added. If the patient’s antibody has attached to 
the corresponding erythrocyte antigen during the incubation period, 
the reagent cells will agglutinate with AHG (Web Figure 19-2). Further 
testing to identify the specificity of the antibody is then carried out.

gap between cells in order to agglutinate saline- or plasma-suspended 
cells. The IgM pentamer has a possible span of 35 nm; therefore, it 
can overcome the electrostatic forces separating the cells and cause 
agglutination (Figure 19-3 ■). However, the maximum span of an 
IgG molecule is about 14 nm, and it cannot bridge antigens on two 
separate cells to cause agglutination. Thus, detection of IgG antibod-
ies requires a different technique using AHG, which is an antibody to 
human IgG. AHG can connect the antibody molecules on separate 
cells and cause agglutination.

The AHG test (historically referred to as the Coombs test) is a 
laboratory procedure designed to detect erythrocytes sensitized with 
IgG and/or complement. Polyspecific AHG is composed of antibod-
ies to both IgG and C3, capable of attaching to the Fc region of IgG 
immunoglobulins or complement components on two separate cells, 
bridging the distance between them and leading to the lattice forma-
tion known as agglutination. Monoclonal antiserum against IgG only 
(anti-IgG AHG) or C3 only (anti-C3 AHG) are used to specifically 
identify what component is on the erythrocyte.

The two types of tests using AHG are:

•	 Direct antiglobulin test detects erythrocytes coated with antibody 
or complement in vivo

•	 Indirect antiglobulin test detects antibodies in the plasma or serum

Direct Antiglobulin Test
The direct antiglobulin test (DAT) detects erythrocytes that have 
been sensitized with antibody and/or complement in vivo (Web Fig-
ure 19-1). This test should always be performed in suspected cases of 

■  figure 19-3 The zeta potential of erythrocytes keeps 
the cells about 25 nm apart when suspended in saline. 
IgG antibodies have a span of about 14 nm, not enough 
to bridge the gap between cells and cause agglutination. 
IgM antibodies, however, are pentamers with a span of 
about 35 nm, a distance sufficient to bridge the space 
between cells and cause agglutination.

25 nm

14nm

35 nm
IgM pentamer

IgG

RBCRBC

Negative DAT in AIHA
In a few cases of AIHA, antibody cannot be detected on the patient’s 
cells or in the serum.13,14 This can result from an insufficient number 
of IgG molecules on the erythrocyte for detection, autoantibodies of 
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When examining the Nancy’s peripheral blood smear, 
the laboratory professional noted that spherocytes were 
present. The reticulocyte count was elevated. The labora-
tory professional called the blood bank and found that 
the DAT on Nancy was positive with polyspecific AHG, 
anti-IgG but negative with anticomplement.

2. What is the significance of the spherocytes?

3. Based on these results what do you suspect is going 
on in Nancy’s? Explain.

caSe Study (continued from page 351)

the IgA or IgM class, or the presence of autoantibodies with a low affin-
ity for the erythrocyte.1,15,16 The DAT can detect as few as 100–500 
molecules of IgG per cell or 400–1100 molecules of complement per 
cell.2,3 However, in vivo removal of sensitized cells by macrophages 
can occur when cells are coated with fewer IgG molecules. Thus, the 
in vivo life span of the sensitized cell can be significantly shortened, as 
evidenced by the clinical findings of a typical hemolytic anemia, but 
the concentration of antibodies on the cell could be insufficient to give 
a positive DAT. Newer, more sensitive techniques, such as enzyme-
linked DAT, gel tests, dual DAT procedure, Polybrene tests, and flow 
cytometry can detect lower concentrations of antibodies than the 
conventional DAT technique.17–19 IgA or IgM autoantibodies are 
not detected using polyspecific AHG. However, if complement has 
been activated, it can be detected if sufficient molecules are present. 
Specialized antihuman globulin reagents with anti-IgA or anti-IgM 
specificity is used in some reference laboratories to detect erythrocyte 
sensitization by immunoglobulins of these classes.

Positive DAT in Normal Individuals
Some healthy blood donors and hospitalized patients can have a posi-
tive DAT but not shortened erythrocyte survival. The reason for this 
observation is not clear,1 but factors that could be responsible include 
the following:

1. The individual’s macrophages may not be as active in removing 
sensitized cells as the macrophages in individuals with hemolytic 
disease.

2. The amount of antibody bound to cells might not be sufficient to 
cause decreased erythrocyte life span.

3. Macrophages might not recognize the subclass of antibody sensi-
tizing the cell. Macrophage Fc receptors have low affinity for the 
IgG2 and IgG4 subclasses. Erythrocytes coated with these immu-
noglobulins will give a positive direct DAT, but in vivo, survival of 
the cells will be normal.

4. The thermal amplitude of the antibody may be 637°C.
5. The positive DAT can be due to the presence of certain comple-

ment fragments on erythrocytes. Increased amounts of C3d can 
be found on the erythrocytes, but because this component is not 
detected by macrophage receptors, erythrocytes will not have 
decreased survival.

6. Patients with hypergammaglobulinemia or receiving high-dose 
intravenous immunoglobulin (IVIG) could have a positive DAT 
because of nonspecific binding of immunoglobulins to the 
erythrocytes.

autoimmune hemoLytic 
anemiaS (aiha)
Usually a person’s immune system recognizes self-antigens (those that 
appear on the individual’s own cells) and does not mount an immune 
response to these antigens. These antigens can, however, stimulate 
an immune response if injected into another individual because the 
recipient’s immune system recognizes them as being “foreign.” The 
immune regulatory mechanisms that govern response to self-antigens 
are collectively known as immune tolerance.

It is generally accepted that autoimmune diseases occur as the 
result of a number of factors including genetic predisposition, expo-
sure to infectious agents that can induce antibody production due to 
molecular mimicry, and defects in the mechanism regulating immune 
tolerance including altered levels of CR1, lack of effective T regulator 
cells (TReg) that maintain peripheral tolerance, and polyclonal lympho-
cyte activation.20 TReg lymphocytes normally induce immune tolerance 
by inhibiting antibody-producing activity of B lymphocytes to self-
antigens. Loss of this suppressor activity could result in the formation 
of antibodies against self. Loss of self-tolerance and resulting AIHA 
can occur at any age. The mechanism of antibody formation in AIHA 
is unknown, but because many AIHA cases are associated with micro-
bial infection, neoplasia, or drug administration, these agents can be 
involved in alternating self-antigens and subsequent immune system 
response. Warm or cold AIHA is also categorized based on whether 
there is an underlying disease associated with it. The two categories are:

•	 Primary or idiopathic: no underlying disease identified
•	 Secondary: underlying disease present

Warm Autoimmune Hemolytic Anemia
Warm autoimmune hemolytic anemia (WAIHA) is the most common 
form of AIHA (up to 70% of cases).2 It is most often mediated by IgG 
antibodies (usually IgG1 or IgG3) whose maximal reactivity is at 37°C. 
In a majority (90%) of WAIHA cases, erythrocytes are sensitized with 
IgG and complement or IgG alone. Only 7% of cases are sensitized 
with complement alone. WAIHA is rarely associated with IgM-only 
or IgA-only sensitization.4,21

Although WAIHA can occur at any age, the incidence increases 
after age 40. Childhood incidence peaks in the first 4 years of life.22 
About 60% of the cases of WAIHA are idiopathic and can be acute or 
chronic.2 In acute idiopathic WAIHA, severe anemia develops over 
2 to 3 days, but the hemolysis is self-limited with a duration of several 
weeks to several years. In other instances, the hemolysis is chronic and 
does not abate.

The underlying disorders most frequently associated with sec-
ondary WAIHA are:

•	 Lymphoproliferative disease, including chronic lymphocytic leu-
kemia (CLL) and Hodgkin’s disease (Chapter 28). CLL, found most 
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Common findings • Positive DAT

• Normocytic, normochromic anemia

• Increased reticulocytes

• Spherocytes and other erythrocyte 
abnormalities

• Presence of autoantibody in the serum

• Increased serum bilirubin (total and 
unconjugated)

• Decreased serum haptoglobin

• Elevated lactate dehydrogenase (LD)

• Positive antibody screen with all cells 
including autocontrol

• Incompatible crossmatches with all 
donors

Other laboratory findings  
that can be associated with 
hemolysis in WAIHA

• Increased osmotic fragility

• Increased urine and fecal urobilinogen

• Hemoglobinemia,a hemoglobinuria, 
methemoglobinemia, hemosiderinuria

aSeen only in acute hemolytic episode

★ tabLe 19-4 Laboratory Findings Associated 
with WAIHA

splenomegaly is present in 750% of patients with WAIHA, massive 
splenic enlargement suggests an underlying lymphoproliferative dis-
order. Hepatomegaly is found in about one-third of patients with pri-
mary WAIHA.

Laboratory findings
Refer to Table 19-4 ★ for the most common laboratory findings asso-
ciated with WAIHA. Findings such as a positive DAT, autoantibody in 
the serum, and presence of spherocytes on the peripheral blood smear 
reflect the immune-mediated destruction of the erythrocyte.

Peripheral blood
Moderate to severe normocytic, normochromic anemia is typical. In 
well-compensated hemolytic disease, anemia can be mild or absent, 
and the only abnormal parameters can be a positive DAT and an 
increase in reticulocytes. Reticulocytes are invariably increased in 
uncomplicated hemolytic disease. The reticulocyte production index 
can be as high as 6 or 7. Depending on the degree of reticulocytosis, 
macrocytosis can be present.

The blood smear frequently shows erythrocyte abnormalities 
that suggest a hemolytic process. Polychromasia, nucleated red blood 
cells, spherocytes, schistocytes, and other poikilocytes are character-
istic (Figure 19-4 ■). Spherocytes found in AIHA are usually more 
heterogeneous than are the spherocytes associated with hereditary 
spherocytosis. This anisocytosis is readily noted upon examining the 
blood smear and is indicated by an increase in red cell distribution 
width (RDW) on automated hematology analyzers. Erythrophagocy-
tosis by monocytes is rarely seen. The monocyte-engulfed erythrocyte 
is readily detected if the cell still contains its pink-staining hemoglo-
bin. If the hemoglobin has leaked out of the cell, however, only color-
less vacuoles are seen. Leukocyte counts are normal or increased with 

frequently in older adults, is the disease most frequently associ-
ated with the development of secondary WAIHA.23 WAIHA often 
develops late in the disease when the immune dysregulation is 
greatest. In one study, 760% of the cases of WAIHA were in patients 
with CLL.23,24 Many children with idiopathic WAIHA eventually 
develop a lymphoproliferative disease.

•	 Neoplastic diseases
•	 Other autoimmune disorders, including systemic lupus erythe-

matosus and rheumatoid arthritis, ulcerative colitis, and Crohn’s 
disease25–28

•	 Certain viral and bacterial infections29–31

•	 Vaccinations32,33

•	 Solid organ transplant34,35

Presence of the underlying disorder can complicate initial diagno-
sis and treatment of hemolytic anemia. In many cases, the AIHA is 
resolved by treating the underlying disease.

Pathophysiology
The autoantibody in WAIHA is reactive with antigens on the patient’s 
erythrocytes. Most often the specificity of the antibody is directed 
against antigens of the Rh system, although other antigen systems can 
be involved. When directed against the Rh system, the antibody can 
be specific for a single antigen (such as autoanti-e) or more commonly, 
the antibody reacts with a complex Rh antigen found on all eryth-
rocytes except Rh null or Rh-deleted cells.1,2,36 The epitope against 
which these latter antibodies are directed has not been defined. Recent 
research suggests that the antibody can be against a component of 
the erythrocyte membrane such as glycophorins, band 3 protein, or 
protein band 4.1.1,37

Most hemolysis in WAIHA is extravascular via splenic macro-
phages. Although complement is not needed for cell destruction, if 
both antibody and complement are on the cell membrane, phagocyto-
sis is enhanced. If erythrocyte destruction exceeds the compensatory 
capacity of the bone marrow to produce new cells, anemia develops. 
Direct complement-mediated intravascular hemolysis associated with 
IgM antibodies in WAIHA is rare.

clinical findings
The most common presenting symptoms in idiopathic WAIHA are 
related to anemia. Progressive weakness, dizziness, dyspnea on exer-
tion, back or abdominal pain, and jaundice are common. In secondary 
WAIHA, signs and symptoms of the underlying disorder can obscure 
the features of the hemolytic anemia. The patient can present with 
signs and symptoms of both the underlying disease and hemolysis 
or just the disease. The signs of WAIHA in a few patients can precede 
development of the underlying disease. Although mild to moderate 

What are the clinical findings and the immune stimuli for 
WAIHA?

CheCkpoint 19-5
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The autohemolysis test is abnormal in both HS and in WAIHA with 
spherocytes. The addition of glucose significantly corrects autohe-
molysis in HS, but not in WAIHA. The peripheral blood smear also 
gives clues to diagnosis. The spherocytes in HS appear as a rather 
homogeneous population, but WAIHA has a mixture of spherocytes, 
microspherocytes, and normocytes.

neutrophilia in idiopathic WAIHA but can vary in the secondary form 
based on the underlying disease. Platelet counts are usually normal 
or slightly increased. When severe thrombocytopenia accompanies 
WAIHA, the disease is called Evan’s syndrome.

bone marrow
Bone marrow examination is not necessary for the diagnosis of 
WAIHA. The bone marrow can show erythroid hyperplasia, depend-
ing on the degree of hemolysis. Erythrophagocytosis by macrophages 
can be seen. Compensatory bone marrow response can be less than 
expected with concomitant folic acid deficiency. In chronic hemoly-
sis, the folic acid requirement increases two to three times normal; 
without folic acid supplements, the stores are quickly depleted. If the 
patient contracts viral infections associated with bone marrow sup-
pression, life-threatening anemia (aplastic crisis) can occur.

other Laboratory tests
The DAT is a useful test to distinguish the immune nature of this 
hemolytic anemia from nonimmune-mediated hemolytic anemias. 
The test is usually positive with polyspecific AHG and anti-IgG mono-
specific AHG antiserum. Only about 30% of the cases of WAIHA have 
a reaction with anti-C3, either with or without the concurrent pres-
ence of IgG.2

Reaction of patients’ serum with commercial screening cells typi-
cally shows agglutination with all cells when AHG is added. The auto-
control (patient serum and patient erythrocytes) shows similar 
reactions. Other laboratory findings are nonspecific but reflect the 
hemolytic component of the condition (Table 19-4).

differential diagnosis
WAIHA with the presence of spherocytes can be differentiated from 
hereditary spherocytosis (HS) by the DAT. Antibodies are not respon-
sible for forming spherocytes in HS; therefore, the DAT is negative. 

■  figure 19-4 A blood smear from a patient with warm 
autoimmune hemolytic anemia (WAIHA). The marked 
anisocytosis is due to the presence of spherocytes and 
large polychromatophilic erythrocytes. The nucleated 
cells are erythroblasts (Wright stain, 1000*  original 
magnification).

What is the DAT pattern in WAIHA? Explain why sphero-
cytes are commonly seen in WAIHA.

CheCkpoint 19-6

therapy
Transfusion therapy is not necessary in self-limiting hemolytic disor-
ders without life-threatening anemia. When transfusion is indicated 
(more often associated with acute onset), finding a suitable donor 
is difficult because the patient’s autoantibody usually reacts with all 
donor cells in the cross-match. In addition, approximately 30% of 
patients with WAIHA have underlying alloantibodies, which can pres-
ent an additional challenge to finding compatible blood because the 
autoantibody can mask their presence.37–39

If the patient has an alloantibody, blood negative for the specific 
antigen must be administered. If serologically compatible blood can-
not be found because of the presence of the autoantibody, donor cells 
demonstrating the least incompatibility are usually chosen. In some 
cases, the blood transfused is matched only for ABO and Rh type.39 
The clinical problems with this approach, however, are twofold: Donor 
cells (1) are often destroyed as rapidly as the patient’s own erythro-
cytes and (2) can also stimulate the production of alloantibodies. In 
some cases, the use of flow cytometry can help evaluate the survival 
of donor cells in patients with WAIHA. In other cases, such as indi-
viduals who must receive serial transfusions, finding phenotypically 
matched donor blood can decrease the risk of stimulating alloanti-
bodies.38–41 If the autoantibody has an identifiable single specificity 
(such as autoanti-e), the donor blood chosen for the compatibility test 
should be negative for the antigen.

Therapies for WAIHA focus on decreasing the production of 
autoantibodies and slowing down the destruction of erythrocytes. 
These therapies include:

•	 Corticosteroids The standard initial or first-line therapy for 
patients with WAIHA is often a course of immunosuppressive 
drugs such as corticosteroids. Corticosteroids are used to produce 
immunosuppression by decreasing lymphocyte proliferation and 
suppressing macrophage sequestration of sensitized cells by affect-
ing the Fc receptors. Although many patients show a good initial 
response with a decrease in erythrocyte destruction, few patients 
experience complete remission with this therapy. A decrease in 
production of autoantibodies is often demonstrated by a decrease 
in the strength of the DAT reaction and indirect antiglobulin test. 
Response usually occurs within 10–14 days, and many patients 
require long-term low-dose maintenance.41,42
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cold agglutinin syndrome 
(caS)

Primary (idiopathic)

Secondary

• Viral and bacterial infections

• Mycoplasma pneumonia infections, 
infectious mononucleosis

• Lymphoproliferative diseases

Paroxysmal cold 
hemoglobinuria

Primary (idiopathic)

Secondary

• Viral infections

• Tertiary syphilis

★ tabLe 19-5 Autoimmune Hemolytic Anemia 
Caused by Cold-Reacting Antibodies

age 50 with a peak onset after age 70.21 The antibody involved is usu-
ally a monoclonal IgM/κ light chain with autoanti-I specificity.45,47 
The secondary type can occur after an infectious disease or be asso-
ciated with lymphoproliferative disease.21,44–47 The secondary type 
associated with infectious disease is usually an acute, self-limiting 
form that has an onset 1–3 weeks after infection and resolves within 
2–3 weeks.44,45 Most of these autoantibodies are polyclonal and have 
a specificity for antigens of the Ii system. Anti-I is usually associated 
with Mycoplasma pneumoniae infections and anti-i can be seen 
in infectious mononucleosis. Infectious agents including varicella 
(chickenpox) and rubella are associated with anti-Pr but rarely with 
anti-I specificity.48,49 HIV patients can also develop anti-I.50 The 
secondary chronic form of CAS associated with lymphoproliferative 
disorders, such as lymphoma or Waldenstrom’s macroglobulinemia, 
is typically found in older individuals.46 The antibody in these cases 
is usually a monoclonal IgMk protein. A more severe type of cold 
AIHA, paroxysmal cold hemoglobinuria (PCH), is associated with 
a biphasic cold-reacting IgG antibody and is discussed in the next 
section.

Pathophysiology
The severity of CAS is related to the thermal range of the antibody. 
Cold-reacting antibodies with a wide range of thermal activity (up 
to 32°C) can cause problems when the peripheral circulation cools to 
this temperature. Complement-mediated lysis accounts for most of 
the erythrocyte destruction.

The cold-reacting antibody is usually directed against the 
I antigen, which is expressed on erythrocytes of almost all adults. 
I antigen specificity of the antibody can be defined by reactivity of 
the patient’s serum with all adult erythrocytes but minimal or no 
reactivity with cord cells (which lack the I antigen). In CAS asso-
ciated with infectious mononucleosis and lymphoproliferative 
disease, however, the antibody may have anti-i specificity.31 These 
antibodies react strongly with cord cells because the i antigen is gen-
erally expressed strongly on cord cells and erythrocytes of children 
younger than 2 years old and weakly or not at all with adult erythro-
cytes. The second most common specificity for cold autogglutinins 
is anti-Pr.1 The Pr antigens are expressed on both adult and infant 
erythrocytes.

•	 Danazol This drug is an attenuated androgen that can be used 
as a first-line treatment with corticosteroids.37,41

Standard second-line treatments with the most efficacy for indi-
viduals who do not respond to corticosteroids includes spelenctomy 
or the use of monoclonal antibody treatment (rituximab).37,39,41

•	 Splenectomy Splenectomy provides long-term remission for 
some patients. Removal of the spleen decreases the destruction 
of IgG-coated erythrocytes that would normally be removed by 
splenic macrophages. If, however, the antibody concentration 
remains high, the destruction of sensitized erythrocytes can con-
tinue in the liver. Some evidence suggests that splenectomy can be 
more beneficial in patients with idiopathic WAIHA than in those 
with the secondary type.41 The primary complication is sepsis 
related to infections, especially with encapsulated bacteria.

•	 Rituximab (monoclonal anti-CD20) Rituximab has been 
used in the treatment of clonal B-cell malignancies, including 
chronic lymphocytic leukemia, in cases of autoimmune collagen 
vascular disease and in patients with idiopathic and secondary 
WAIHA that are refractory to other treatments.41,43 It functions by 
depleting the B cells that produce autoantibodies.37,41

•	 Cytotoxic drugs Various alternative therapies are available 
for patients who do not respond to first- or second-line therapy 
or who have recurrent disease.1,41 Cytotoxic drugs such as cyclo-
phosphamide, cyclosporine A, vincristine-loaded platelets, myco-
phenolate mofetil, and azathioprine are used to cause general 
suppression of the immune system, which decreases synthesis of 
autoantibody.1,37

•	 High-dose intravenous immunoglobulin (IVIG) This treat-
ment blocks Fc receptors on macrophages and affects T- and B-cell 
function by increasing TReg cells or reducing B-cell function. It has 
a variable success rate and is most often used as an adjunct therapy 
with corticosteroids or in selected patients with severe anemia who 
are refractory to drugs.42

•	 Therapeutic plasma exchange and plasmapheresis This 
procedure can dilute or temporarily remove the autoantibody from 
the patient’s circulation. It has been successful in reducing antibody 
load for a short time in some cases but is not a satisfactory long-
term therapy.41

Other treatments such as stem cell transplant have not proven to be 
effective.39,41 Treatment of the underlying disease in patients with sec-
ondary WAIHA is important. Often resolution of the disease leads to 
decreased production of the autoantibody.

Cold Autoimmune Hemolytic Anemia
Cold AIHA, also termed cold agglutinin disease (CAD) or cold 
agglutinin syndrome (CAS), is associated with an IgM antibody 
that fixes complement and is reactive below 37°C. This disorder, which 
comprises 16–30% of the AIHAs, is less common in children than 
adults.1,2,44,45 IgA and IgG antibodies rarely have been implicated in 
hemolysis in CAS.44–46

CAS, like WAIHA, is either idiopathic or secondary 
(Table 19-5 ★). Idiopathic CAS is usually chronic, occurring after 
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from the erythrocyte count and hematocrit are falsely elevated. The 
hemoglobin assay is accurate because the cells are lysed to determine 
this parameter. Accurate cell counts can be obtained by warming the 
blood and diluting reagents to 37°C before performing the test. Visible 
autoagglutination in tubes of anticoagulated blood can be observed as 
the blood cools to room temperature.

When blood counts are performed at 37°C, the results indicate 
a mild to moderate normocytic, normochromic anemia. The blood 
film shows polychromasia, some spherocytes, rouleaux, or clumps 
of erythrocytes and sometimes nucleated red cells (Figure 19-5 ■). 
Erythrophagocytosis can be seen but is more typical on smears made 
from buffy coats after the blood has incubated at room temperature. 
Leukocyte and platelet counts are usually normal. Leukocytosis can 
occur during acute hemolysis as the result of a bone marrow stress 
response. The bone marrow exhibits normoblastic hyperplasia 
often with an increase in lymphoid cells. Patients with chronic CAS 
can show decreased C3 and/or C4 levels.47 Patients also can have a 
decreased value for the CH50 assay, a functional hemolytic assay that 
measures the integrity of the entire complement cascade.

clinical findings
In some instances, CAS is associated with a chronic hemolytic anemia 
with or without jaundice. In others, hemolysis is episodic and associ-
ated only with chilling. Erythrocyte agglutination occurs in areas of 
the body that cool to the thermal range of the antibody and cause 
sludging of the blood flow within capillaries. Vascular changes includ-
ing acrocyanosis in which the hands and/or feet turn blue and cold 
can occur. In Raynaud’s phenomenon, pain can be accompanied by 
a characteristic pattern of color changes in the skin from white (due 
to spasm of the vessels) to blue (caused by cyanosis) to red (which 
indicates a return of blood flow to the area). These conditions primar-
ily affect the extremities, especially the tip of the nose, fingers, toes, 
and ears. Hemoglobinuria accompanies the acute hemolytic attacks. 
Splenomegaly can be present (Table 19-6 ★).

Describe the mechanism of cell destruction in CAS.

CheCkpoint 19-7

Clinical history • Acrocyanosis

• Hemoglobinuria on exposure to cold

Laboratory findings • Serological

DAT: Positive with polyspecific AHG

Negative with anti-IgG; Positive with 
anti-C3

IAT: Antibody showing characteristic reac-
tions at 625°C
Cold agglutinin titer 71000 at 4°C

• False increase in MCV, MCH, and MCHC

• False decrease in erythrocyte count

• Normocytic, normochromic anemia

• Reticulocytosis

• Spherocytes, agglutinated RBCs, rouleaux, 
nucleated RBCs on blood smear

• Increased bilirubin (total and unconjugated)

• Decreased haptoglobin

• Hemoglobinemia, hemoglobinuria in acute 
hemolysis

• Hemosiderinuria in chronic hemolysis

★ tabLe 19-6 Criteria for Clinical Diagnosis of Cold 
Agglutinin Syndrome (CAS)

Laboratory findings
The first indication of the presence of unsuspected cold agglutinins often 
is from blood counts performed on electronic cell counters. The eryth-
rocyte count is inappropriately decreased for the hemoglobin content. 
and the mean cell volume (MCV) is falsely elevated (Table 19-6). These 
erroneous values occur when erythrocyte agglutinates are sized and 
counted as single cells. The hematocrit, calculated from the erroneous 
erythrocyte count and MCV, is falsely low. The mean cell hemoglobin 
(MCH) and mean cell hemoglobin concentration (MCHC) calculated 

■  figure 19-5 Cold autoimmune hemolytic anemia from 
a patient with chronic lymphocytic leukemia. Some of the 
erythrocytes are in small clumps. Spherocytes are also 
present (peripheral blood, Wright stain, 1000*  original 
magnification).

Explain why the MCV, MCH, and MCHC can be falsely 
increased when blood from someone with CAS is tested 
using an automated cell counter.

CheCkpoint 19-8

differentiation of caS agglutinins 
from benign cold agglutinins
The serum of most normal individuals exhibits the presence of cold 
autoantibodies when the serum and cells are incubated at 4°C. These 
antibodies are termed benign cold autoagglutinins because their 
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Pathologic agglutinins benign agglutinins

Antibody class IgM IgM

Antibody specificity usually anti-i but in secondary Cas can be anti-i anti-I

Antibody clonality Monoclonal in idiopathic type and secondary type due to lymphoproliferative disease; 
polyclonal in secondary type due to infectious disease

Polyclonal

Thermal amplitude 0–30°C 0–4°C

Agglutination at room temperature Significant Not present

Titer usually 71:1000 61:64

DAT Positive with polyspecific AHG and monospecific anticomplement Negative

★ tabLe 19-7 Comparison of Characteristics of Pathologic Cold Agglutinins Found in CAS with Those of Benign 
Cold Agglutinins Found in Normal Individuals

Paroxysmal Cold Hemoglobinuria
Paroxysmal cold hemoglobinuria (PCH) is a rare autoimmune 
hemolytic disorder that can occur at any age and is characterized by 
massive intermittent acute hemolysis and hemoglobinuria. Although 
it is the cause of about 2% of autoimmune hemolytic anemias overall, 
it is the cause of 30–40% of AIHA in children and is most frequent in 
children under the age of 5 years.1,22,54 Historically, PCH was asso-
ciated with congenital or tertiary syphilis in adults. It is now most 
often seen in children with viral and bacterial infections although it 
has been reported in association with some lymphoproliferative dis-
eases in adults.55 The infections linked to PCH include Epstein-Barr 
virus, cytomegalovirus, measles, mumps, Haemophilus influenzae, 
and Klebsiella pneumoniae.1,56 Parvovirus 19, which has an affinity 
for the P antigen, has also been linked to PCH.57 PCH is usually a 
transient disorder that appears 5 days to 3 weeks after infection onset 
but can persist up to 3 months.44 It generally resolves spontaneously, 
but transfusion can be required in cases of severe, life-threatening 
anemia.

Pathophysiology
PCH was the first hemolytic anemia for which a mechanism of 
hemolysis was established. This hemolytic anemia is distinct from the 
other cold AIHAs because of the nature of the antibody involved. It is 
caused by a biphasic complement-fixing IgG antibody, the Donath-
Landsteiner (D-L) antibody. Biphasic refers to the two tempera-
tures necessary for optimal lysis of the erythrocytes. The antibody 
reacts with erythrocytes in the capillaries at temperatures 620°C and 
avidly binds the early acting complement components. Upon warm-
ing to 37°C, the antibody molecule detaches from the cell, but the 
membrane attack complement components are activated on the cell 
membrane causing cell lysis. Because the antibody repeatedly attaches 
and detaches from erythrocytes with subsequent complement activa-
tion, it can cause significant hemolysis.58 The PCH antibody is specific 
for the P-antigen (autoanti-P).

clinical findings
Hemoglobinuria is the most common clinical symptom. The patient 
can also experience jaundice, pallor, and hepatosplenomegaly. Rayn-
aud’s phenomenon can occur during acute episodes followed by 
jaundice.

thermal amplitude and concentration (titer) are not high enough to 
cause clinical problems. When pathologic cold agglutinins are sus-
pected as the cause of anemia, laboratory tests should be performed 
to differentiate pathologic cold agglutinins from the benign ones 
(Table 19-7 ★). The DAT with polyspecific AHG and monospecific 
anticomplement antiserum is positive in pathologic cold agglutinin 
disease but negative or only weakly positive with benign cold agglu-
tinins. The DAT, utilizing monospecific anti-IgG, is negative both in 
CAS and benign cold agglutinins.

Historically, the cold agglutinin test was performed when CAS 
was suspected. This test demonstrates the ability of the pathologic 
antibody to agglutinate the patient’s cells at temperatures from 0°C to 
20°C in saline. The reaction is reversible with agglutinates dispersing 
at 37°C. With benign cold antibodies, agglutination occurs at 0–4°C 
and can occur up to 20°C. Titers of benign cold agglutinins reach 1:64 
in normal individuals; in cold agglutinin disease, the titer is usually 
71:1000. Titers of 1:256 or more with a positive DAT using monospe-
cific anti-C3 antisera and a negative DAT using monospecific anti-IgG 
antisera are highly suggestive of cold agglutinin disease.

Compare the DAT findings and the antibody specificity in 
WAIHA and CAS.

CheCkpoint 19-9

therapy
The most effective therapy in primary CAS is usually achieved by 
keeping the individual’s extremities warm. Corticosteroids are not 
usually effective. A few cases have responded to danazol.44 Chemo-
therapy using rituximab has been somewhat effective in primary 
CAS and CAS associated with an underlying lymphoproliferative 
disease.39,44,51–53 Plasma exchange can be used in acute hemolytic 
episodes because the majority of IgM is distributed in the intravascu-
lar spaces. However, plasma exchange is effective for only a short time 
because protein regeneration half-life is ∼5 days.14,50 Splenectomy, 
which can be effective in WAIHA, is not effective in CAS because the 
C3b-coated cells are destroyed primarily by Kupffer cells in the liver. 
Patients with strongly reacting cold agglutinins can have complications 
if surgical procedures requiring hypothermia are undertaken.46,50
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Mixed-Type AIHA
Mixed-type AIHA is characterized by the presence of a warm-reacting 
IgG autoantibody and a cold-reacting IgM autoantibody that has both 
high titer and increased thermal amplitude (reacts at 730°C). About 
50% of the cases are idiopathic; most of the remainder are associated 
with diseases such as systemic lupus erythematosus, lymphoma, and 
HIV.28,50,61 Patients frequently present with an acute, severe anemia 
and can have a more chronic course with intermittent exacerbations. 
The IgG antibody mediates extravascular hemolysis, and the IgM is 
responsible for complement fixation and intravascular hemolysis. In 
some cases, the cold-reacting antibody triggers increased hemolysis 
when the patient is exposed to the cold.62

Both C3 and IgG can be detected on the erythrocyte in the DAT. 
The cold-reacting antibody often has specificity for the Ii system 
antigens. The warm-reacting autoantibody is similar to those found 
in classic WAIHA and often has a complex Rh specificity.

Patients usually respond well to treatment with corticosteroids 
and do not require transfusion. Rituximab has been used in cases with 
underlying lymphoproliferative disease.51,63

Drug-Induced Hemolytic Anemias
Although the occurrence is rare, certain drugs can cause immune 
cytopenias that involve one or more cell lineages including neu-
trophils, platelets, and erythrocytes. Anemia, thrombocytopenia, 
and agranulocytosis can occur together or separately. It has been 

Laboratory findings
The degree of anemia depends on the frequency and severity of hemo-
lytic attacks. During the attack, hemoglobin concentration drops sharply 
accompanied by hemoglobinemia, methemalbuminemia, and hemo-
globinuria. Hemoglobin values can decrease to as low as 5 g/dL. Neutro-
penia, a neutrophilic shift to the left, reticulocytopenia, and spherocytes 
can accompany erythrocyte lysis. Serum bilirubin, blood urea nitrogen, 
and lactic dehydrogenase (LD) are elevated, whereas serum comple-
ment and haptoglobin are decreased. Erythrophagocytosis occurs more 
commonly in PCH than in other types of AIHA, and the phagocytic 
cells usually involved are segmented neutrophils, not monocytes.59

Antibodies on the cells are not usually detected by the DAT 
because the D-L antibody elutes at warm temperatures. A weakly 
positive DAT with anticomplement AHG can appear and persist for 
several days after the hemolytic episode. The IAT can be positive if 
performed in the cold. Normal erythrocytes incubated with patient 
serum react more positively in the IAT than will patient cells.

D-L antibodies are usually present in low titers (61:32) and 
express a low thermal amplitude, but their presence can be verified 
by the D-L test, which employs a biphasic reaction (Table 19-8 ★). In 
this test, the patient’s blood is collected in two clot tubes (serum, not 
plasma, is required); one is incubated at 4°C for 30 minutes and the 
other at 37°C for 30 minutes. Both tubes are then incubated at 37°C. 
If the D-L antibody is present, it causes hemolysis in the tube initially 
incubated at 4°C and then warmed to 37°C. No hemolysis is present 
in the tube kept at 37°C. Hemolysis in this test can also occur in cold 
agglutinin syndrome (CAS), but the hemolysis occurs very slowly. See 
Table 19-9 ★ for a comparison of PCH and CAS.

therapy
PCH associated with acute infections terminates upon recovery from 
the infection. Steroids are not usually helpful. Transfusion can be 
required if the hemolysis is severe. In rare cases when the hemolysis 
persists, plasmapheresis can be used.58 Rituximab has also been used 
as therapy in rare adult cases.60 The chronic form of the disease is best 
treated by avoiding exposure to the cold.

Patient’s whole blooda control test

Incubate for 30 min at 37°C 4°C

Incubate for 30 min at 37°C 37°C

Centrifuge: observe plasma  
for presence of hemolysis

Interpretation

D-L antibodies present No hemolysis Hemolysis

No D-L antibodies present No hemolysis No hemolysis

aTwo tubes of patient’s whole blood are used; one tube serves as the 
 control and the other as the test.

★ tabLe 19-8 Donath-Landsteiner (D-L) Test for 
Detecting the Presence of D-L Antibodiesa

caS Pch

Patient usually adults 750 years of age usually children after viral infection

Clinical findings Acrocyanosis Chills, fever, hemoglobinuria

DAT Positive with polyspecific AHG and monospecific C3 Positive with polyspecific AHG and monospecific C3

Donath-Landsteiner test Negative Positive

Antibody class IgM Biphasic IgG (D-L)

Antibody specificity Anti-I Anti-P

Thermal amplitude of antibody up to 30°C under 20°C

Hemolysis Chronic extravascular/intravascular Acute intravascular

Therapy Avoid the cold Supportive; treatment of underlying illness

★ tabLe 19-9 Comparison of Cold Agglutinin Syndrome (CAS) and Paroxysmal Cold Hemoglobinuria (PCH)

Compare the antibody specificity and the confirmatory 
test for PCH and CAS.

CheCkpoint 19-10
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Compare the different types of drug-induced hemolysis 
including the type of hemolysis, the drug usually associ-
ated with the mechanism, and the DAT profile.

CheCkpoint 19-11

Antibody forms and attaches to the drug-coated erythrocyte, which 
is then removed by splenic macrophages. Drugs often associated with 
this mechanism are IV penicillin, piperacillin, and cephotetan.2,65 
The second mechanism for drug-dependent antibody occurs when 
the drug binds only weakly to the erythrocyte and antibody is formed 
to epitopes that consist of both drug and erythrocyte membrane. The 
antibody is able to fix complement and cause intravascular lysis.65,73 
Ceftriaxone is one of the drugs commonly associated with this 
mechanism.

mechanism of in vivo action  
for drug-independent antibodies
In the drug-independent mechanism, the drug binds to the erythro-
cyte; however, the antibody is produced against primarily erythrocyte 
epitopes. This can be due to alteration of the erythrocyte membrane 
by the drug or molecular mimicry. This mechanism mimics warm 
autoimmune hemolytic anemia in that the patient’s serum reacts 
with all erythrocytes against which it is tested. The mechanism by 
which antibody production is induced is unknown; however, evi-
dence indicates that the drug alters normal erythrocyte antigens so 
they are no longer recognized as self.2,74 Historically this mechanism 
was linked to the antihypertensive drug Aldomet (a@methyldopa). In 
approximately 20% of patients on the drug, a positive DAT develops 
after about 3–6 months. However, hemolytic anemia develops in 
only 1% of these patients. Fludarabine (a purine nucleoside analog 
used to treat some cancers) now is the drug most commonly associ-
ated with this type of drug-independent mechanism for antibody 
formation.2,65 Erythrocyte destruction is extravascular, and anemia 
develops gradually. If the drug is withdrawn, the antibody produc-
tion gradually stops, but the DAT can remain positive for years. The 
DAT is dose dependent: The larger the dose of the drug, the more 
likely the patient is to have a positive DAT. The DAT using anti-IgG 
is positive but because complement is rarely activated, the DAT using 
anti-C3 is usually negative.

A second drug-independent mechanism called nonimmunolog-
ical protein adsorption (NIPA) has been proposed. Some b@lactamase 
inhibitors, cefotetan, and platinum-based chemotherapeutic agents 
can alter the erythrocyte membrane so that immunoglobulins and 
other serum proteins bind nonspecifically to the membrane.64,70,73 No 
drug antibody is involved. This mechanism is known to cause hemoly-
sis in some patients. The DAT using polyspecific AHG is positive; the 
anti-IgG or anti-C3 can be positive or negative.

Table 19-10 ★ contains a summary of the characteristics of 
each mechanism. Regardless of the underlying mechanism, eryth-
rocytes sensitized with either antibody and/or complement have 
a shortened life span. Each of these mechanisms causes a positive 
DAT with polyspecific AHG and with either anti-IgG and/or anti-
C3 AHG.

proposed that a drug’s ability to induce production of antibodies 
against different cell lineages is related to its affinity for the cells. The 
greater the affinity, the more likely sensitization against the drug–cell 
complex is to occur. Drug-induced immune hemolytic anemia is 
a relatively uncommon acquired condition precipitated by certain 
drugs. The drug itself does not cause erythrocyte injury, and not all 
individuals taking the drug develop this immune reaction.

More than 125 drugs have been found to induce a positive DAT 
or an immune-mediated hemolytic anemia.64,65 The classes of drugs 
implicated include antimicrobials, nonsteroidal anti-inflammatory 
drugs, antineoplastic drugs, diuretics, and antidiabetic drugs. Some of 
the specific drugs are listed in Web Table 19-2. Note that second- and 
third-generation cephalosporins such as cefotetan and ceftriaxone 
constitute the majority of cases of drug-induced immune hemolytic 
anemia and are responsible for most fatalities with ceftriaxone caus-
ing 750% of the fatalities.66–68 Piperacillin and fludarabine are other 
commonly implicated drugs.69,70 Drug-induced immune hemolysis 
must be distinguished from both drug-induced nonimmune hemo-
lysis that occurs secondarily to erythrocyte metabolic defects such as 
G6PD deficiency and from spontaneous autoimmune disorders. This 
is important because drug-induced, immune hemolytic anemias are 
the result of an immune response to drug-induced alteration of the 
erythrocyte. The resolution for this immune hemolysis involves with-
drawal of the offending drug and supportive treatment, not the use of 
immunosuppressives or other therapy.

The actual mechanisms of drug-induced hemolytic anemia are 
controversial and still not well defined. At one time, the following 
mechanisms were proposed to explain them:1,2

•	 Drug absorption
•	 Immune complex formation
•	 Autoantibody production

A fourth mechanism, membrane modification, resulted in changes 
in the erythrocyte membrane but was not correlated with immune 
hemolysis.

However, in recent years, a “unifying hypothesis” has been pro-
posed to explain antibody formation in drug-induced hemolytic 
anemias.1,2,65,71 The hypothesis proposes that once a drug binds to 
the erythrocyte membrane, antibodies can be produced to react with 
epitopes specific to the drug, with epitopes that represent a combi-
nation of drug and erythrocyte proteins, or with epitopes primarily 
on the erythrocyte membrane. This helps to explain how patients 
can develop more than one type of drug-induced antibody.71,72

Currently, two major types of drug-induced antibodies have been 
described: drug dependent and drug independent. They are named 
based on the type of in vitro testing required for identification. Drug-
dependent antibodies are those that require the presence of the drug 
during in vitro testing. Drug-independent antibodies are those that 
react in vitro without the presence of the drug.64,65

mechanism of in vivo action  
for drug-dependent antibodies
The mechanism of action for the drug-dependent type antibodies 
can occur in two ways. In one, the drug binds covalently to the eryth-
rocyte and antibodies are produced only against the drug epitopes. 
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bone marrow/stem cell transplants but also of  autoantibodies.76–78 Post-
transplant immune-mediated hemolysis can be linked to major blood 
group incompatibility, passive transfer of antibody from the donor, 
development of autoimmunity, or passenger lymphocyte syndrome. 
Passenger lymphocyte syndrome is an immune hemolytic process that 
develops following solid organ, bone marrow, or stem cell transplant. The 
donor B lymphocytes transplanted with the organ or bone marrow pro-
duce antibodies against the recipient’s blood group antigens. Although 
ABO incompatibility is most frequently implicated, other blood group 
systems can be involved. Development of autoantibodies after solid 
organ transplant is rare but is more common after bone marrow or stem 
cell transplants.34,35 Some evidence also suggests that blood transfusions 
can in some patients lead to the development of autoantibodies.77,78

Hemolytic Transfusion Reactions
Transfusion of blood can cause a hemolytic transfusion reaction as 
the result of the interaction of foreign (nonself) antigens on transfused 
erythrocytes and alloantibodies in the patient's plasma. In contrast to 
AIHA, the antibodies produced in transfusion reactions cause immu-
nologic destruction of donor cells but do not react with the erythro-
cytes of the person making the antibody. The two types of transfusion 
reactions involving alloantibodies to erythrocyte antigens are imme-
diate (occurring within 24 hours) and delayed (occurring 2–14 days 
after transfusion) (Table 19-11 ★). An acute or immediate hemolytic 
transfusion reaction results when the infused erythrocytes react with 
antibodies that already exist in the recipient, usually ABO system anti-
bodies, although other system antibodies have been implicated. This 

aLLoimmune hemoLytic anemia
Hemolytic anemia induced by an individual’s immunization with eryth-
rocyte antigens on the infused cells of another individual is known as 
alloimmune hemolytic anemia. The patient’s erythrocytes lack the 
antigen(s) present on infused cells. These transfused antigens are recog-
nized as foreign and induce the recipient to form antibodies that, in turn, 
react with the transfused cells. This type of immunologic destruction 
of erythrocytes is characteristic of transfusion reactions and hemolytic 
disease of the fetus and newborn (HDFN). Factors such as the immuno-
genicity of the antigen, number of transfusions, and function of the recip-
ient’s immune system can influence the development of alloantibodies.75

In recent years, there has been evidence of the production not only 
of alloantibodies in patients undergoing solid organ and allogeneic 

Two days later, Nancy’s hemoglobin dropped to 50 g/L. 
The physician ordered several more tests. She had a posi-
tive IAT, and the antibody reacted with all cells including 
her own. Other test results indicated that this patient had 
systemic lupus erythematosus.

4. What type of antibody appears to be present in 
Nancy? Explain.

5. What is the relationship of Nancy's primary disease, 
systemic lupus erythematosus, and her anemia?

caSe Study (continued from page 355)

type (Prototypic drug) action direct antiglobulin test mechanism of cell destruction

Drug dependent Drug bound to cell S  antibody forms  primarily 
to drug epitopes and binds to drug

Polyspecific AHG positive, anti-IgG 
 positive, anti-C3 can be positive

Extravascular adhesion to 
macrophages via FcγR and 
phagocytosis

Drug binds loosely to erythrocyte S   antibody 
forms to epitopes of drug and cell S  activates 
complement cascade S   antibody leaves cell

Polyspecific AHG positive, anti-IgG 
negative, anti-C3 positive

Intravascular complement- 
mediated lysis

Drug independent

 Autoantibody-like

Drug adheres to cell membrane S   antibody 
forms primarily against epitopes on erythrocyte 
membrane S  antibody reacts with erythrocyte

Polyspecific AHG positive, anti-IgG 
 positive, anti-C3 positive or negative

Extravascular adhesion to 
 macrophages via FcγR and 
phagocytosis

Nonimmune protein 
adsorption

Modification of cell membrane that results in 
nonimmunologically absorbed IgG, IgA, IgM, C3

Polyspecific AHG positive, monospe-
cific can be positive or negative

Hemolysis can result

★ tabLe 19-10 Summary of Classic Mechanisms of Drug-Induced Immune Hemolytic Anemia

acute delayed

Timing Immediate (within 24 hours) 2–14 days

underlying cause usually aBo antibodies Other antibodies: often Kidd system (anamnestic response)

Hemolysis Intravascular Extravascular; rare, slower intravascular if antibody capable 
of fixing complement

Symptoms Fever, chills, back pain, hypotension, pain at site of infusion uncommon (fever, hemoglobinuria)

Laboratory findings Hemoglobinemia

May see hemoglobinuria

Positive DAT

Positive DAT (possible) Antibody in eluate

★ tabLe 19-11 Comparison of Acute and Delayed Hemolytic Transfusion Reactions
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Compare the underlying mechanisms, pathophysiology, 
and clinical symptoms of an acute hemolytic transfusion 
reaction with a delayed one.

CheCkpoint 19-12

Compare the characteristic laboratory findings in acute 
hemolytic transfusion reactions and in delayed transfu-
sion reactions.

CheCkpoint 19-13

(anti@Jka, anti@Jkb), although antibodies to other antigens have also 
caused delayed reactions.

clinical findings
Symptoms of an immediate transfusion reaction begin within minutes 
to hours after beginning the transfusion. The reaction between anti-
gen and antibody can trigger cytokine release, and activation of the 
complement and the coagulation cascades. A variety of nonspecific 
symptoms, including fever, chills, low back pain, sensations of chest 
compression or burning at the site of infusion, hypotension, nau-
sea, and vomiting, can occur. Unless the transfusion is immediately 
stopped, shock can occur. Anuria due to tubular necrosis secondary 
to inadequate renal blood flow and bleeding due to DIC are common 
complications. The severity of the reaction and extent of organ dam-
age are directly proportional to the amount of blood infused.

Most delayed transfusion reactions cause few signs or symptoms. 
The most common signs are malaise and unexplained fever several 
days after the transfusion. Some patients notice the presence of hemo-
globin in the urine.

type of reaction usually is caused by clerical or other human error 
that results in an ABO mismatch between donor and recipient. For 
example, the patient is given the wrong unit of blood or is misidenti-
fied by the phlebotomist, nurse, or laboratory personnel. Most errors 
occur in patient care areas, not in the transfusion service area. Patients 
given the wrong blood exhibit classic clinical signs including increased 
pulse rate, hypotension, chills and fever, pain, or difficulty breathing. 
When an acute transfusion reaction is suspected, the transfusion 
must be stopped immediately because of the potential complications 
of the reaction (e.g., shock, renal failure, disseminated intravascular 
coagulation [DIC]). Laboratory investigation of the reaction must be 
performed.

The delayed hemolytic transfusion reaction is usually the result 
of an anamnestic response in which the donor erythrocytes contain 
an antigen to which the patient has been previously sensitized. In these 
cases, the antibody was not detectable prior to transfusion, but the 
infused erythrocytes restimulate antibody production, destroying the 
donor cells containing the antigen. In a delayed transfusion reaction, 
some patients show no clinical signs, and the reaction is detected when 
laboratory tests demonstrate that the expected increase in hemoglobin 
has not occurred. Other patients can present with dark urine or vague 
symptoms such as fever. Patients at highest risk for delayed reactions 
are those who have received multiple transfusions over their lifetime.75

Pathophysiology
An acute hemolytic transfusion reaction is characterized by intravas-
cular hemolysis with hemoglobinuria as a result of complete activa-
tion of the complement cascade. IgM antibodies usually mediate this 
type of hemolysis of donor cells, although IgG antibodies are rarely 
involved. Acute hemolytic transfusion reaction is typical of an ABO 
incompatibility and begins very shortly after the infusion of the donor 
unit has begun. As cells are lysed, the release of erythrocyte membrane 
phospholipids can activate the intrinsic and extrinsic coagulation 
cascade (Chapter 32). The resulting consumptive coagulopathy (dis-
seminated intravascular coagulation) can damage the kidney by depo-
sition of fibrin in the microvasculature (Chapters 32, 34). Presence 
of increased tumor necrosis factor-a (TNF@a) and other interleukins 
can mediate some of the clinical symptoms.76 Mortality rates from 
ABO acute hemolytic transfusion reactions range from 10–50%.

Extravascular hemolysis is typical of a delayed hemolytic transfu-
sion reaction occurring when erythrocytes are coated with IgG anti-
bodies and removed via macrophage Fc receptors in the spleen. The 
speed of the removal depends on the amount of antibody on the cell. 
Complement is not usually involved but when present can enhance 
phagocytosis.

Delayed transfusion reactions occur 2–14 days after a transfu-
sion. Although the antibody cannot be detected in pretransfusion 
testing because its concentration is lower than the sensitivity level of 
the test, antigens on infused donor cells induce a secondary (anam-
nestic) antigenic response. The antibody produced is usually IgG, and 
hemolysis is extravascular. The first indication of a delayed reaction 
is a sharp drop in the hemoglobin concentration several days after 
the transfusion with no signs of bleeding. Intravascular hemolysis 
can also occur but is less pronounced than in acute reactions. Labora-
tory investigation reveals a positive DAT because of antibody-coated 
donor cells in the patient’s circulation. Antibodies characteristically 
associated with a delayed transfusion reaction are in the Kidd system 

Laboratory findings
The laboratory findings vary, depending on whether the transfusion 
reaction is acute or delayed. Intravascular hemolysis usually accom-
panies the acute reaction and typically can be associated with hemo-
globinemia, hemoglobinuria, methemoglobinemia, and decreased 
haptoglobin and hemopexin. Extravascular hemolysis usually accom-
panies the delayed reaction. The DAT might or might not be positive 
in acute hemolytic transfusion reactions, depending on the extent 
of erythrocyte destruction. The DAT is usually positive in a delayed 
hemolytic transfusion reaction but might not be detected until days 
after transfusion. A patient who is suspected of experiencing either an 
acute or delayed transfusion reaction should have a transfusion reac-
tion workup. See the supplemental Web material for Chapter 19 for 
further discussion on a typical transfusion reaction workup.

therapy
The most important immediate action to take when an acute transfusion 
reaction occurs is to terminate the transfusion. A major effort should be 
made to maintain urine flow to prevent renal damage. Shock and bleed-
ing require immediate attention. In a delayed reaction, treatment is gen-
erally not required. Future units of blood given to the patient, however, 
must lack the antigen to which the patient has made an antibody.
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•	 The fetus must possess the antigen to which the mother has been 
sensitized.

•	 The mother must produce antibodies to the foreign antigens.
•	 The mother’s antibody must be able to cross the placenta and enter 

the fetal circulation

Sensitization
The mother may have been exposed to foreign (nonself) erythrocyte 
antigens by previous pregnancy or transfusion. Normally, the placenta 
does not allow free passage of erythrocytes from fetal to maternal cir-
culation, but small numbers of erythrocytes can enter the maternal 
circulation during gestation. Additionally, small amounts of fetal blood 
also can enter the mother’s circulation during delivery. The risk of sen-
sitization increases as the volume of the fetal bleed increases. If the 
fetal-maternal bleed is sufficient to stimulate the production of mater-
nal antibodies, subsequent pregnancies could be at risk for HDFN.

Although three classes of immunoglobulins can be produced 
during the mother’s immunization—IgG, IgM, IgA—only IgG has 
the ability to cross the placenta and cause HDFN. The IgG antibody 
is actively transported across the placenta and causes destruction of 
fetal erythrocytes. The fetus/newborn has anemia and bilirubinemia 
of varying degrees of severity based on the strength of the immune 
response and degree of hemolysis.

In ABO-HDFN, the mother already has the naturally occurring 
ABO system antibodies, generally a mixture of IgM and IgG anti-A, 
anti-B, and/or anti-A,B. The pre-existing IgG antibodies can cross 
the placenta to destroy fetal cells, potentially affecting all pregnancies 
including the first. Approximately 15–20% of the group A or group B 
babies born to group O mothers develop serologic evidence of ABO-
HDFN (positive DAT).80 In HDFN caused by all other antibodies 
including anti-D, the mother generally lacks preformed antibodies 
capable of recognizing fetal antigens. The firstborn is not usually 
affected because the first pregnancy serves as the sensitizing event. 
In each subsequent pregnancy with an antigen-positive fetus, the risk 
for severity of HDFN increases as the antibody response increases.

Prenatal Period
If destruction of fetal erythrocytes is severe enough in utero, the fetus 
becomes severely anemic and can develop complications as a result. 
Extramedullary hematopoiesis occurs in the liver and spleen, causing 

Hemolytic Disease of the Fetus 
and Newborn (HDFN)
Hemolytic disease of the fetus and newborn (HDFN) is an 
alloimmune disease associated with increased erythrocyte destruc-
tion during fetal and neonatal life and is caused by fetomaternal 
blood group incompatibility. The three categories of HDFN are: ABO 
caused by anti-A, anti-B, and/or anti-A, B; Rh(D) caused by anti-D; 
and “other” caused by alloantibodies to other Rh system antigens 
(C, c, E, e) or antibodies to other blood group system antigens (e.g., 
Kell, Kidd, Duffy). More than 95% of HDFN cases are due to either 
anti-D or ABO system antibodies. Although HDFN caused by ABO 
antibodies is more common than HDFN caused by anti-D, Rh(D) 
incompatibility causes more severe disease (Table 19-12 ★). The anti-
bodies most commonly associated with the remaining HDFN cases 
include anti-K, anti-c, anti-C, and anti-E, although any IgG antibody 
can be implicated. HDFN caused by anti-D and anti-K are the most 
severe.2,79

Pathophysiology
The pathophysiology of HDFN involves initial sensitization and anti-
body production, in utero effects, and postnatal effects. Four condi-
tions must be met for HDFN to occur:

•	 The mother must be exposed (sensitized) to an erythrocyte antigen 
that she lacks.

The clinician wants to start Nancy’s therapy and give her 
a transfusion.

6. How would knowing that Nancy had not been trans-
fused in the last several months help you make a deci-
sion on the underlying cause of the antibody?

7. What would you tell the clinician about giving a 
transfusion?

8. What kind of therapy could be used?

caSe Study (continued from page 363)

feature rh abo other

Antibody Immune IgG Nonimmune IgG Immune IgG

Blood group Mother Rh negative Mother, group O; newborn, group A or B Mother lacks antigen that is on fetal cell

Baby Rh positive

Obstetric history Only pregnancies after the first are 
usually affected

First pregnancy and subsequent pregnancies 
can be affected

Pregnancy can be first if mother previously 
sensitized by transfusion. If pregnancy 
is sensitizing event, usually second and 
 subsequent pregnancies affected

Clinical findings Moderate to severe anemia and 
bilirubinemia

Mild anemia if present; mild to moderate 
 bilirubinemia with a peak 24–48 hours after birth

Mild to severe anemia and bilirubinemia

Laboratory findings DAT positive DAT weakly positive or negative DAT positive

No spherocytes Spherocytes present

Therapy Exchange transfusion if severe Phototherapy Phototherapy and/or exchange transfu-
sion, if severe

★ tabLe 19-12 Comparison of Hemolytic Disease of the Fetus and Newborn Caused by ABO and Rh(D)
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Compare the pathophysiology and clinical findings of 
ABO-HDFN and Rh-HDFN.

CheCkpoint 19-14

Laboratory findings
Laboratory tests are essential to identify the etiology of HDFN, 
determine prognosis, and select appropriate treatment. Classic pre-
natal testing on a pregnant woman includes ABO and Rh typing of 
the erythrocytes as well as an antibody screen (IAT) on her serum. 
If the IAT is positive, the antibody is identified so that an assessment 
of HDFN risk can be performed. The postnatal HDFN workup will 
involve laboratory tests on both the mother and the infant.

rh incompatibility
The DAT in Rh incompatibility is usually positive, reflecting anti-
body coating of the newborn’s erythrocytes.85 About 50% of affected 
infants have a cord blood hemoglobin concentration of 614 g/dL. 
Because the capillary blood hemoglobin can be up to 4 g/dL higher 
due to placental transfer of blood at birth, the cord blood hemoglobin 
concentration is most useful as an indicator of anemia at birth and 
a baseline to follow destruction of erythrocytes after birth. A direct 
relationship exists between the initial cord blood hemoglobin level 
and the severity of the disease. Lower cord hemoglobin levels at birth 
are associated with a more severe clinical course. After birth, hemoglo-
bin levels can fall at the rate of 3 g/dL/day. Lowest hemoglobin values 
are present at 3–4 days. The erythrocytes are macrocytic and normo-
chromic. Reticulocytes are markedly increased, sometimes reaching 
60%. Nucleated red cells are markedly increased in the peripheral 
blood (109100 * 109/L) reflecting the rapid production of cells in 
response to erythrocyte destruction. Normal infants also have nucle-
ated red cells in the peripheral blood, but their values are much lower 
(0.292.0 * 109/L).

A blood smear shows marked polychromasia, mild or absent 
poikilocytosis, and few, if any, spherocytes. In some cases, the leuko-
cyte count is increased to 30 * 109/L or more due to a rise in neutro-
phils reflecting the marrow response to stress. (The normal leukocyte 
count at birth is 15920 * 109/L.) However, recent studies have 
shown that a neutropenia is often present, regardless of the type of 
HDFN.86 A significant neutrophilic shift to the left often occurs. The 
platelet count is usually normal, but thrombocytopenia can develop in  
severe cases.

Cord blood bilirubin is elevated in Rh-HDFN but is usually 
65.5 mg/dL. However, the elevated bilirubin does not accurately 
reflect the severity of hemolysis because bilirubin produced before 
birth readily crosses the placenta and is metabolized by the mother. 
The newborns serum bilirubin peaks on the third or fourth day and 
can reach 40–50 mg/dL if not treated. Most bilirubin is in the toxic 

their enlargement. Because of hemolysis, the unconjugated (indirect) 
bilirubin concentration increases. In the fetus, this bilirubin crosses 
the placenta and is conjugated and excreted by the mother. With pro-
cedures such as amniocentesis, the amount of bilirubin in amniotic 
fluid can be measured to help determine the relative severity of hemo-
lysis. Cordocentesis in which a sample of the fetal blood is taken via a 
needle inserted into the umbilical vein allows testing of the fetal blood 
for blood type, DAT, hemoglobin, and bilirubin. Noninvasive proce-
dures such as Doppler ultrasound can help predict anemia based on 
blood flow in the fetus.81–83 In recent years, methods to obtain fetal 
cells or cell-free DNA from the maternal circulation have been intro-
duced. These methods help in predicting Rh-HDFN and eliminating 
the need for invasive procedures such as amniocentesis. Prenatal fetal 
genotyping diagnostic procedures have been developed. Although 
they were initially designed to detect the D antigen, they have been 
expanded to detect K, Fy, and JK genotypes as well.82–84

The most serious complication of HDFN is cardiac failure and 
hydrops fetalis, which occurs when the fetus is unable to produce suf-
ficient erythrocytes. Hydrops fetalis is characterized by edema and 
accumulation of fluid in the peritoneal, pericardial, or pleural cavities.

Erythroblastosis fetalis, a term also used to describe charac-
teristics of HDFN, reflects the presence of large numbers of nucleated 
erythrocytes found in the newborn’s peripheral blood in very severe 
cases.

Postnatal Period
Erythrocyte destruction persists after birth because of maternal anti-
bodies in the newborn’s circulation. After birth, the newborn must 
conjugate and excrete the bilirubin on its own. In the neonate, albumin 
levels for bilirubin transport are limited, and liver glucuronyl transfer-
ase for bilirubin conjugation is low; therefore, considerable amounts 
of toxic unconjugated bilirubin can accumulate in the newborn after 
delivery. In the unconjugated state, bilirubin is toxic because it is lipid 
soluble and can easily cross cell membranes. This form of bilirubin has 
a high affinity for basal ganglia of the central nervous system. Thus, the 
excess unconjugated bilirubin can lead to kernicterus, an irreversible 
form of brain damage. The conjugated form of bilirubin cannot cause 
this problem because it is water soluble and lipid insoluble and cannot 
cross cell membranes.

clinical findings
Anemia resulting from increased cell destruction is the greatest risk 
to both the fetus in utero and to the newborn with HDFN in the first 
24 hours of life. Bilirubinemia is the greatest risk thereafter. In Rh(D) 
incompatibility, the cord blood hemoglobin can be low normal at 
birth (normal hemoglobin at birth is 14–20 g/dL), and the newborn 
may not appear jaundiced. However, significant hemolysis occurring 
in the first 24 hours of life outside the womb results in anemia with 
pallor and jaundice. In severe cases, hepatosplenomegaly can be pres-
ent. Severe anemia can be accompanied by heart failure and edema. 
As the level of unconjugated bilirubin rises, kernicterus can occur and 
can be fatal in severe cases. The risk of hyperbilirubinemia in prema-
ture infants is even greater because of the inability of the premature 
liver to excrete the excess bilirubin.

ABO incompatibility is not as severe as Rh incompatibility. The 
clinical course is usually benign, and hemolysis is minimal. Within 

24–48 hours after birth, the infant appears jaundiced, but kernicterus 
is extremely rare. Anemia is mild and pallor is uncommon. Hepato-
splenomegaly, if present, is mild. However, cases of severe ABO-HDFN 
requiring exchange transfusion as well as phototherapy, especially in 
blacks and children of mixed race parents, have been reported.80
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also be indicated if the bilirubin is rising 71 mg/dL/hour or if there 
is significant anemia. The transfusion has several  beneficial effects:

•	 Removes plasma containing maternal antibodies and dilutes the 
concentration of remaining antibodies

•	 Removes some of the antibody-coated erythrocytes
•	 Lowers the level of bilirubin
•	 Treats the anemia

rh immune globulin (rhig)
The passive injection of Rh immunoglobulin (RhIG) that contains 
anti-D prevents maternal immunization. About 7–8% of Rh-negative 
women develop antibodies to Rh-positive cells after the birth of an 
Rh-positive ABO-compatible infant. The routine use of prophylactic 
RhIG in Rh-negative women during gestation (at 28 weeks) and fol-
lowing the birth of an Rh-positive child has decreased the incidence 
of HDFN considerably, although other changes in prenatal care and 
number of pregnancies also may have affected the incidence. The 
majority of women (92%) who develop anti-D during pregnancy do 
so at 28 weeks or later. Therefore, antepartum administration of RhIG 
is given between weeks 28 and 30 of gestation to any Rh-negative 
woman who has not developed anti-D. The RhIG acts as an immu-
nosuppressant, depressing the production of immune IgG. However, 
this prenatal anti-D binds to fetal cells and can result in a positive DAT 
and must be evaluated for clinical and serological significance.88

Postnatally, a dose of RhIG given within 72 hours of birth pro-
tects against the consequences of a fetal-maternal bleed. Rh-positive 
erythrocytes of a fetus that enter the mother’s circulation at birth can 
stimulate the mother’s immune system to make antibodies. As in the 
antepartum administration of RhIG, postnatal RhIG can bind fetal 
cells and mediate their removal in the spleen. The dose of RhIG should 
be determined based on the number of fetal cells in the maternal 
circulation. Several tests can be used, including the Rosette and the 
Kleihauer-Betke tests, and, more recently, immunofluorescent flow 
cytometry using monoclonal antibody to fetal hemoglobin to deter-
mine the number of fetal cells present.

unconjugated form. Full-term infants with bilirubin concentrations 
710 mg/dL are at increased risk for kernicterus, and premature 
infants can develop it with levels as low as 8–10 mg/dL.

abo incompatibility
In the case of ABO incompatibility, weakly positive DAT is found in 
the cord blood, but it often becomes negative within 12 hours. The 
weak reaction is due to the small number of anti-A or anti-B anti-
bodies attached to the erythrocyte. Bilirubin is not usually signifi-
cantly elevated, but the bilirubin level 6 hours after birth can be used 
to predict development of hyperbilirubinemia in severe cases.87 The 
peripheral blood smear in severe cases can show increased numbers of 
nucleated erythrocytes and the presence of schistocytes, spherocytes, 
and polychromasia.

Compare the laboratory findings including the peripheral 
blood smear and the DAT for newborns with ABO-HDFN 
and those with Rh-HDFN.

CheCkpoint 19-15

therapy
The major efforts of therapy are to prevent hyperbilirubinemia and 
anemia. If the destruction of erythrocytes and degree of anemia 
appear to affect the viability of the fetus, an intrauterine transfusion 
can be given. Methods such as amniocentesis and cordocentesis and 
now the use of molecular methods to identify fetal DNA for detecting 
in utero hemolysis have allowed decisions to be made on whether an 
intrauterine transfusion should be given.84 Transfusions often must be 
given on a routine basis until the fetus reaches a gestational age that 
allows successful delivery.

In mild cases postnatally, the newborn is treated with photo-
therapy, which slowly lowers the toxic bilirubin level. Although toxic 
levels of bilirubin are 19–20 mg/dL, exchange transfusion is usually 
performed before that level is reached. Exchange transfusions can 

Summary
Immune hemolytic anemia (IHA) is mediated by antibodies and/
or complement and can be classified as autoimmune, alloim-
mune, or drug induced, depending on the underlying process. 
All of these have a positive DAT due to immunoglobulin and/
or complement on the cell. The autoimmune hemolytic ane-
mias (AIHA) occur when the offending antibody reacts with an 
antigen on the patient’s erythrocytes (self-antigen). These anti-
bodies also have the ability to react with erythrocytes of most 
other persons. AIHA are either idiopathic or secondary to an 
underlying disease and are further classified as warm or cold, 
depending on the thermal reactivity of the causative antibody. 
WAIHA is most often caused by IgG antibodies that react at 
body temperature (37°C) and cause extravascular hemolysis. 
Cold hemagglutinins are IgM antibodies that generally react at 
620°C but are efficient complement activators and can cause 

intravascular hemolysis. In both cases, the DAT is positive, and 
the IAT procedure can detect the antibody. An IgG biphasic 
antibody that binds complement in the cool peripheral circula-
tion mediates PCH, another type of cold autoimmune hemolytic 
condition. As the coated cells reach warmer portions of the cir-
culation, the complement cascade is activated and intravascular 
hemolysis occurs.

In drug-induced immune hemolytic anemia, the drug binds 
to the erythrocyte membrane and induces antibody formation, 
which occurs by several mechanisms, depending on the caus-
ative drug. The antibodies can be drug dependent, and the 
drug must be present for the antibody to react. In autoanti-
body formation (drug independent), the drug appears to cause 
a change in the erythrocyte membrane that causes the body to 
recognize it as foreign and produce an antibody against the cell.
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Alloimmune hemolytic anemia has two presentations: trans-
fusion reaction and hemolytic disease of the newborn. In both 
conditions, infusion of erythrocytes containing foreign (nonself) 
antigens stimulates the antibody. This sensitization causes the 
production of alloantibodies to the foreign antigens, resulting 
in the cell’s destruction. The antibody can be detected in the 
serum and cause a positive DAT.

Transfusion reactions can be acute (immediate) or delayed 
(2–14 days after transfusion). Acute reactions most often involve 
an ABO mismatch between donor and recipient and result in 
intravascular hemolysis as a result of complement activation. 
Delayed transfusion reactions are due to non-ABO antibodies. 
These reactions result in extravascular lysis and are characterized 

by a positive DAT. The causative antibody must be identified so 
that future transfused erythrocytes lack the antigen correspond-
ing to the patient’s antibody.

ABO, Rh(D) or other blood group system antibodies that 
react with fetal erythrocytes can cause hemolytic disease of the 
fetus and newborn (HDFN). ABO-HDFN is generally milder than 
Rh-HDFN and can occur in any pregnancy because prior anti-
genic sensitization is not required. Rh and other types of HDFN 
require prior sensitization. Maternal antibodies that coat fetal 
cells can cause anemia and/or elevated bilirubin in the newborn. 
Maternal and newborn ABO and Rh group, maternal antibody, 
and newborn DAT are used to evaluate HDFN.

Review Questions
Level i

 1. The characteristic erythrocyte seen in a peripheral blood 
smear in WAIHA is a(n): (Objective 3)

 A. macrocyte

 B. spherocyte

 C. dacrocyte

 D. elliptocyte

 2. Which of the following might be observed on a peripheral 
blood smear in cases of cold autoimmune hemolytic ane-
mia? (Objective 3)

 A. helmet cells

 B. macrocytes

 C. agglutination

 D. spherocytes

 3. Which of the following parameters on an automated hema-
tology instrument could be seen in cases of cold agglutinin 
disease (CAD)? (Objective 3)

 A. falsely elevated MCV

 B. falsely elevated RBC count

 C. falsely decreased MCHC

 D. falsely decreased hemoglobin

 4. One purpose of the DAT is to: (Objective 2)

 A. detect erythrocytes coated with immunoglobulin in vivo

 B. detect antibodies in the serum

 C. neutralize serum complement

 D. prevent agglutination by IgM antibodies

 5. Intravascular hemolysis is characteristic of which of the 
following alloantibody situations? (Objective 5)

 A. delayed hemolytic transfusion reaction

 B. ABO-HDFN

 C. Rh-HDFN

 D. acute hemolytic transfusion reaction

 6. A patient with WAIHA would most likely have serum that 
reacts in which of these patterns? (Objective 5)

Serum + Own  
Erythrocytes

Serum + Erythrocytes  
of Others

 A. negative negative
 B. negative positive
 C. positive positive
 D. positive negative

 7. Which of the following is not considered to be a condition 
caused by autoantibodies? (Objective 5)

 A. PCH

 B. CAS

 C. delayed transfusion reaction

 D. drug-induced hemolytic anemia

 8. The Donath-Landsteiner antibody is found in which type of 
hemolytic anemia? (Objective 1)

 A. warm autoimmune hemolytic anemia

 B. paroxysmal cold hemoglobinuria

 C. cold autoimmune hemolytic anemia

 D. drug-induced hemolytic anemia

 9. Which of the following is not part of the typical peripheral 
blood picture in Rh-HDFN? (Objective 4)

 A. macrocytes

 B. polychromasia

 C. spherocytes

 D. increased nucleated erythrocytes

 10. The antibody found in PCH is: (Objective 1)

 A. IgM

 B. IgG

 C. directed against the Rh antigens

 D. directed against the ABO antigens
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Patient incubated at 4°C and then 37°C Hemolysis
Control incubated only at 37°C No hemolysis

 7. A patient who received a transfusion 6 days ago is sus-
pected of having a delayed transfusion reaction. Which 
of the following would not be a characteristic finding? 
(Objective 7)

 A. positive DAT
 B. positive IAT
 C. hemoglobinuria
 D. decreased hemoglobin

 8. How would you interpret the following results of a Donath-
Landsteiner test? (Objective 4)

Level ii

 1. The drug(s) most often associated with drug-induced 
hemolytic anemia is/are: (Objective 3)

 A. aldomet

 B. second and third generation cephalosporins

 C. penicillin

 D. rituximab

 2. Because a newborn shows evidence of jaundice, a workup 
for HDFN is started. The newborn has a weakly positive 
DAT with anti-IgG. The mother is group O, Rh negative., 
and the newborn is group A, Rh negative. The blood smear 
shows evidence of spherocytes. What is the most likely 
cause? (Objective 6)

 A. Rh-HDFN

 B. ABO-HDFN

 C. combined ABO- and Rh-HDFN

 D. cold agglutinins

 3. Which autoimmune syndrome is characterized by the 
presence of a biphasic complement-fixing IgG antibody? 
(Objective 4)

 A. PCH

 B. WAIHA

 C. cold agglutinin disease

 D. immune complex drug induced

 4. Intravenous administration of what drug is characteristi-
cally associated with covalent attachment of the drug to 
the erythrocyte membrane and drug-dependent antibody 
formation? (Objective 3)

 A. penicillin

 B. aldomet

 C. quinidine

 D. third-generation cephalosporins

 5. Based on maternal and fetal testing, a newborn is suspected 
of having Rh-HDFN. Which of the following peripheral 
blood smear morphologies might be seen? (Objective 6)

 A. microcytic, hypochromic erythrocytes, decreased 
reticulocytes

 B. microcytic, normochromic erythrocytes, increased 
nucleated red blood cells

 C. macrocytic, hypochromic erythrocytes, decreased 
reticulocytes

 D. macrocytic, normochromic erythrocytes, increased 
nucleated red blood cells

 6. What is the most likely mechanism of hemolysis in WAIHA? 
(Objective 1)

 A. increased sensitivity to complement

 B. fixing of complement by IgM antibody

 C. biphasic reactions by IgG antibodies

 D. phagocytosis of IgG coated erythrocytes

 A. positive

 B. negative

 C. invalid because of control reaction

 D. equivocal—repeat in 2 weeks

 9. A 75-year-old man presents to the physician with com-
plaints of weakness and fatigue. His leukocyte count is 
elevated, and his hemoglobin is 60 g/L. The peripheral 
blood smear shows that a majority of the cells are small, 
mature lymphocytes. The diagnosis is CLL. Spherocytes 
are present. The physician suspects hemolytic anemia, 
and laboratory tests suggest a hemolytic process with an 
increase in reticulocytes and bilirubin. Based on this infor-
mation, what is the most likely problem? (Objective 8)

 A. secondary CAD

 B. secondary PCH

 C. secondary WAIHA

 D. secondary cold agglutinins

 10. The following DAT results were seen in a 35-year-old 
female who was being investigated for a drug-induced 
hemolytic anemia. She had a hemoglobin of 70 g/L, and 
her serum reacted with all cells against which it was tested. 
What drug is the most likely cause? (Objective 3)

DAT (polyspecific) Positive
DAT anti-IgG Positive
DAT anti-C3 Negative

 A. penicillin

 B. quinidine

 C. cephalosporin

 D. fludarabine
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define microangiopathic hemolytic anemia (MAHA) and list several 

associated disorders and the age group most commonly affected.
 2. Describe the general morphology and hematologic values associated 

with MAHA and criteria that distinguish disseminated intravascular 
coagulation (DIC), thrombotic thrombocytopenic purpura (TTP), and 
hemolytic uremic syndrome (HUS).

 3. Recognize the characteristic erythrocyte morphology of MAHA on a 
stained blood film.

 4. Identify organisms that can cause erythrocyte hemolysis.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the general pathophysiology for MAHA.
 2. Compare and contrast the clinical findings, underlying cause, treat-

ment, and characteristic findings for erythrocytes, platelet count, and 
coagulation tests for each of the following types of MAHA:

 a. Hemolytic uremic syndrome (HUS)
 b. Thrombotic thrombocytopenic purpura (TTP)
 c. Disseminated intravascular coagulation (DIC)

 3. Define exercise-induced hemoglobinuria.
 4. Given a set of data and clinical history, determine whether MAHA is a 

probable diagnosis, identify the possible etiology, and propose follow-
up tests that should be performed.

 5. Compare the cause of hemolysis by the following infectious agents:
 a. Plasmodium parasites (malaria)
 b. Babesia parasites
 c. Bartonella bacteria
 d. Clostridium bacteria
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microangiopathic hemolytic 
anemia (maha)

plasma exchange

IntroductIon
Erythrocytes that have normal hemoglobin structure, enzymes, and 
membranes can be prematurely destroyed by factors extrinsic to the 
cell. This destruction can be immune mediated via antibodies and/
or complement (Chapter 19). However nonimmune factors also can 
cause either extravascular or intravascular hemolysis, depending on 
the type and extent of injury to the erythrocyte. This chapter discusses 
nonimmune causes that lead to premature erythrocyte destruction. 
Erythrocytes can undergo traumatic physical injury in the peripheral 
circulation, resulting in the presence of schistocytes in the peripheral 
blood. Contact with fibrin strands or platelet aggregates in the micro-
circulation or with foreign surfaces such as artificial heart valves com-
monly induce such damage. There are other causes of injury, including 
Shiga toxin from organisms such as Esherichia coli 0157:H7.  Infec-
tious agents such as Plasmodium sp. and Babesia sp. can cause injury 
to the erythrocytes during their intracellular life cycle. Some drugs and 
chemicals can cause membrane oxidant injury, leading to intravascular 
hemolysis or removal of the damaged cell by the spleen. (Table 20-1 ★).

HemolytIc AnemIA cAused 
by PHysIcAl Injury to 
tHe erytHrocyte
Intravascular and/or extravascular hemolysis and striking abnor-
mal shapes of the circulating peripheral blood erythrocytes, includ-
ing fragments (schistocytes) and helmet cells characterize hemolytic 
anemia caused by traumatic physical injury to the erythrocytes in the 
vascular circulation.

overvIew
This chapter deals with the mechanisms of hemolysis not included in 
the chapters on membrane defects (Chapter 17), metabolic deficien-
cies (Chapter 18), or immune mechanisms (Chapter 19) and includes 
microangiopathic hemolytic anemias (MAHAs). Hemolytic uremic 
syndrome (HUS), an MAHA, is discussed in detail including disease 
association, pathophysiology, and clinical and laboratory findings. It 
also provides a brief overview of thrombotic thrombocytopenic pur-
pura (TTP), which is discussed in detail in Chapter 35. Uncommon 
causes of hemolysis such as hypertension, mechanical heart devices, 
burns, exercise, and infectious agents also are discussed.

thrombotic thrombocytopenic 
purpura (ttp)

von Willebrand factor (VWf)

Background Basics
the information in this chapter builds on concepts learned in pre-
vious chapters. to maximize your learning experience, you should 
review the following concepts:

level I
• Describe the normal production, life span, and destruction of 

the erythrocyte. (Chapter 5)
• list the reference intervals for basic adult hematology param-

eters. (Chapters 1, 10)
• identify sources of defects that lead to hemolytic anemia. 

(Chapter 11)
• review the immune hemolytic anemias, and describe how they 

differ from other hemolytic anemias. (Chapter 19)

• identify the intrinsic hemolytic anemias, and describe how they 
differ from extrinsic hemolytic anemias. (Chapter 11)

level II
• Describe the structure and function of the major proteins of the 

erythrocyte membrane. (Chapter 5)
• identify the key tests that can be used in diagnosis of anemia, 

and identify clinical signs of anemia. (Chapter 11)
• Describe the different nonimmune mechanisms of hemolysis 

and how they are detected. (Chapters 5, 11, 17, 18)
• identify the laboratory tests that differentiate immune from 

nonimmune anemia. (Chapters 11, 19)

We will refer to this case study throughout the chapter.

mai, a 35-year-old woman, saw her physician. she com-
plained of weakness, low-grade fever, periods of forget-
fulness, and memory loss for the last week or so. she 
denied any viral illness before the onset of symptoms. 
she was on oral contraceptives but was not taking any 
other drugs. her initial laboratory tests showed:

hb 6 g/dl (60g/l)
hct 18% (0.18 l/l)
WBC 8.9 * 109/l

Consider reflex testing that could be helpful in identifying 
the cause of the anemia.

cAse study

Key Terms
Cryosupernatant
Disseminated intravascular 

coagulation (DiC)
fresh frozen plasma (ffp)

hemolysis, elevated liver 
enzymes and low platelet 
(hellp) syndrome

hemolytic uremic syndrome 
(hus)
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Microangiopathic Hemolytic Anemia
Microangiopathic hemolytic anemia (MAHA), sometimes 
referred to as thrombotic microangiopathic anemia (TMA), is an 
inclusive term referring to a hemolytic process caused by microcir-
culatory lesions. Damage to the endothelial lining of the small ves-
sels results in deposits of fibrin (which sometimes includes platelets) 
within the vessel. As the erythrocytes are forced through the fibrin 
strands, the membrane can be sliced open. Sometimes the erythro-
cyte membrane reseals itself, leading to abnormal erythrocyte shapes 
that are noted as schistocytes and keratocytes on the peripheral blood 
smear  (Chapter 10). These damaged cells are often removed in the 
spleen (extravascular hemolysis). Severely damaged erythrocytes can 
be destroyed intravascularly. Depending on the underlying pathology, 
leukocytes can be increased and platelets can be decreased. Evidence of 
intravascular coagulation (formation of fibrin within the blood vessels) 
and fibrinolysis (breakdown of fibrin) could be present. The plasma 
concentration of markers of hemolysis (bilirubin and haptoglobin) var-
ies depending on the type and extent of hemolysis (Chapter 11).

The underlying diseases and conditions responsible for micro-
angiopathic hemolytic anemia include hemolytic uremic syndrome 
(HUS), thrombotic thrombocytopenic purpura (TTP), malignant 
hypertension, disseminated cancer, and pregnancy (eclampsia, pre-
eclampsia). A severe form of preeclampsia characterized by hemo-
lysis, elevated liver enzymes and low platelet counts (HELLP) 
syndrome can also cause MAHA. HUS and TTP can present with 
similar initial clinical symptoms, but the underlying etiology, the age 
group affected, and the target organ(s) differ (Table 20-2 ★).

hemolytic uremic Syndrome
Hemolytic uremic syndrome (HUS) is a multisystem disorder first 
described in the mid-1950s. It is characterized by a triad of clinical 
findings:

•	 hemolytic anemia with erythrocyte fragmentation
•	 thrombocytopenia
•	 acute nephropathy, which can include renal failure

Most individuals recover renal function.1–3 In some cases, there can 
also be evidence of mild neurologic problems although only a small 
percentage develop severe symptoms.

category antagonist mode of hemolysis

Microangiopathic hemolytic anemia (HUS, TTP, DIC) Thrombi in microcirculation Physical damage to erythrocytes by microthrombi

Malignant hypertension Unknown Physical damage to erythrocytes

Other physical trauma

 Exercise-induced hemoglobinuria External force fragmentation of erythrocytes from excessive 
external force as they pass through microcapillaries

 Thermal injury Heat Thermal damage to erythrocyte membrane proteins

 Traumatic cardiac Physical stress Erythrocyte fragmentation

Infectious agents Plasmodium sp. Direct parasitization of erythrocyte; hypersplenism; 
acute intravascular hemolysis (P. falciparum infection)

Babesia sp. Invasion of the erythrocyte and cell lysis

Bartonella sp. Invasion of the erythrocyte and cell lysis

Clostridium sp. Hemolytic toxins

Animal venoms Snake bites Mechanical cell damage due to DIC

Spider bites Venom

Chemicals and drugs Water Osmotic lysis

Oxidants Hemoglobin denaturation

Lead Erythrocyte membrane damage

★ tabLe 20-1 Hemolytic Anemias Caused by Nonimmune Antagonists in the Erythrocyte Environment

ttP huS

Adults ages 20–50 Children 65 years old

Hemolytic anemia with red cell 
fragmentation

Hemolytic anemia with 
red cell fragmentation

Renal dysfunction (mild to moderate) Acute renal failure

Thrombocytopenia Thrombocytopenia

severe Cns symptoms mild Cns symptoms

fever

★ tabLe 20-2 Comparison of Characteristics Associated 
with HUS and TTP

What abnormal erythrocytes characterize microangio-
pathic hemolytic anemia? How are these cells formed?

CheCkpoint 20-1

Mai’s peripheral blood smear showed moderate schisto-
cytes and polychromasia.

1. What are some conditions that result in the presence 
of schistocytes?

caSe Study (continued from page 373)
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associated with connective tissue diseases such as systemic lupus 
 erythematosus and lupus anticoagulant, as well as some types of cancer 
(especially stomach, colon, and breast) and diabetes.17,19 The disease 
has been reported in young women with complications of pregnancy, 
after normal childbirth, or with the use of oral contraceptives.20,21 In 
recent years, aHUS also has been associated with immunosuppressive 
therapy used in solid organ and bone marrow transplantation.22–25 
aHUS has been linked to invasive Streptococcus pneumoniae infec-
tions as well as viral infections such as Epstein-Barr virus, human 
immunodeficiency virus, and cytomegalovirus.26–29 S. pneumoniae 
is the organism most commonly linked to aHUS. In most cases, the 
individual had an invasive infection such as pneumonia or bacteremia 
and the causative organism belonged to a serotype not included in 
pneumococcal vaccines.30

Many drugs including antiplatelet drugs and antineoplastic 
agents have been reported to cause rare cases of aHUS.22, 31 HUS sec-
ondary to other diseases has a higher risk of recurrence and a lower 
survival rate than cases that are associated with colitis or have no iden-
tifiable trigger (primary).31

In recent years, mutations of several complement regulatory pro-
teins have been associated with familial or inherited aHUS; in these 
cases, episodes of HUS often recur. Almost 50% are mutations related 
to three regulatory proteins associated with the alternate complement 
pathway.18,32–36 These proteins, which function to control amplifica-
tion of the pathway by C3bBb, are factor H, membrane cofactor protein 
(MCP, CD46), and factor I. An autoantibody against factor H has also 
been implicated in some acquired cases of aHUS.37,38 The impaired 
regulation of the complement cascade leads to increased endothelial 
deposition of C3, activation of the membrane attack complex (MAC), 
glomerular endothelial cell destruction, and microvascular thrombosis.

HUS can be subdivided into two groups (D+  HUS and 
D-  HUS) based on the presence or absence of a bloody diarrheal 
prodrome (Table 20-3 ■). The diarrhea-associated (D+  HUS) is the 
most common form and represents about 90% of cases. Onset of D+  
HUS tends to occur in children between the ages of 6 months and 10 
years; however, most cases are seen in children up to the age of 5 years. 
It is also considered the most common cause of acute renal failure 
in children and can lead to chronic renal insufficiency (Table 20-2). 
Adult-onset D+  HUS, which is infrequent, occurs in those over 16 
years of age. The elderly are at highest risk for severe disease.

D+  hus
D+  HUS is characterized by a bloody diarrhea with 790% of the 
cases associated with gastrointestinal infections by specific serotypes 
of Escherichia coli, which produce Shiga toxin (Stx). Most other cases 
are associated with infection by Shigella dysenteriae Type 1. The incu-
bation period from infection to onset of diarrhea is usually 5–6 days 
but can range from 1–14 days. However, only about 15% of individuals 
who are infected with Shiga toxin-producing E. coli develop HUS.3–7

In the United States, the most common serotype of Shiga toxin-
producing E. coli (STEC), or enterohemorrhagic E. coli (EHEC), is 
E. coli O157:H7. In other countries different serotypes are linked to 
D+  HUS.3,7 A recent outbreak in adults in Germany was associated 
with infection by E. coli O104:H4 that had acquired a Stx gene.8 The 
causative organism is not part of the normal flora of humans but is found 
in the gastrointestinal tract of a small percentage of cattle. The majority 
of human infections have been traced to the ingestion of incompletely 
cooked beef contaminated with the organism, but the organism can also 
be transmitted by the fecal-oral route (inadequate hand washing).4,9

Other factors such as elevated neutrophil counts, increased 
C-reactive protein (CRP), and fever are associated with an increased 
risk for developing HUS.10–12 The use of antibiotics or antimotility 
drugs for treating individuals with diarrhea from E. coli O157:H7 has 
also been associated with increased risk for developing HUS.13–15

D−  hus
The second category of HUS is that of nondiarrhea-associated 
D-  HUS, also referred to as atypical HUS (aHUS) or STEC nega-
tive HUS (STEC-  HUS). This condition has been reported in both 
children and adults and is the type that is more likely to recur.16–18 
aHUS has been attributed to various causes17 (Table 20-3). It has been 

Type of hus Associated Condition

Diarrhea related (classic) Escherichia coli o157:h7

D+  hus other serotypes of E. coli
Shigella dysenteriae serotype i

nondiarrhea-related 
D-  hus

postinfectious

 Streptococcus pneumoniae
 Viral infections

immunosuppression related

Chemotherapy/cytotoxic drugs

renal and bone marrow transplantation

pregnancy or oral contraceptive related

★ TAble 20-3 Types of HUS and Associated 
Conditions That Can Precipitate HUS

What are the two types of hus, and what organisms or 
diseases are most commonly associated with each type?

CheCkpoint 20-2

Pathophysiology
More than 70% of the cases of HUS have been associated with dam-
age to the renal glomerular capillary endothelium by the Shiga toxin 
produced by E. coli O157:H7 and S. dysenteriae Type 1.3,7 Once the 
organism enters the human gastrointestinal tract, it colonizes and 
forms an attachment lesion and begins to secrete virulence factors 
including Stx.4 The organism’s toxin is absorbed into the circulation 
through damaged gastrointestinal tissue and onto the surface of neu-
trophils39 (Figure 20-1 ■). Neutrophils then deliver the Stx to the 
kidney. This toxin has a predilection for endothelial cells of the micro-
vasculature of the glomerulus and exerts a direct toxic effect when 
bound to the endothelial cells. The toxin’s B subunits bind to plasma 
membrane Gb3 receptors while the A subunit inhibits ribosomal 
protein synthesis, leading to cell death.1,4 Infiltrates of inflammatory 
cells and lipopolysaccharides and the production of cytokines such as 
IL-8 and tumor necrosis factor@a contribute to the cytotoxic damage 
in glomerular and renal tubular cells.40 Endothelial damage leads to 
the release of prothrombotic-, vasoactive-, and platelet-aggregating 
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macroscopic hematuria. Other symptoms include a low-grade fever, 
hypertension, petechiae, bruising, and jaundice. The most important 
and/or serious complication of HUS is acute renal failure, which can 
lead to chronic renal insufficiency in some children. The duration of 
oliguria and anuria is variable. Organs other than the kidney can be 
affected as well.

Regardless the organ affected, the pathology is the same (i.e., 
thrombosis of the microcirculation). Central nervous system symp-
toms can result directly from microangiopathy of the central nervous 
system or from resulting hypertension. Lethargy and minor seizures 
are the most common symptoms. Hepatomegaly can be present; sple-
nomegaly is less common. Hyperglycemia is common in children 
because of pancreatic damage secondary to HUS.

Laboratory Findings
A moderate to severe normocytic, normochromic anemia is typical 
with hemoglobin levels as low as 3–4 g/dL (median values 7–9 g/dL) 
(Table 20-4 ★). The peripheral blood smear shows fragmented and 
deformed cells (schistocytes, burr cells, helmet cells, spherocytes) with 
the degree of anemia correlated directly with the degree of morpho-
logic change (Figure 20-2 ■). Polychromasia and an occasional nucle-
ated erythrocyte can be seen. A leukocytosis with a shift to the left is 
common. Platelet counts vary from low normal to markedly decreased 
with a median value of 50 * 109/L. The duration of thrombocytope-
nia is 1–2 weeks.

Hemoglobinemia with an increase in total serum bilirubin 
(2–3 mg/dL) and a decrease in serum haptoglobin reflects chronic 
intravascular hemolysis. Serum lactate dehydrogenase (LD) is mark-
edly elevated, and cardiac enzymes can be elevated because of myocar-
dial damage.2,6 Blood urea nitrogen (BUN) and creatinine levels are 
increased, reflecting renal damage. Metabolic acidosis, hyponatremia, 
and hypokalemia are common. Screening for complement abnormali-
ties (CH50 assay, C3 and C4 levels, complement factor H [CFH] and 
complement factor I [CFI] levels) can be indicated in patients with 
symptoms of aHUS.18 The CH50 is a test of total complement activity 
and is reported as the reciprocal of the serum dilution that lyses 50% 
of a red cell suspension.

substances that cause platelet activation with the subsequent forma-
tion of thrombi.41,42 Although damage primarily occurs in the renal 
microvasculature, other organ systems (central nervous system, heart, 
liver) can be affected. The resulting thrombotic microangiopathy that 
traps erythrocytes and causes fragmentation is responsible for the 
schistocytes commonly seen in HUS.

In S. pneumonia infections (pneumococcal HUS), the bacte-
rial enzyme neuraminidase is responsible for the capillary damage. 
Neuraminidase cleaves cell membrane glycoproteins and glycolipids, 
facilitating tissue invasion by the bacteria and exposing the normally 
hidden T-antigen (Thomsen-Friedenreich antigen) on capillary walls, 
platelets, and erythrocytes. Naturally occurring anti-T antibodies 
cause agglutination of cells and platelets leading to thrombosis in the 
small vessels.27 Some evidence suggests that increased C3b deposition 
on cells may lead to cell destruction via MAC.40 Catabolic enzymes 
(especially leukocyte elastase) and oxidative products released from 
the granules of activated neutrophils have been implicated in causing 
additional endothelial damage.42

■  Figure 20-1 A possible mechanism for damage by 
Shiga-like toxin of Escherichia coli O157:H7.

Shiga toxin produced by organism

Local damage to colon mucosa

Toxin enters circulation

Toxin damages endothelial cells of capillaries in glomeruli

Platelet activation/fibrin microthrombi form Renal failure

Erythrocytes damaged as trapped in thrombi

Schistocytes

Intravasular hemolysis Splenic sequestration

Explain how infection with E. coli O157:H7 results in intra-
vascular hemolysis.

CheCkpoint 20-3

clinical Findings
D+  HUS occurs in previously healthy children with the highest inci-
dence in the first year of life. The onset is acute with sudden pallor, 
abdominal pain, vomiting, foul-smelling and bloody diarrhea, and 

Evidence 
of hemolysis

Decreased hemoglobin/hematocrit

Increased reticulocytes/polychromasia

Thrombocytopenia

Leukocytosis with shift to the left

Presence of schistocytes

Evidence 
of intravascular 
hemolysis

Hemoglobinemia

Hemoglobinuria

Decreased haptoglobin

Increased total and unconjugated serum bilirubin

Increased lactic dehydrogenase (LD)

Evidence 
of thrombotic 
microangiopathy

Thrombocytopenia

fibrin degradation products (normal to slightly 
increased); D-dimer increased

PT and APTT (normal to slightly abnormal)

factors i, V, Viii (normal to increased)

★ tabLe 20-4 Laboratory Findings in HUS and TTP
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plasma infusions. Plasma infusions are contraindicated in patients 
with HUS who have a positive direct antiglobulin test or who are 
infected with S. pneumoniae because of the presence of naturally 
occurring anti-T in the infused plasma.27

A potentially promising preventative measure in individuals 
infected with Shiga toxin-producing E. coli is the use of monoclonal 
antibodies against Shiga toxin to provide passive immunity.43,44 There 
is only a small window of time (3–5 days) from onset of diarrhea in 
which treatment can be effective, so detection of the toxin in stool or 
blood by flow cytometry must be performed.45,46

The drug eculizamab is a recombinant, monoclonal anti-C5 anti-
body. Originally used to treat paroxysmal nocturnal hemoglobinuria, 
it has proved to be effective in aHUS. The drug binds to C5 and pre-
vents cleavage into C5a and C5b, thus preventing progression to the 
membrane attack complex (MAC).47

thrombotic thrombocytopenic Purpura
Thrombotic thrombocytopenic purpura (TTP) is another rela-
tively uncommon disorder in which platelet aggregation on the micro-
vascular endothelium results in serious complications. In most cases, it is 
an acute disorder that affects young adults (ages 20–50 with a peak inci-
dence in the third decade). TTP occurs more frequently in females than 
males. TTP can be congenital or acquired (nonidiopathic or idiopathic).

Various clinical events have been identified as possible precipi-
tating factors in acquired TTP (Table 20-5 ★). Infections are the most 
common precipitating factor (40%) followed by pregnancy (10–25%). 
Without treatment, TTP has a mortality rate in excess of 90% because 
of multiorgan failure. The disorder is discussed in detail in Chapter 35, 
but an overview comparison with HUS in this chapter highlights sev-
eral key findings.

Screening tests for coagulation abnormalities include the pro-
thrombin time (PT) and activated partial thromboplastin time (APTT). 
Many cases of HUS exhibit no detectable consumption of coagulation 
factors.42 The PT can be normal or slightly prolonged, but the APTT 
is usually normal. Although fibrin-degradation products (fragments 
of fibrin produced by plasmin degradation of fibrin) and D-dimer are 
elevated, disseminated intravascular coagulation (DIC) is rare. In DIC 
(see the later section “Disseminated Intravascular Coagulation”), coagu-
lation screening tests are abnormal. The direct and indirect antiglobulin 
tests are usually negative, reflecting a nonimmune pathology.

Urinalysis results show moderate to massive amounts of protein 
(1–2 g/24 hours to 10 g/24 hours), gross and microscopic hematuria, 
increased numbers of neutrophils (pyuria), and casts (hyaline, granular, 
renal epithelial), reflecting the damage to the glomerulus. The presence 
of hemosiderin in the urine sediment reflects chronic intravascular 
hemolysis (Chapter 11).

What are the typical erythrocyte morphology and coagu-
lation test results in children with HUS?

CheCkpoint 20-4
conditions examples

Infections Bacterial—enteric organisms (Shigella sp., E. coli, 
Salmonella sp., Campylobacter sp., Yersinia sp.)

Bacterial—other (Streptococcus pneumoniae, 
Legionella sp., Mycoplasma sp.)

Viral (HIV, EBV, influenza, herpes simplex)

Drugs Antimicrobials—penicillin

Ticlopidine Chemotherapeutic agents

Connective tissue 
diseases

Systemic lupus erythematosus

Rheumatoid arthritis

Ankylosing spondylitis

Sjögren’s syndrome

Miscellaneous Bee sting

Dog bite

Carbon monoxide poisoning

Pregnancy or 
oral-contraceptive 
related

Lymphomas 
and carcinomas

★ tabLe 20-5 Some Reported Clinical Conditions 
That Can Be Precipitating Factors in TTP

■  Figure 20-2 A peripheral blood smear from a patient 
with hemolytic uremic syndrome. The platelets are mark-
edly decreased. Schistocytes and spherocytes are present 
(Wright-Giemsa stain, 1000*  magnification).

therapy
Mild to moderately severe cases of D+  HUS have the best prognosis 
for recovery (780%). With improvement in early diagnosis and sup-
portive care, especially during oliguric or anuric phases, the mortality 
of the disease has been reduced to 5–15%. Supportive care includes 
close observation, blood transfusion if necessary, control of electrolyte 
and water imbalances, control of hypertension, and peritoneal dialysis 
in anuria. Platelet transfusions are not recommended because they 
can exacerbate the thrombotic process but can be required in some 
patients with excessive bleeding. The beneficial use of fresh frozen 
plasma exchange (removal of patient plasma and replacement with 
donor plasma) has not been shown to be efficacious in patients with 
D+  HUS. In contrast, patients with aHUS, especially that caused by 
complement dysregulation, can benefit from plasma exchange or 
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Cryosupernatant, which lacks the large VWF multimers present in 
FFP yet still contains the needed VWF cleaving protease, can be used. 
Treatment options include the monoclonal antibody rituximab (anti-
CD20), antiplatelet or platelet-inhibiting agents, intravenous adminis-
tration of steroids, or combinations of corticosteroids and plasma.63,64

Pathophysiology
TTP is characterized by microthrombi composed of platelets and 
unusually large forms of von Willebrand factor (VWF) (Chapters  
31, 32) that occlude capillaries and arterioles in a number of organs 
including the kidneys, heart, brain, and pancreas. (VWF is a plasma 
protein needed for platelets to adhere to collagen.) Although these 
thrombi contain platelets and sometimes immunoglobin and comple-
ment, there is little fibrin, inflammation, or subendothelial exposure as 
in disseminated intravascular coagulation (DIC).48–50

Ultralarge multimers of VWF normally are cleaved into smaller 
forms by the protease ADAMTS13 (a disintegrin-like and metallopro-
tease domain with thrombospondin type motifs) (Chapter 34). It is now 
known that a deficiency in ADAMTS13 is the cause of TTP.51–54 As a 
result of an ADAMTS13 deficiency, these ultralarge VWF multimers 
remain attached to the endothelial cells and adhere to platelets, inducing 
platelet aggregation and formation of platelet thrombi. As erythrocytes 
are forced through the thrombi, fragmentation occurs. The familial 
form of TTP occurs because of a mutation in the ADAMTS13 gene, 
resulting in a deficient/dysfunctional enzyme.54 The acquired type is 
caused by autoantibodies against ADAMTS13, which block its activity.

clinical Findings
The clinical aspects of TTP are similar to those of HUS except that TTP 
occurs most often in young adults and involves more organ systems. 
Neurologic symptoms are more prominent, renal dysfunction is less 
severe, and the mortality rate is higher than in HUS (Table 20-2). Symp-
toms can be eliminated with early treatment, although some patients 
recovering from TTP can have permanent manifestations of renal dam-
age and require dialysis.

Laboratory Findings
Typical laboratory results are shown in Table  20-4. The hemoglo-
bin is usually 610.5 g/dL (105 g/L; average 80–90 g/L). The mean 
cell volume (MCV) is variable, either normal or decreased if there 
is marked erythrocyte fragmentation or increased in the presence 
of reticulocytosis. The mean corpuscular hemoglobin (MCH) and 
mean cell hemoglobin concentration (MCHC) are normal. Nucle-
ated erythrocytes can be found in the peripheral blood, reflecting the 
bone marrow response to hemolysis. The most striking blood find-
ing is the abundance of schistocytes (generally 71%).55 Leukocytosis 
with counts of 720 * 109/L occurs in 50% of patients and is usually 
accompanied by a shift to the left. Thrombocytopenia is often severe 
(8944 * 109/L) because of consumption of platelets in the formation 
of microthrombi. Megakaryocytes are abundant in the bone marrow, 
reflecting an increased hematopoietic response to the consumption 
of platelets.

Coagulation tests are usually normal or only mildly disturbed in 
TTP, which helps differentiate TTP from DIC in which an increase in 
D-dimer as well as a prolonged PT, APTT, and thrombin time occur 
(Chapter 35).56

Hemoglobinemia, hemoglobinuria, decreased haptoglobin levels, 
and increased total and unconjugated serum bilirubin are direct evi-
dence of intravascular hemolysis.

therapy
Studies have shown that plasma exchange with fresh frozen 
plasma (FFP) can be effective in providing the needed ADAMTS13 
protease and removing autoantibody (in acquired TTP).57–62 

How does the clinical presentation of TTP differ from that 
of HUS? How is it similar?

CheCkpoint 20-5

As Mai was questioned further, she indicated that she 
had noticed a large number of bruises on her extremi-
ties. Her platelet count was 31 * 109/L. She had a 2.5% 
reticulocyte count.

2. What is the significance of these results?

3. Why might the clinician order coagulation tests?

caSe Study (continued from page 374)

disseminated intravascular coagulation
Disseminated intravascular coagulation (DIC) is a complex 
thrombohemorrhagic condition in which the normal coagulation 
process is altered by an underlying condition. The more common con-
ditions that precipitate DIC include bacterial sepsis, neoplasms, immu-
nologic disorders, or trauma65 (Table 20-6 ★). DIC can be initiated 
by damage to the endothelial lining of vessels, which causes release of 
thromboplastic substances that activate the coagulation mechanism. 
As a result, platelet activation and aggregation and activation of plasma 
procoagulant proteins lead to deposition of fibrin and formation of 
microthrombi in the microvasculature. As erythrocytes become 
entangled in the fibrin meshwork in the capillaries (clothesline effect), 
they fragment to form schistocytes. Complications that result include 
thrombotic occlusion of vessels, bleeding because of consumption of 
coagulation proteins, and ultimately organ failure. Hemolysis is not 
usually severe, but the effects of the consumptive coagulopathy can 
cause severe thrombocytopenia and serious bleeding complications.

Bacterial sepsis Endotoxins

Exotoxins

neoplasm Solid tumors

Myeloproliferative disorders

Serious trauma  ——

Immunologic disorders Hemolytic transfusion reactions

Transplant rejection

Miscellaneous Venom—snake or insect

Drugs

★ tabLe 20-6 Causes of Disseminated Intravascular 
Coagulation (DIC)
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hypertension and DIC is suggested.70 As with TTP and HUS, the pre-
cipitating factor is often unknown, but the clinical aspects are char-
acterized by capillary endothelial damage and intravascular platelet 
activation as well as microangiopathic hemolytic anemia.69,70 Although 
a significant prevalence of HELLP occurs in patients with antiphospho-
lipid syndrome, there seems to be no direct association with the pres-
ence of IgM or IgG anticardiolipin antibodies or anti-b2-glycoprotein-I 
antibodies.71,72 Some experts consider HELLP to be a severe form of 
preeclampsia or eclampsia, which shares some of their characteristics 
such as hypertension, proteinuria, and thrombocytopenia, but it is 
distinguished from them by the presence of hemolysis and elevated 
liver enzymes. Severe cases can compromise fetal growth and survival. 
Approximately 10% of pregnancies with eclampsia develop HELLP 
syndrome with a mortality rate of about 1%.

The peripheral blood findings are similar to those found in TTP, 
HUS, and other microangiopathic conditions. Overall, however, the 
hemolysis and thrombocytopenia are less severe than those associ-
ated with TTP or HUS. Liver damage is due primarily to obstruction 
of hepatic sinusoids and can lead to subsequent hepatic hemorrhage 
or necrosis.69 Microvascular fibrinlike deposits that resemble those 
in TTP/HUS are responsible for the presence of schistocytes. Labora-
tory markers are used to determine the presence of HELLP. The liver 
enzyme most frequently measured is aspartate aminotransferase 
(AST), and concentrations 770 IU/L are common. Increased total 
(71.2 mg/dL) and/or unconjugated bilirubin, increased LD (generally 
7600 IU/L), and decreased haptoglobin can also be seen in HELLP.69 
Coagulation tests such as the PT and APTT are usually normal until 
late in the disease course.69,73 The platelet count decreases (usually 
6100 * 109/L) as a result of platelet consumption at the site of endo-
thelial damage. Although DIC infrequently occurs as a complication of 
HELLP, patients with lower platelet counts (650,000 * 109/L) can be 
at increased risk.69,74 Acute tubular necrosis with renal failure, hepatic 
rupture, and pulmonary edema can also occur as complications.

Corticosteroid therapy can be useful in controlling cell destruc-
tion and decreasing liver enzymes if the fetus cannot be delivered 
immediately. Plasma exchange is rarely used as a treatment. The use of 
cortisone dexamethasone has eliminated the need for platelet transfu-
sions in most patients with platelet counts 650 * 109/L.73,75,76

The typical findings on the blood smear include the presence of 
schistocytes and thrombocytopenia (Figure 20-3 ■). The presence of 
schistocytes is not specific for DIC. However, the abnormal coagula-
tion tests help distinguish this condition from others (TTP and HUS) 
that give a similar picture on a peripheral blood smear and increase 
diagnostic accuracy.66,67 Abnormal coagulation tests include:

•	 Prolonged prothrombin time (PT), activated partial thromboplas-
tin time (APTT), and thrombin time (TT)

•	 Elevated D-dimer test
•	 Decreased platelet count
•	 Increased fibrin degradation products (FDP)
•	 Decreased fibrinogen

In some cases, specific tests such as procalcitonin, an inflammatory 
biomarker, can be useful if septic DIC is suspected.68

Treatment can include erythrocyte and platelet transfusions 
as well as infusion of fresh frozen plasma or factor concentrates to 
replace coagulation factors. Most important, however, are the treat-
ment and resolution of the underlying disorder responsible for the 
DIC. The etiology, diagnosis, and treatment of DIC is discussed fur-
ther in Chapter 35.

■  Figure 20-3 Peripheral blood from patient with dis-
seminated intravascular coagulation. Notice the schis-
tocytes and thrombocytopenia (Wright stain, 1000*  
magnification).

Explain how DIC can be differentiated from TTP and HUS 
based on coagulation tests.

CheCkpoint 20-6
Mai’s PT and APTT were slightly prolonged. The fibrino-
gen levels were slightly decreased.

4. What do these findings indicate about the underlying 
problem?

caSe Study (continued from page 378)

heLLP Syndrome
The HELLP syndrome is an obstetric complication characterized by 
hemolysis, elevated liver enzymes, and a low platelet count that usu-
ally develops prior to childbirth, often in the third trimester. A partial 
or incomplete form in which only 1 or 2 of the characteristic findings 
is present has also been described.69 The etiology and pathogenesis 
are not well understood, but an association with pregnancy-induced 

malignant hypertension
MAHA associated with malignant hypertension is characterized by 
a low platelet count and erythrocyte fragmentation. In addition, the 
presence of schistocytes, low platelet count, and increased LD has been 
used to predict renal insufficiency as well as recovery.77 The mechanism 
of hemolysis is unknown. It has been suggested that it can be caused 
by endothelial injury, fibrinoid necrosis of arterioles, or deposition of 
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Plasma hemoglobin and haptoglobin levels indicate that the primary 
cause of the transient hemolysis is intravascular lysis because of “foot-
strike.”83 However, it is not seen in all individuals participating in these 
activities and is occasionally seen in other physical activities such as 
swimming, cycling, and rowing in which contact with a hard surface 
is limited. One recent study linked the presence of intravascular lysis to 
hand drumming.84 In recent years, the role of exercise-induced oxida-
tive stress and red cell age have been recognized as potential additional 
causes of lysis, especially in normally sedentary individuals who partici-
pate in strenuous exercise.85 Increased osmotic fragility and decreased 
deformability leading to intravascular hemolysis were noted in these 
individuals.86 In addition, changes in erythrocyte membrane proteins 
such as spectrin, especially in older cells, can increase susceptibility to 
extravascular hemolysis during strenuous exercise.

In contrast to the other hemolytic conditions discussed so far 
in this chapter, no erythrocyte fragments appear on the peripheral 
blood smear, but the hallmarks of intravascular hemolysis—hemo-
globinemia and hemoglobinuria—can be present. The passage of 
reddish urine immediately after exercise and for several hours there-
after is usually the only complaint from affected individuals. Anemia 
is uncommon because 61% of the erythrocytes are hemolyzed during 
an episode. Individuals can present with slightly increased MCV as 
a result of increased reticulocytes.83, 87 Iron deficiency can occur if 
exercise and hemolysis are frequent.

fibrin fed by thromboplastic substances released from membranes 
of lysed erythrocytes. One recent study showed that individuals with 
malignant hypertension had decreased levels of ADAMTS13 activ-
ity. This may be caused by release of increased amounts of VWF that 
occurs in hypertension because of endothelial stimulation.78

other conditions associated with maha
Several reports have linked MAHA with diabetes. It is theorized that 
in these cases, the cholesterol to phospholipid ratio is altered, leading 
to a rigidity in the erythrocyte membrane.20 Stem cell transplant 
recipients can show increased evidence of transplant-associated 
microangiopathy (TA-TAM) characterized by schistocytes, decreased 
platelet counts, decreased hemoglobin, and increased LD. Although 
the condition can resemble TTP, ADAMTS13 activity is 75%.79 
TA-TAM may represent a form of graft-vs-host disease (GVHD) and 
result from endothelial damage induced by donor cytotoxic T cells.23,25

Other Erythrocyte Physical Trauma 
Resulting in Hemolytic Anemia
traumatic cardiac hemolytic anemia
Hemolytic anemia is an uncommon complication following surgical 
insertion of prosthetic heart valves. Unlike the microangiopathic anemia 
seen with TTP or DIC, the platelet count usually does not significantly 
decrease. Excessive acceleration or turbulence of blood flow around the 
valve can fragment the erythrocytes as a result of “shear stress.”80,81 The 
term Waring blender syndrome has been used to describe this disorder 
because of the localized turbulent blood flow. Many erythrocyte frag-
ments are apparent on the blood smear. The spleen removes some of 
the severely traumatized cells, but most of them undergo intravascular 
hemolysis. Newly designed prosthetic valves have helped decrease the 
shear stress and resulting erythrocyte fragmentation.80 Hemolysis and 
erythrocyte fragmentation rarely have been associated with formation 
of large vegetations in patients with infective endocarditis.

thermal injury
Hemolytic anemia occurs within the first 24–46 hours after extensive 
thermal burns, and the degree of hemolysis depends on the percent-
age of body surface area burned. Hemolysis probably results from the 
direct effect of heat-causing protein denaturation of spectrin in the 
erythrocyte membrane. (If erythrocytes are heated to 48°C in vitro, 
spectrin degradation causes a loss of elasticity and deformability.) In 
addition, the fatty acid and lipoprotein metabolism in both plasma 
and erythrocytes are altered after burn injuries, which can contrib-
ute to abnormal erythrocyte morphology.82 Peripheral blood smears 
show erythrocyte budding, schistocytes, and spherocytes. After 
48 hours, signs of hemolysis such as hemoglobinuria and hemoglo-
binemia decrease. Thermal injury to erythrocytes also has occurred 
during hemodialysis when the dialysate is overheated.

exercise-induced hemoglobinuria
Exercise-induced hemoglobinuria (sometimes described as march 
hemoglobinuria) describes a transient hemolysis occurring after 
strenuous exercise and often involves contact with a hard surface (e.g., 
running, tennis, marching). The hemolysis is probably because of physi-
cal injury to erythrocytes as they pass through the microvasculature. 

Mai’s symptoms continued to become worse with fre-
quent seizures, headaches, and dizziness. Her urinalysis 
results showed a 2+  protein and moderate blood. How-
ever, she had normal urinary volume.

5. Based on these results, what is the most likely con-
dition associated with these clinical and laboratory 
results? Explain.

6. What therapy might be used?

caSe Study (continued from page 379)

hemoLytic anemiaS cauSed 
by antagoniStS in the bLood
Antagonists such as drugs or venoms and infectious organisms in 
the environment of the erythrocyte can cause premature destruction 
(Table 20-1). This hemolysis is precipitated by either injury to the 
erythrocyte membrane or to denaturation of hemoglobin.

Infectious Agents
Parasites and bacteria can infect erythrocytes and lead directly to their 
destruction. Alternatively, toxins produced by infectious agents can 
cause hemolysis.

malarial Parasites
The anemia accompanying malaria is due directly and indirectly to 
the intracellular malarial parasites that spend part of their life cycle 
in the erythrocyte (Figure 20-4 ■). The anemia resulting from this 
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hemolysis with hemoglobinemia, hemoglobinuria, methemalbumin-
emia, and hyperbilirubinemia. However, the parasitemia level is often 
low. The mechanism that precipitates this is unclear. One possible 
mechanism is the development of an autoantibody to the infected 
erythrocyte. Another is a direct reaction to the drug quinine or to 
repeated incomplete treatment with the drug. Quinine can act as a 
hapten to stimulate formation of a drug-dependent antibody that has 
complement-fixing ability.88 In some cases, the direct antiglobulin test 
(DAT) can be positive with either monospecific anticomplement or 
anti-IgG. Use of synthetic quinine drugs has considerably decreased 
the frequency of this complication. It is possible that other antima-
larial drugs including mefloquine could trigger this response.

Because intracellular parasites such as malaria often are initially 
detected in a peripheral blood smear, photomicrographs showing 
the morphology of the various species of malaria are available in the 
book’s Companion Resources.

babesiosis
Babesiosis, a protozoan infection of rodents and cattle, is most com-
monly transmitted to humans by the bite of a hard tick. However, the 
organism can be acquired transplacentally and through blood transfu-
sions. In the United States, it occurs most frequently in the New Eng-
land area but cases can be found in Virginia and the Midwest. The most 

infection is usually a mild, normocytic normochromic anemia but 
can be severe in infection with Plasmodium falciparum because of 
the high levels of parasitemia. Thrombocytopenia can also be present. 
Diagnosis involves finding the life cycle stage within the erythrocyte 
on a peripheral blood smear. Infection with P. falciparum, a cause of 
severe anemia in children, can be accompanied by ineffective eryth-
ropoiesis and decreased reticulocytes. The hemoglobin in these cases 
can reach levels as low as 5 gm/dL.88 In addition, poor diet, malnutri-
tion, and decreased iron and folate stores contribute to the severity of 
the anemia. Exchange transfusions can be used in the severest cases to 
remove infected erythrocytes.89

The release of the intraerythrocytic parasite from the cell results 
in the cell destruction. Also, the spleen can remove the entire para-
sitized cell, or splenic macrophages can pit the parasite from the 
erythrocyte, damaging the cell membrane. The resulting decreased 
deformability can lead to removal of the cell by the spleen. Anemia 
can also result from an immune-mediated process. Antimalarial anti-
bodies react with malarial antigens on the erythrocyte membrane, 
resulting in removal of the sensitized cell by the splenic macrophages. 
In some cases, the concentration of complement regulatory proteins 
decrease, which can facilitate complement-mediated hemolysis.90

Blackwater fever, an uncommon complication of infection 
with P. falciparum, is characterized by massive acute intravascular 

■  Figure 20-4 Peripheral blood smears from patients with malaria. (a) A ring form of malaria 
in the erythrocyte. (b) An immature schizont form of malaria in the erythrocyte. (c) A gametocyte 
of Plasmodium falciparum in the erythrocyte (Wright stain, 1000*  magnification).

a b

c
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common organism is Babesia microti. On the peripheral blood smear, 
the parasites appear as intracellular, pleomorphic, 195 mcM (mm) 
ringlike structures resembling ring-form trophozoites of Plasmodium 
falciparum (Figure 20-5 ■). Some can appear as doubles or tetrads in 
the form of a Maltese cross. Travel history, the absence of the charac-
teristic banana-shaped gametocytes, and the lack of pigment help dis-
tinguish it from P. falciparum. Most infections are asymptomatic, but 
some cases present with a flulike syndrome. Generally there is 1–10% 
parasitemia.91 Extravascular hemolysis can occur in a manner similar to 
that seen with malaria. A mild to moderate normocytic anemia as well 
as thrombocytopenia can be present. Other possible laboratory findings 
include increased reticulocyte count, liver enzymes, and bilirubin.92 In a 
rare fulminating infection, severe anemia, intravascular hemolysis, and 
hemoglobinuria are seen. Complications associated with intravascular 
hemolysis include renal failure and disseminated intravascular coagu-
lation. Individuals at greatest risk of complications are the elderly and 
those who are splenectomized or immunosuppressed. Patients who are 
splenectomized generally have a more severe clinical presentation and 
higher levels of parasitemia. In severe cases of hemolysis or renal com-
plications, exchange transfusion can be indicated.

■  Figure 20-5 Peripheral blood smear of a patient with 
babesiosis. Several infected erythrocytes are in the field 
(Wright stain, 1000*  magnification).

transmitted by the bite of a female sandfly and is biphasic with the 
acute phase characterized by an often fatal syndrome consisting of 
myalgia, high fever, and an acute, severe hemolytic anemia (Oroya 
fever).93 Hepatosplenomegaly and jaundice can also be present. 
Changes in T lymphocyte counts and levels of cytokines such as 
IL-10 can also be associated with acute infection.94 The disease can 
progress to coma and death within weeks and has a high mortality 
in untreated cases. If the patient survives, a chronic phase presents 
weeks to months later. The disease is characterized by a granuloma-
tous reaction (verruga peruana) with the appearance of cutaneous 
 hemangioma-like lesions that can contain bacteria, neutrophils, 
macrophages, endothelial cells, and deposits of immunoglobulins. 
The pleomorphic (coccobacillary) organisms are readily visualized 
as single, paired, or chained organisms on or within erythrocytes 
on Wright- or Giemsa-stained peripheral blood smears during the 
course of the disease. The organism releases several proteins includ-
ing deformin that are responsible for inducing the pitting or invagina-
tion of the erythrocyte membrane. These structures, as well as other 
proteins such as hemolysins, can serve as entry portals for the bacteria 
and help explain the mechanism of cell destruction.93,95

Clostridium perfringens
C. perfringens is part of the normal flora of the gastrointestinal tract. 
Infection can present as a transient bacteremia or a life-threatening 
condition. It is one of the few organisms (along with C. septicum and 
C. novyi) that can cause a rapid, massive intravascular hemolysis, 
although this complication is very rare. Patients with neoplasms such 
as colon cancer or invasive tumors of the genitourinary tract are at 
highest risk.96 The bacteria produce potent exotoxins that affect host 
cell membranes. The major hemolytic toxin (a@toxin) is a phospho-
lipase C that hydrolyzes sphingomyelin and lecithin present in the 
erythrocyte membrane and leads to changes in membrane integrity. 
Fever, thrombocytopenia, neutrophilia, hemoglobinemia, and hemo-
globinuria are present. Anuria or acute renal failure can develop as a 
result of the hemoglobinuria. Lysis of the erythrocyte or other cells can 
cause DIC. Bacterial neuraminidase can expose cryptic antigens such 
as Thomsen-Friedenrich (T antigen), which can react with nonim-
mune autoantibody. The peripheral blood smear shows many micro-
spherocytes and few erythrocyte fragments.

Animal Venoms
Venoms injected by bees, wasps, spiders, and scorpions can cause hemo-
lysis in some susceptible individuals. One of the more common bites 
that can result in hemolysis is that of the brown recluse spider (Lox-
osceles reclusa). The characteristic symptoms of envenomation are a 
localized lesion that shows signs of inflammation and a central throm-
bosis surrounded by ischemic areas. However, up to 15% of individuals, 
especially children, develop systemic symptoms including fever, jaun-
dice, and intravascular hemolysis that can be severe.97,98 Patients have 
leukocytosis, anemia, hematuria, thrombocytopenia, and increased 
levels of creatine phosphokinase (CK).99 There are some reports of a 
positive DAT with complement on the erythrocyte after bites.100 The 
mechanism of venom damage appears to involve sphingomyelinase 
D2, which cleaves glycophorin from the erythrocyte membrane. This 
decreases the structural integrity of the membrane and increases its sen-
sitivity to complement-mediated lysis.98,101 Although snake bites rarely 

Why do malaria and babesiosis result in anemia?

CheCkpoint 20-7

bartonellosis
Gram-negative bacterial organisms in the genus Bartonella are 
transmitted by blood-sucking arthropods or by direct inoculation 
by scratch or bite of a mammal. The organisms infect erythrocytes 
and endothelial cells. Infection by Bartonella bacilliformis is associ-
ated with Carrion’s disease, which is currently restricted to Columbia, 
Peru, and Ecuador. Other Bartonella species infect erythrocytes but 
are not associated with hemolytic manifestations.93 The disease is 

M20_MCKE6011_03_SE_C20.indd   382 01/08/14   9:47 pm



 383Chapter 20   •   hemolytiC anemia: nonimmune DefeCts

during transurethral resection or when inappropriate solutions are 
used during a blood transfusion.

Some drugs known to cause hemolysis in G6PD-deficient per-
sons can also cause hemolysis in normal persons if the dose is suf-
ficiently high. The hemolysis mechanism is similar to that in G6PD 
deficiency with hemoglobin denaturation and Heinz body formation 
because of strong oxidants.

Anemia associated with lead poisoning is usually classified with 
sideroblastic anemias because the pathophysiologic and hematologic 
findings are similar. Lead inhibits heme synthesis, causing an accu-
mulation of iron within mitochondria (Chapter 12). However, lead 
also damages the erythrocyte membrane, which is manifested by an 
increase in osmotic fragility and mechanical fragility.

cause hemolysis directly, hemolysis can be the result of DIC or a venom-
induced consumption coagulopathy (VICC) resulting from activation 
of the coagulation pathway.102 VICC has no systemic microthrombi, 
but the D-dimer levels and activated PTT are elevated.

Chemicals and Drugs
Various chemicals and drugs have been identified as possible causes of 
erythrocyte hemolysis; many of these are dose dependent. In addition 
to erythrocyte hemolysis, chemicals and drugs can also produce methe-
moglobinemia and cyanosis, or in some instances bone marrow aplasia.

Hemoglobinemia and hemoglobinuria can occur as a result of 
osmotic lysis of erythrocytes when water enters the vascular system 

Summary
Mechanisms of nonimmune damage to the erythrocyte are var-
ied. Hemolytic anemia caused by traumatic physical injury to 
the erythrocytes in the vascular circulation can be characterized 
by extravascular or intravascular hemolysis. Microangiopathic 
hemolytic anemia refers to a group of anemias caused by micro-
circulatory lesions that injure the erythrocytes, producing schis-
tocytes. Of those discussed in this chapter, HUS and TTP are 
the more commonly encountered. HUS can be subdivided into 
two groups: D+  and D-  based on the presence or absence of 
diarrhea. Classic D+  HUS is the most common and is mediated 
by the Shiga-like toxin of E. coli O157:H7. The toxin enters the 
gastrointestinal tract and damages the mucosa. Once it enters 
the circulation, it has a predilection for the endothelial cells of 
the glomerular microvasculature and exerts a toxic effect. Endo-
thelial damage leads to release of prothrombotic substances 
that cause platelet activation and formation of thrombi. The 
thrombi trap erythrocytes and cause fragmentation of the cells. 

TTP is a disorder in which platelet aggregation and unusu-
ally large forms of von Willebrand factor (VWf) on the micro-
vascular endothelium leads to formation of platelet thrombi 
that occlude capillaries and arterioles in multiple organs. The 
underlying cause of TTP is a deficiency in the ADAMTS13 pro-
tease that cleaves the ultralarge multimers of VWf into smaller 
forms. HELLP syndrome, another MAHA, is thought to be a 
severe form of preeclampsia. HELLP is characterized by hemo-
lysis, elevated liver enzymes, and a low platelet count. fibrin-
like deposits are responsible for the presence of schistocytes. 
Antagonists in the blood such as venoms and infectious organ-
isms can also cause hemolytic anemia. Intraerythrocytic parasitic 
infections with organisms such as Plasmodium sp. or Babesia 
sp. can cause hemolysis and anemia without the presence of 
schistocytes. In susceptible individuals, drugs or chemicals can 
also lead to hemolysis.

Review Questions
Level i

 1. Which of the following results is associated with HUS and 
TTP? (Objective 2)

 A. increased haptoglobin

 B. thrombocytopenia

 C. reticulocytopenia

 D. decreased LD

 2. One of the major criteria that distinguishes DIC from other 
causes of microangiopathic hemolytic anemia is: (Objective 2)

 A. the presence of schistocytes

 B. thrombocytopenia

 C. decreased hemoglobin

 D. an abnormal coagulation test

 3. A patient who has anemia with an increased reticulocyte 
count, increased bilirubin, and many schistocytes on the 
blood smear could have: (Objective 2)

 A. MAHA

 B. high cholesterol in the blood

 C. spur cell anemia

 D. immune hemolytic anemia

 4. Which of the following organisms does not cause dam-
age of the erythrocyte because of an intraerythrocytic life 
cycle? (Objective 4)

 A. Plasmodium falciparum

 B. Babesia sp.

 C. Bartonella sp.

 D. Clostridium perfringens
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 bilirubin haptoglobin

a. decreased decreased

b. decreased increased

c. increased decreased

d. increased increased

Level ii

 1. A 43-year-old woman presents to her physician with a 
3-week history of fatigue, constant headache, and low-
grade fever. Selected laboratory results include:

Hb  7.5 g/dL (75 g/L) Platelet count 16 * 109/L
Hct 0.23 L/L (23%) Reticulocytes 11%
RDW 15

  Peripheral blood smear showed schistocytes. Which of the 
following drugs that the patient was taking could cause 
these symptoms and lab values? (Objectives 2, 4)

 A. ticlopidine

 B. aspirin

 C. estrogens

 D. quinine

 2. A 34-year-old woman is brought into the ER after falling off a 
ladder while painting her house. Selected lab results include:

Hb 8.0 g/dL (80 g/L) PT 36 seconds
Hct 0.25 L/L (25%) APTT 775 seconds
Platelet count 20 * 109/L Fibrinogen 100 mg/dL

  Peripheral blood smear shows schistocytes. Given these 
results, what is the most likely diagnosis? (Objectives 2, 4)

 A. HELLP syndrome

 B. TTP

 C. DIC

 D. traumatic hemolytic anemia

 3. Results of tests obtained on a small child who had easy 
bruising, tiredness, difficulty breathing, and decreased 
urinary output were hemoglobin: 65 g/L; platelets: 
41 * 109/L; PT and APTT within normal reference inter-
vals. His mother indicated he had an episode of bloody 
diarrhea about 2 weeks earlier but it had not recurred. 
Based on the clinical and limited laboratory findings, what 
is the most likely condition? (Objectives 2, 4)

 A. TTP

 B. bartonellosis

 C. Clostridium sp. infection

 D. HUS

 4. The most likely age group for developing TTP is: (Objective 2)

 A. female children younger than 1 year

 B. women between 20 and 50 years

 C. either gender younger than 5 years

 D. men older than 16 years

 5. A characteristic finding on a blood smear in MAHA is the 
presence of: (Objective 3)

 A. target cells

 B. spur cells

 C. schistocytes

 D. echinocytes

 6. All of the following are characterized as causes of MAHA 
except: (Objective 1)

 A. TTP

 B. DIC

 C. HUS

 D. March hemoglobinuria

 7. All of the following are associated with HUS except: 
(Objective 2)

 A. thrombocytosis

 B. nucleated RBCs in peripheral blood

 C. schistocytes

 D. reticulocytosis

 8. MAHA is most frequently caused by: (Objective 1)

 A. physical trauma to the cell

 B. immune destruction

 C. antagonists in the blood

 D. plasma lipid abnormalities

 9. Intravascular hemolysis in MAHA would be associated with 
which of the following parameters? (Objective 2)

 10. MAHA caused by HUS is usually seen in which age group? 
(Objective 1)

 A. children younger than 5 years of age

 B. females between 20 and 50 years of age

 C. either sex younger than 50 years of age

 D. males older than 16 years of age
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Recognize neutrophilia from hematologic data and name the common 

disorders associated with neutrophilia.
 2. Explain the quantitative and qualitative neutrophil response to acute 

bacterial infections.
 3. Identify immature granulocytes and morphologic changes (toxic granu-

lation, Döhle bodies, intracellular organisms, and vacuoles) often seen 
in reactive neutrophilia.

 4. Define and recognize leukemoid reaction, leukoerythroblastosis, and 
pyknotic nuclei on stained blood films and microscopic pictures.

 5. Distinguish leukemoid reaction from chronic myeloid leukemia based 
on laboratory data including the leukocyte alkaline phosphatase stain.

 6. Identify neutropenia from hematologic data and list the common disorders 
associated with neutropenia.

 7. Recognize the conditions associated with false or pseudo-neutropenia.
 8. Identify neutrophil nuclear alterations including Pelger-Huët, hyperseg-

mentation, and pyknotic forms on stained blood films and microscopic 
pictures.

 9. Recognize morulae, Alder-Reilly granules, or Chédiak-Higashi inclusions 
on stained blood films and microscopic pictures.

 10. State the common conditions associated with abnormal eosinophil, 
basophil, and monocyte counts.

 11. Define Gaucher and Niemann-Pick diseases.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Assess the etiology, associated conditions, and peripheral blood find-

ings for immediate, acute, chronic, and reactive neutrophilia.
 2. Compare and contrast the hematologic and clinical features for leuke-

moid reaction and chronic myeloid leukemia (CML).
 3. Organize neutropenia to include etiology and associated conditions as 

well as blood and bone marrow findings.
(continued)
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overview
This chapter discusses benign changes in granulocytes and mono-
cytes as a response to various nonmalignant disease states and toxic 
challenges. These changes include both quantitative and qualitative 
variations that can be detected by laboratory professionals. The 
chapter is organized by class of leukocyte (neutrophils, eosinophils, 
basophils, and monocytes) and by the changes in quantity and qual-
ity (morphology) of those leukocytes. These variations in leukocyte 
number and appearance are correlated with acquired and inher-
ited physiologic states. The laboratory professional must recognize 
these abnormalities and correlate them with the patient’s clinical 
condition.

Objectives—Level II (continued)

 4. Recognize, evaluate, and select appropriate corrective 
action for false neutropenia.

 5. Appraise the nuclear abnormalities of neutrophils includ-
ing Pelger-Huët, pseudo-Pelger-Huët, hypersegmenta-
tion, and pyknotic nuclei, and reconcile them with the 
appropriate clinical conditions of the patient.

 6. Appraise the cytoplasmic abnormalities of neutrophils 
including toxic granulation, Döhle bodies, vacuoles, intra-
cellular organisms, and morulae and reconcile them with 
the patient’s appropriate clinical condition.

 7. Recognize and summarize the clinical features of 
the inherited granulocyte functional abnormalities 
 (Chédiak-Higashi, Alder-Reilly, May-Hegglin, and chronic 

Background Basics
The information in this chapter builds on concepts learned in pre-
vious chapters. To maximize your learning experience, you should 
review before starting this unit of study:

Level i
• summarize the production, kinetics, distribution, life span, and 

basic function of neutrophils and monocytes. (Chapter 7)
• Describe how leukocytes are counted and differentiated; rec-

ognize normal and immature granulocytes. (Chapters 7, 10, 37)

Level ii
• Describe the role of specific neutrophil granules and enzymes 

in antimicrobial systems. (Chapter 7)
• identify normal macrophages and discuss their role in the bone 

marrow and the rest of the monocyte-macrophage system. 
(Chapter 7)

• Describe leukocyte maturation and proliferation pools in the 
bone marrow; describe the role of cytokines in bone marrow 
release of leukocytes; describe the process of leukocyte egress 
to tissue. (Chapters 3, 4, 7)

• Correlate the function of the hematopoietic organs to leuko-
cyte distribution and demise. (Chapter 3)

We will address this case throughout the chapter.

Dennis, a 24-year-old man, was taken to emergency surgery 
to repair several bone fractures sustained in an automobile 
accident. His previous medical history was unremarkable. 
He was in excellent health prior to the accident.

Consider why Dennis’ condition could result in  abnormal 
hematologic test results and the possible complications 
that could occur during Dennis’ treatment and recovery.

Case stuDy

granulomatous diseases) and differentiate their cellular 
abnormalities.

 8. Evaluate alterations in the relative and/or absolute num-
bers of eosinophils, basophils, and monocytes and associ-
ate them with the clinical condition of the patient.

 9. Evaluate the etiology, laboratory findings, and clinical fea-
tures of the lysosomal storage disorders.

 10. Identify and differentiate the abnormal macrophages 
seen in gaucher disease, Niemann-pick disease, and sea-
blue histiocytosis syndrome.

 11. Construct an efficient and cost-effective reflex testing 
pathway for follow-up neutrophilia, neutropenia, and 
qualitative granulocyte abnormalities.

 12. Evaluate a case study from a patient with a nonmalignant 
granulocyte disorder.

Key Terms
Agranulocytosis
Basophilia
Demargination
Döhle body
Egress
Eosinophilia
Hypereosinophilic syndrome 

(HES)
Leukemoid reaction
Leukocytosis
Leukoerythroblastic reaction
Leukopenia
Lysosomal storage disorders
Mastocytosis

Monocytopenia
Monocytosis
Morulae
Myelophthisis
Neutropenia
Neutrophilia
Pelger-Huët anomaly (PHA)
Pseudo-neutrophilia
Reactive neutrophilia
Sea-blue histiocytosis 

syndrome
Shift to the left/left shift
Toxic granules
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iNtroDuCtioN
Changes in leukocyte concentration and morphology are often the 
body’s normal responses to various disease processes and toxic chal-
lenges. Most often, one class of leukocyte is affected more than the 
others, providing an important clue to diagnosis. The type of cell 
affected depends in a large part on its function (e.g., bacterial infec-
tion commonly results in an absolute neutrophilia, viral infections 
are characterized by an absolute lymphocytosis, and certain parasitic 
infections cause an eosinophilia). Thus, the absolute concentrations 
of each leukocyte class aids in the differential diagnosis of a patient, 
especially when the total leukocyte concentration is abnormal.

Leukocytosis refers to a condition in which the total leuko-
cyte count is more than 11.0 * 109/L in an adult. Refer to Table B 
on the inside cover for leukocyte and differential reference intervals. 
Although leukocytosis usually occurs because of an increase in neu-
trophils, it can also be related to an increase in lymphocytes or (rarely) 
in monocytes, eosinophils, or basophils.1 Quantitative variations of 
leukocytes are evaluated by performing a total leukocyte count and a 
differential count. The absolute concentration of each type of leuko-
cyte can be calculated from these two values as follows (Chapter 7):

Differential count (in decimal form) * WBC count
(*109/L) = Absolute cell count (*109/L)

Quantitative Disorders
Quantitative neutrophil abnormalities can result from malignant 
or benign disorders. Malignant disorders are caused by neoplas-
tic transformation of hematopoietic stem cells and are discussed in 
Chapters 23–28. Benign disorders are usually acquired and most often 
occur as a consequence of a physiologic insult (stressful stimulus that 
affects normal function and can result in morbidity). Table 21-1 ★ lists 
three interrelated mechanisms affecting neutrophil concentration in 
the peripheral blood.

Neutrophilia
The reference interval for neutrophil concentration varies with age and 
race, which emphasizes the importance of evaluating the count for each 
demographic group. Neutrophilia refers to an increase in the total 
circulating absolute neutrophil concentration (ANC). In adults, neu-
trophilia occurs when the ANC exceeds 7.0 * 109/L. (See Table B on 
the inside cover for age- and race-specific reference intervals.)

Neutrophilia that is not caused by malignancy (benign) most 
often occurs as a response to a physiologic or pathologic process and is 
termed reactive neutrophilia; it can be immediate, acute, or chronic 
and can involve any or all of the three mechanisms listed in Table 21-1.

immediate Neutrophilia
Of the neutrophils inside a blood vessel, approximately 50% freely cir-
culate, and the remaining 50% are loosely attached to the endothelial 
cells of the blood vessel (marginated) (Chapter 7). Immediate neutro-
philia can occur without pathologic stimulus and is probably a simple 
redistribution of the marginating pool to the circulating pool. Routine 
laboratory analysis of a peripheral blood sample detects only those 
neutrophils in the circulating pool.

Although the increase in circulating neutrophils occurs rapidly 
in immediate neutrophilia, it is transient (lasting only 20–30  minutes). 
Furthermore, immediate neutrophila is independent of bone  marrow 
output and tissue egress (movement of neutrophils out of the 
 circulation and into the tissues). Therefore, immediate neutrophilia is 
also referred to as pseudo-neutrophilia or demargination because 
no actual change in the number of neutrophils within the vasculature 
occurs. The increased circulating neutrophils are typically mature, 
normal cells. This redistribution of neutrophils causes the physiologic 
neutrophilia that accompanies active exercise, epinephrine adminis-
tration, anesthesia, and anxiety and can increase the neutrophil count 
by as much as two-fold.2

acute Neutrophilia
Acute neutrophilia occurs when neutrophils egress from the bone 
marrow storage pool into the peripheral blood. Within hours follow-
ing a pathologic stimulus (e.g., bacterial infection, toxin) the circulat-
ing pool of neutrophils can increase by as much as 10-fold.3

An adult patient’s total leukocyte count is 5.0 * 109/L. 
There are 60% segmented neutrophils, 35% lymphocytes, 
and 5% monocytes on the differential. Calculate the abso-
lute number of each cell type. Is each of these relative and 
absolute cell counts normal or abnormal?

checkpoint 21-1

Leukopenia refers to a condition in which the total leukocyte 
count falls 64.5 * 109/L. This condition is usually the result of a 
decrease in neutrophils, but lymphocytes and other leukocytes can 
also contribute.

Morphologic or qualitative variations in leukocytes are noted by 
examination of the stained blood smear (Chapter 10). Some qualita-
tive changes affect cell function, whereas others do not. Variations in 
the appearance of the cell together with its concentration can provide 
specific clues to the pathologic process.

NeutroPhiL DisorDers
Because neutrophils are the most numerous type of leukocyte that cir-
culates in the peripheral blood, quantitative disorders of neutrophils are 
often accompanied by changes in the total leukocyte count. Although 
neutrophilia (increase in neutrophils) is more common than neutro-
penia (decrease in neutrophils), the consequences to the health of a 
patient are more severe when the neutrophil count is low. Automated 
hematology analyzers detect neutrophil counts outside the reference 
interval, but they do not detect qualitative changes in the neutrophils. 
Detection of these changes requires careful microscopic examination 
of stained blood films and provides information for differential diag-
nosis, especially in patients with recurring bacterial infections.

• Bone marrow production and release of neutrophils
• rate of neutrophil egress to tissue or survival time in blood
• ratio of marginating to circulating neutrophils in peripheral blood

★ tabLe 21-1 Factors Affecting Neutrophil 
Concentration in Peripheral Blood
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The neutrophilia is far more pronounced than in pseudo-
neutrophilia, and the proportion of immature neutrophils can be 
increased. More bands appear if the tissue demand for neutrophils 
creates an acute shortage of segmented neutrophils in the bone mar-
row storage pool. Continued demand in extreme circumstances can 
result in the release of metamyelocytes.2 As bone marrow produc-
tion increases and the storage pool is replenished, the leukocyte 
differential returns to normal.

Chronic Neutrophilia
Chronic neutrophilia generally follows acute neutrophilia and occurs 
if the stimulus for neutrophils continues beyond a few days. This 
results in a depleted storage pool and increased production of the 
mitotic pool in an attempt to meet the demand for neutrophils. In 
this state, the marrow shows increased numbers of early neutrophil 
precursors including myeloblasts, promyelocytes, and myelocytes. The 
blood contains increased numbers of bands, metamyelocytes, myelo-
cytes, and (rarely) promyelocytes. An increase in the concentration of 
immature forms of leukocytes in the circulation is termed a shift to 
the left or left shift.

Conditions associated with Neutrophilia
Chronic neutrophilia caused by benign or toxic conditions is  usually 
characterized by a total leukocyte count of less than 50 * 109/L and 
a left shift. If immature cells are present they are usually bands and 
metamyelocytes. See Table 21-2 ★ for conditions associated with neu-
trophilia. In some instances, the neutrophil count can be normal, but 

• acute bacterial and fungal infections
• inflammatory processes
   Tissue damage from burns, trauma, or surgery
   Collagen, vascular, and autoimmune disorders
   Hypersensitivity reactions
• metabolic alterations
   uremia
   Eclampsia
   gout
• Nonmyeloid neoplasms
• acute hemorrhage or hemolysis
• rebound from bone marrow transplant or treatment with colony 

-stimulating growth factors
• Certain chemicals, toxins, and drugs
• physiologic neutrophilia
   Strenuous exercise
   Stress
   Pain
   Temperature extremes
   Childbirth
   Newborns
• Chronic myeloproliferative disordersa

a In these disorders, increases in neutrophils are from a neoplasm of the 
hematopoietic stem cell.

★ tabLe 21-2 Conditions Associated 
with Neutrophilia

■  Figure 21-1 A leukemoid reaction. There is an increased 
leukocyte count and a left shift. The cells have heavy toxic 
granulation and Döhle bodies (arrows),  suggesting an 
infectious or toxic reactive leukocytosis (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).

toxic morphological changes can be observed including toxic granula-
tion, Döhle bodies, and cytoplasmic vacuoles (discussed later in this 
chapter and illustrated in Figure 21-1 ■). In addition, the leukocyte 
alkaline phosphatase score can be elevated (Chapters  23, 37).

Bacterial Infection Bacterial infection is the most common cause 
of neutrophilia, especially infection caused by pyogenic organisms 
such as staphylococci and streptococci. Depending on the virulence 
of the microorganism, extent of infection, and response of the host, 
the neutrophil count can range from 7.0–70 * 109/L, although the 
count is usually in the range of 10925 * 109/L. As the demand for 
neutrophils at the site of infection increases, the early response of 
the bone marrow is to increase output of storage neutrophils to the 
peripheral blood, causing a left shift. The inflow of neutrophils from 
the bone marrow to the blood continues until it exceeds the neu-
trophil outflow to the tissues, causing an absolute neutrophilia. In 
very severe infections, the storage pool of neutrophils can become 
exhausted, the mitotic pool can be unable to keep up with the 
demand, and a neutropenia develops.4 Neutropenia in overwhelm-
ing infection is a poor prognostic indicator. Chronic bacterial infec-
tion can lead to chronic stimulation of the marrow whereby the 
production of neutrophils remains high and a new steady state of 
production develops.

Neutrophilia is neither a unique nor an absolute finding in 
bacterial infections. Infections with other organisms such as fungi, 
rickettsia, spirochetes, and parasites also can cause a neutrophilia. 
Certain bacterial infections are characterized by neutropenia rather 
than neutrophilia.4 Bacterial infections rarely lead to lymphocytosis 
rather than neutrophilia, as is the case with whooping cough caused 
by Bordetella pertussis infection. Although typically associated with a 
lymphocytosis, viruses can also cause neutrophilia in the earliest stages 
of infection.
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Leukoerythroblastic Reaction A leukoerythroblastic reaction 
(Figure 21-2 ■) is characterized by the presence of nucleated eryth-
rocytes and a neutrophilic left shift in the peripheral blood. The total 
neutrophil count can be increased, decreased, or normal. Erythrocytes 
in this condition often exhibit poikilocytosis with teardrop shapes and 
anisocytosis. Leukoerythroblastosis is most often associated with 
chronic neoplastic myeloproliferative conditions, especially myelofi-
brosis, myelophthisis (replacement of normal hematopoietic tissue 
in the bone marrow by fibrosis, leukemia, or metastatic cancer cells), 
and severe hemolytic anemias such as Rh hemolytic disease of the 
fetus and newborn (HDFN) (Chapter 19).

Stimulated Bone Marrow States Patients whose bone marrow has 
been stimulated by hematopoietic growth factors or cytokines such 
as granulocyte monocyte-colony–stimulating factor (GM-CSF) can 
produce a rapid increase of total white cell counts and release of leu-
kocyte precursors including blasts. Cytokines are used to replenish 
leukocytes after bone marrow  transplant, high-dose chemotherapy, 
bone marrow failure, or prior to autologous blood donation or stem 
cell apheresis7 (Chapter 29).

Corticosteroid therapy produces a neutrophilia that occurs as a 
result of increased bone marrow output accompanied by decreased 
migration of neutrophils to the tissues (by inhibition of the ability of 
neutrophils to adhere to vessel walls).8 This inhibition of neutrophil 
diapedesis can in part explain the increased incidence of bacterial 

Tissue Destruction/Injury, Inflammation, and Metabolic Altera-
tions Conditions other than infection that can result in a neu-
trophilia include tissue necrosis, inflammation, certain metabolic 
conditions, and drug intoxication. All of these conditions pro-
duce neutrophilia by increasing neutrophil egress from the bone 
marrow into the circulation in response to increased neutrophil 
diapedesis to the tissue. Examples of these conditions include 
rheumatoid arthritis, tissue infarctions, burns, neoplasms, trauma, 
uremia, and gout.

Although leukocytes defend the body against foreign substances, 
they also contribute to the inflammatory process. Damaged tissue 
releases cytokines that act as chemotaxins, causing neutrophils to 
leave the vessels and move toward the injury site. In gout, for example, 
deposits of uric acid crystals in joints attract neutrophils to the area. 
In the process of phagocytosis and death, the leukocytes release toxic 
intracellular enzymes (granules) and oxygen metabolites. These toxic 
substances mediate the inflammatory process by injuring other body 
cells and propagating the formation of additional chemotactic factors 
that attract more leukocytes.

Leukemoid Reaction Extreme neutrophilic reactions to severe infec-
tions or necrotizing tissue can produce a leukemoid reaction (Fig-
ure 21-1). A leukemoid reaction is a benign proliferation of leukocytes 
characterized by (1) a total leukocyte count usually 650 * 109/L and 
(2) numerous circulating leukocyte precursors.5 In a neutrophilic-leu-
kemoid reaction, the number of circulating neutrophil precursors is 
increased including bands, metamyelocytes, myelocytes and promy-
elocytes, and rarely, blasts.

Leukemoid reactions can produce a blood picture indistinguish-
able from that of chronic myeloid leukemia (CML) (Chapter 24). If a 
differential diagnosis cannot be determined by routine hematologic 
parameters, then genetic studies, molecular analysis, and leukocyte 
alkaline phosphatase (LAP) stain scores can be helpful (Table 21-3 ★). 
Contrary to leukemia, a leukemoid reaction is transient, disappear-
ing when the inciting stimulus is removed. A leukemoid reaction can 
occur in chronic infections (such as tuberculosis) and may present 
with toxic granules, Döhle bodies, and vacuoles.5 In addition, leuke-
moid reactions can accompany carcinoma of the lung, stomach, breast, 
or liver and other inflammatory processes.6

Laboratory results on Dennis, the trauma patient, two 
days after surgery are as follows:

WBC 14.5 * 109/L wbC Differential
Hb 12.9 g/dL Segmented neutrophils 5%
PLT 180 * 109/L Band neutrophils 50%
  Lymphocytes 40%
  Monocytes 5%

urine, blood, and wound cultures were ordered.

1. What results, if any, are abnormal?

2. What is the most likely reason for these results?

Case stuDy (continued from page 389)

How can CML be distinguished from a leukemoid reaction?

checkpoint 21-2

Leukemoid reaction CML

Leukocyte 
count

650 * 109/L usually 750 * 109/L

Leukocyte 
differential

Shift to the left with 
bands, metamyelo-
cytes, and myelocytes; 
neutrophil toxic 
changes

Shift to the left with 
immature cells including 
promyelocytes and blasts; 
increased eosinophils and 
basophils

Erythrocyte 
count

Normal Often decreased

Platelets usually normal Increased or decreased

LAP Increased Decreased

Philadelphia 
chromosome

Absent usually present

BCR/ABL1 gene 
mutation

Absent Present

Clinical Related to primary 
condition

Systemic (splenomegaly, 
enlarged nodes, bone 
pain)

LAP = leukocyte alkaline phosphatase

★ tabLe 21-3 Comparison of Laboratory Results in 
Leukemoid Reactions and Chronic Myeloid Leukemia 
(CML)

M21_MCKE6011_03_SE_C21.indd   392 01/08/14   2:35 pm



 393Chapter 21   •   NoNmaligNaNt DisorDers of leukoCytes: graNuloCytes aND moNoCytes

Decreased bone Marrow Production
Neutropenia can develop as a result of decreased bone marrow pro-
duction. In this case, the bone marrow shows myeloid hypoplasia, and 
the myeloid-to-erythroid (M:E) ratio is decreased (Chapter 38). Defec-
tive neutrophil production depletes the bone marrow storage pool, 
decreases neutrophil egress to tissues, and reduces both the peripheral 
blood circulating and marginating pools. Immature cells may enter the 
blood in an attempt to alleviate the neutrophil shortage; however, cells 
younger than bands are less efficient in phagocytosis. The end result 
is a lack of an adequate number of neutrophils at inflammatory sites, 
resulting in increased risk for overwhelming infections.

Stem Cell Disorders. Decreased bone marrow production can 
occur when hematopoietic stem cells fail to proliferate as in aplas-
tic anemia, following radiotherapy or chemotherapy, or with infil-
tration of hematopoietic tissue by malignant cells (myelophthisis). 
Of new leukemia cases, 50% present with a total white count 
that is 65.0 * 109/L and an absolute neutrophil count that is 
61.0 * 109/L.10 This leukopenia and neutropenia occurs when 
normal precursor cells in the bone marrow are replaced by malignant 
cells, but the malignant cells have not yet egressed to the peripheral 
blood in significant numbers.

Megaloblastic Anemia. Neutropenia is a characteristic finding in 
megaloblastic anemia (Chapter 16) and myelodysplastic syndromes 
(Chapter 25). In these cases, however, the marrow is usually hyperplas-
tic. Neutropenia results not from marrow failure but from destruction 
of abnormal myeloid precursors (ineffective granulopoiesis).

Chemicals/Drugs. A wide variety of drugs and chemicals are asso-
ciated with leukopenia and neutropenia if given in sufficient dosage 
(Table  21-4). Chemotherapy and radiation treatments for cancer 
are nonselective and are common causes of not only neutropenia 
but also pancytopenia. The decreased bone marrow production of 
granulocytes predisposes patients receiving treatment for malig-
nancies to frequent and serious infections. Chemotherapeutic drugs 

infections in patients on steroid therapy even though the blood neu-
trophil count is increased. Steroids also decrease the number and 
inhibit the function of monocytes/macrophages.9

Physiologic Leukocytosis Physiologic leukocytosis and neutro-
philia are present at birth and for the first few days of life (Table B 
inside cover). The leukocytosis can be accompanied by a slight left 
shift. Physiologic stressors including exposure to extreme tempera-
tures, emotional stimuli, exercise, and labor during childbirth can 
cause neutrophilia, generally without a left shift.

■  Figure 21-2 A leukoerythroblastic reaction. There are 
nucleated erythrocytes and a left shift with band neutro-
phils and a myelocyte (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).

What is the difference between a leukemoid reaction and 
a leukoerythroblastic reaction?

checkpoint 21-3

Causes examples

Infections Viral and overwhelming bacterial such as sepsis

Physical agents 
and chemicals

Radiation, benzene

Drugs Chemotherapy, certain drugs in the classes 
of sedatives, anti-inflammatory, antibacterial, 
antithyroid, and antihistaminesa

Hematologic 
disorders

Acute leukemia, megaloblastic and aplastic 
anemia, splenomegaly

Alloantibodies  
or autoantibodies

Systemic lupus erythematosus

Hereditary or 
congenital disorders

familial neutropenia, cyclic neutropenia

afor a more complete list of drug-induced neutropenia, see Dale DC. Neutro-
penia and neutrophilia. In: Kaushansky K, Lichtman MA, Beutler E et al., eds. 
Williams Hematology, 8th ed. New york: mcgraw-hill; 2010:939–51.

★ tabLe 21-4 Causes of Leukopenia  
and/or Neutropenia

Neutropenia
Neutropenia occurs when the neutrophil count is 61.592.0 * 109/L 
(varies depending on ethnicity).  Agranulocytosis, a term that refers 
to a neutrophil count 60.5 * 109/L, is associated with a high prob-
ability of infection. Basophils and eosinophils are also commonly 
depleted in severe neutropenia.

True neutropenia can occur because of (1) decreased bone mar-
row production, (2) increased cell loss (from immune destruction or 
increased neutrophil egress to the tissue), or (3) pseudo-neutropenia 
(increased neutrophilic margination). An artificial neutropenia can 
result from neutrophil agglutination, disintegration, and laboratory 
instrument problems. (See Table 21-4 ★ for the most common causes.)
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Rh HDFN except that the firstborn child can be affected. Alloim-
mune neutropenia can also be the result of a transfusion reaction.

Autoimmune neutropenia (AIN) is categorized as either primary 
or secondary. Primary AIN is not associated with other diseases and 
occurs predominantly in young children. This condition of unknown 
etiology develops as antibody-coated neutrophils are sequestered 
and destroyed by the spleen. Patients develop fever and recurrent 
infections. Spontaneous remission usually occurs after a period of 
13–20 months. Secondary autoimmune neutropenia generally occurs 
in older patients, many of whom have been diagnosed with another 
autoimmune disorder such as systemic lupus erythematosus (SLE) or 
rheumatoid arthritis. In secondary AIN, antineutrophil antibodies 
are not the only cause of the neutropenia, and the actual target of the 
antibodies is not known.15

Infections associated with AIN are not usually life threatening 
and are treated with routine antibiotic therapy. Intravenous doses of 
immunoglobulin can be used in severe cases. The total leukocyte count 
is usually normal or near normal, but the neutrophil count is decreased. 
G-CSF therapy can be indicated for patients with severe infections.

Immune neutropenia can be confirmed by testing for antineu-
trophil antibodies or neutrophil surface antigens by various methods 
including agglutination tests, immunofluorescence, and enzyme-
linked immunosorbent assay (ELISA). The availability of these com-
plex tests varies widely among laboratories.16

Hypersplenism. Hypersplenism can result in a selective splenic cull-
ing of neutrophils producing mild neutropenia. The bone marrow in 

induce apoptosis in mitotically active cells by a variety of mechanisms 
including direct DNA damage, altering folate receptors, or inhibiting 
enzymes needed for mitosis. Although the action of chemotherapeutic 
drugs reduces cancer cell proliferation, hematopoietic precursor cells 
in the bone marrow also are actively dividing and their proliferation 
is inhibited as well. Prophylactic use of antibiotics and GM-CSF has 
reduced mortality in patients receiving chemotherapy, but infections 
due to neutropenia remain a serious complication.11 Drug-induced 
neutropenia also can result from allergic (immunologic) reactions to 
drugs. Women, older patients, and patients with a history of allergies 
are more commonly affected.

Congenital Neutropenia. Several rare inherited disorders cause 
neutropenia related to decreased bone marrow production. Periodic 
or cyclic neutropenia is a curious form of neutropenia that begins 
in infancy or childhood and occurs in regular 21- to 30-day cycles. 
Cyclic neutropenia is inherited as an autosomal dominant trait and 
is due to mutations in the gene for neutrophil elastase.12 The severely 
neutropenic period (60.5 * 109/L) lasts for several days and is 
marked by frequent infections. Between the neutropenic attacks, 
the patient is asymptomatic. Severe congenital neutropenia (Kost-
mann’s syndrome) is a rare, often fatal disorder marked by extreme 
neutropenia ( 60.2 * 109/L). The total leukocyte count is often in 
the normal range. It is inherited most often in an autosomal domi-
nant manner and involves mutations in the neutrophil elastase gene 
(and other genes).12 Both disorders display neutrophil precursor 
responsiveness to large doses of G-CSF.13 Familial neutropenia is a 
rare benign anomaly characterized by an absolute decrease in neu-
trophils but usually a normal total leukocyte count. It is transmitted 
as an autosomal dominant trait and is usually detected by chance. 
(See Table 21-5 ★ for a more complete list of congenital neutropenic 
disorders.2,14)

increased Cell Loss
Neutropenia can occur as the result of increased neutrophil diape-
desis. In severe or early infection, the bone marrow may not produce 
cells as rapidly as they are being utilized, resulting in neutropenia. 
Various viral, bacterial, rickettsial, and protozoan infections induce 
tissue damage that increases the demand for and destruction of neu-
trophils. Marked toxic changes to the granulocytes often accompany 
neutropenia resulting from severe infections. Prognosis in these cases 
is very poor because the infecting organisms are able to prevail over 
the body’s immune system.

Immune Neutropenia. Antibodies directed against neutrophil-
specific antigens can cause a decrease in the number of neutrophils. 
Leukocytes are destroyed in a manner similar to erythrocytes in 
immune hemolytic anemia (Chapter 17). In some cases, drugs pre-
cipitate an immunologic response leading to a sudden disappearance 
of neutrophils from the circulation. The immunologic mechanism can 
include direct cell lysis or sensitization and subsequent sequestration 
of neutrophils in the spleen.2 The two types of immune neutropenia 
are alloimmune and autoimmune.

Alloimmune neonatal neutropenia occurs when maternal 
antibodies are directed against paternal-origin antigens on fetal 
neutrophils and are transferred across the placenta. Affected infants 
are susceptible to infections for up to 4 months or until the neutro-
penia is resolved.2 This immune process is similar to that found in 

Disorder inheritance

Disorders of production

 Cyclic neutropenia AD

 familial neutropenia AD

 fanconi pancytopenia AR

 Reticular dysgenesis AR

 Severe congenital neutrophilia AD, AR

 Wiskott-Aldrich syndrome XLR
Disorders of RNA synthesis and processing

 Cartilage-hair hypoplasia AR

 Dyskeratosis congenital XLR, AD, AR

 Shwachman-Diamond syndrome AR
Disorders of metabolism

 Barth syndrome AR, XLR

 glycogen storage disease, type 1b AR

 Pearson’s syndrome Mitochondrial
Disorders of vesicular transport

 Chédiak-Higashi syndrome AR

 Cohen syndrome AR

 griscelli syndrome, type ii AR

 Hermansky-Pudlak syndrome, type II AR

 p14 Deficiency Probable AR

AD = autosomal dominant; AR = autosomal recessive; XLR = X@linked 
recessive

★ tabLe 21-5 Congenital Neutropenic Disorders
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Qualitative or Morphologic Abnormalities
Automated hematology analyzers do not detect or flag neutrophil 
morphologic abnormalities. Laboratory professionals must micro-
scopically evaluate stained blood smears to identify cytoplasmic and/
or nuclear morphologic abnormalities in neutrophils. Cytoplasmic 
abnormalities are the most common and most cytoplasmic changes 
(Döhle bodies, toxic granulation, and vacuoles) are reactive, tran-
sient changes accompanying infectious states. The correct identifica-
tion of alterations such as intracellular microorganisms can lead to 
the prompt diagnosis and treatment of life-threatening infections, 
whereas recognition of Pelger-Huët or hypersegmented neutrophils 
can point to the diagnosis of specific conditions that can prove elusive 
without the morphologic information.

Nuclear abnormalities
Pelger-huët anomaly
Pelger-Huët anomaly (Figure 21-3 ■) is a benign anomaly inher-
ited in an autosomal dominant fashion and occurs in about 1 in 5000 
individuals. The neutrophil nucleus does not segment beyond the 
two-lobed stage and can appear as a single, round nucleus with no seg-
mentation. The presence of excessive coarse chromatin clumping in 
the nucleus aids in the differentiation of bilobed cells from band neu-
trophils. The bilobed nucleus has a characteristic dumbbell shape with 
the two lobes connected by a thin strand of chromatin. Cells with this 
appearance are often called pince-nez cells (French name for the style 

this case exhibits neutrophilic hyperplasia. Thrombocytopenia and 
(occasionally) anemia can also accompany hypersplenism.

Pseudo-neutropenia
Pseudo-neutropenia is similar to pseudo-neutrophilia in that it is pro-
duced by alterations in the circulating and marginated pools. Pseudo-
neutropenia results from the transfer of circulating neutrophils to the 
marginated neutrophil pool with no change in the total peripheral 
blood neutrophil pool. This temporary shift is characteristic of some 
infections with endotoxin production and of hypersensitivity reac-
tions. Because of the selective margination of neutrophils, the total 
leukocyte count drops and a relative lymphocytosis develops.

False Neutropenia
It is important for the laboratory professional to recognize when 
neutropenia is a result of laboratory in vitro manipulations of blood. 
Refer to Table 21-6 ★ for a summary of four in vitro causes of a low 
neutrophil count. First, neutrophils can (rarely) adhere to erythrocytes 
when the blood is drawn in EDTA, causing an erroneously low auto-
mated white count. If observed on the stained smears, blood can be 
recollected by finger stick to make manual dilutions and blood smears 
without utilizing EDTA (Chapter 37). Second, neutrophils disinte-
grate in blood collection tubes faster than other leukocytes. If there is 
a delay in testing the blood, the neutrophil count can be erroneously 
decreased. Third, in some pathologic conditions, the leukocytes are 
more fragile than normal and can rupture with the manipulations 
of preparing blood for testing in the laboratory. Finally, the neutro-
phil count can be falsely decreased if the neutrophils clump together 
because of the presence of paraproteins (proteins appearing in large 
quantity because of other pathological conditions).

• eDta-induced neutrophil adherence to erythrocytes

• Disintegration of neutrophils over time prior to testing

• Disruption of abnormally fragile leukocytes during preparation 
of the blood for testing

• Neutrophil aggregation

★ tabLe 21-6 Causes of False Low Neutrophil 
Counts in Clinical Laboratory Testing

How can the correct white cell count be determined when 
neutrophils clump in the presence of EDTA?

checkpoint 21-4

■  Figure 21-3 Pelger-Huët anomaly. (a) Note pince-nez, or eyeglass-shaped, 
nuclei. These mature cells could easily be confused for bands if not for the highly 
clumped chromatin. (b) The nucleated neutrophil is the nonsegmented or round 
nucleus form that can be found (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

a b
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Cytoplasmic abnormalities
Cytoplasmic inclusions are often found in infectious states and when 
present, give the health care provider important diagnostic informa-
tion (Table 21-7 ★). These inclusions are Döhle bodies, toxic granules, 
vacuoles, and intracellular organisms.

Döhle bodies
Döhle bodies are light gray-blue oval inclusions in the cytoplasm 
of neutrophils and eosinophils (Figure 21-5 ■). Found near the 
periphery of the cell, Döhle bodies are composed of aggregates of 
rough endoplasmic reticulum. They can be seen in severe infections, 
burns, and cancer and as a result of toxic drugs. Döhle bodies should 
be looked for whenever toxic granulation or other reactive morpho-
logic changes are present because they frequently occur together. 

of eye-glasses without earpieces). Rod-shaped and peanut-shaped 
nuclei can also be found. Individuals heterozygous for  Pelger-Huët 
anomaly have neutrophil nuclei that are primarily bilobed, whereas 
the majority of neutrophils in homozygous individuals have a round 
or oval nucleus with only a few cells having the classic bilobed shape.17 
The cell is functionally normal, and individuals with hereditary 
 Pelger-Huët anomaly do not display increased susceptibility to bacte-
rial infections.17 The significance of recognizing this anomaly lies in 
differentiating the benign hereditary defect from a left shift that can 
occur during infections.

Acquired- or pseudo-Pelger-Huët anomaly can present in myelo-
proliferative disorders and myelodysplastic states. The neutrophils in 
pseudo-Pelger-Huët anomaly (sometimes described as pelgeroid) are 
frequently hypogranular because of a lack of secondary granules, and 
the nuclei acquire a round rather than a dumbbell shape. The chroma-
tin appears with intense clumping, aiding in differentiation of these 
mononuclear cells from myelocytes.

It is particularly important that laboratory professionals distin-
guish between the Pelger-Huët and pseudo-Pelger-Huët anomalies 
because the presence of the acquired form can be used to aid in the 
diagnosis of myelodysplasia and malignancy.18 To distinguish the two, 
the inherited Pelger-Huët anomaly usually presents with 610% of the 
neutrophils displaying three or more nuclear lobes without the pres-
ence of immature myeloid cells (meta- and myelocytes). On the other 
hand, pseudo-Pelger-Huët neutrophils likely appear in a blood pic-
ture with far more than 10% (likely 750%) of the neutrophils showing 
three or more nuclear lobes and possibly immature myeloid cells.19

hypersegmentation
Larger-than-normal neutrophils with six or more nuclear  segments 
(hypersegmented neutrophils) or five or more neutrophils with 
five lobes are common and early indicators of megaloblastic ane-
mia.20 These cells are found together with pancytopenia and macro 
 ovalocytes that typically accompany deficiencies of folate or  vitamin 
B12 (Chapter 15). Reported cases of hereditary hypersegmentation of 
neutrophils, a benign condition, are rarely significant but need to be 
distinguished from multilobed nuclei that are associated with disease.21

Pyknotic Nucleus
Pyknotic, or apoptotic, nuclei (Figure 21-4 ■) are found in dying neu-
trophils in blood or body fluid preparations. The nuclear chromatin 
condenses and the segments disappear, becoming smooth, dark-
staining spheres. If the nucleus is round, these apoptotic cells can be 
confused with nucleated erythrocytes.

■  Figure 21-4 The nucleated cell at the top is a dying 
neutrophil with a pykonotic nucleus. Note the smooth 
nuclear material that is breaking up (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).

Describe the difference between hypersegmented and 
hyposegmented neutrophils and pyknotic nuclei. In what 
conditions are each seen?

checkpoint 21-5

inclusion Morphologic Characteristics Composition associated Conditions

Döhle body Light gray-blue oval near cell periphery Rough endoplasmic reticulum (RNA) Infections, burns, cancer, or 
inflammatory states

Toxic granules Large blue-black granules Primary granules Same as Döhle body

Cytoplasmic vacuole Clear, unstained circular area Open spaces from phagocytosis Same as Döhle body

Bacteria Small basophilic rods or cocci Phagocytized organisms Bacteremia or sepsis

fungi Round or oval basophilic inclusions slightly 
larger than bacteria

Phagocytized fungal organisms Systemic fungal infections often 
in immunosuppressed patients

Morulae Basophilic, granular; irregularly shaped Clusters of Ehrlichia rickettsial organisms Ehrlichiosis

★ tabLe 21-7 Cytoplasmic Inclusions Found in Neutrophils in Infectious Conditions
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Cytoplasmic vacuoles
Cytoplasmic vacuoles appear as clear, unstained circular areas. Vacuoles 
probably represent the end stage of phagocytosis (Figure 21-7 ■). They 
are usually seen in the same conditions as toxic granulation and Döhle 
bodies. Cytoplasmic vacuoles in neutrophils from a fresh specimen 
correlate highly with the presence of septicemia.

Vacuoles can also appear as an artifact in smears made from 
blood that has been collected and stored in EDTA. Vacuoles related 
to storage are more likely to be smaller and more uniformly dispersed 
than those in toxic states. Making smears from fresh blood without 
anticoagulant can eliminate the vacuole artifact.

Döhle bodies are similar in appearance to the cytoplasmic inclusions 
found in May-Hegglin anomaly (described later in the “May-Hegglin 
Anomaly” section).

toxic granules
Toxic granules are large, deeply stained, blue-black primary granules 
in the cytoplasm of segmented neutrophils and sometimes in bands 
and metamyelocytes (Figure 21-6 ■). Primary (nonspecific) granules 
normally lose their basophilia as the cell matures, so even though 
about one-third of the granules in the mature neutrophil are primary 
granules, their presence is not detectable. In contrast, toxic primary 
granules retain their basophilia in the mature neutrophil, perhaps 
because of a lack of maturation. Additionally, toxic primary granules 
can become more apparent as the secondary granules are discharged 
to fight bacteria. Toxic granulation is seen in the same conditions as 
Döhle bodies. Toxic granules or inclusions can appear as artifacts 
with increased staining time or decreased pH of the buffer used in 
the staining process.

■  Figure 21-5 Arrow points to neutrophil with three 
bluish inclusions (Döhle bodies) (peripheral blood; Wright-
Giemsa stain, 1000*  magnification).

■  Figure 21-6 A segmented neutrophil and a band 
 neutrophil with toxic granulation (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).

All cultures were negative for bacteria and fungi. On fur-
ther examination of the blood smear, it was noted that 
no abnormal cytoplasmic features were observed in the 
neutrophils. However, the nuclei of most of the bands 
appeared more condensed than normal, and many had 
two lobes in a dumbbell shape.

3. given the leukocyte morphology and cultures, what 
additional condition must now be considered?

4. Explain the clinical significance of the nuclear anomaly 
described in Dennis.

5. Why is the white cell count elevated?

Case stuDy (continued from page 392)

■  Figure 21-7 Intracellular microorganisms. Note the 
vacuoles and toxic granulation in the cells (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).

intracellular organisms
In most infections, including septicemia, the causative agents are not 
demonstrable in the peripheral blood. However, microorganisms seen 
inside neutrophils should always be considered a significant finding, 
and the physician should be notified immediately (Figure 21-7).

Intracellular Histoplasma, or Candida, is sometimes found on 
blood smears from patients with HIV or other severe immunosup-
pression. Organisms found outside cells must be interpreted with 
care. On stained blood smears, it is crucial to distinguish whether the 
microorganisms came from contaminated equipment or stain or are 
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releases the organisms that then infect other leukocytes. The patho-
genesis of ehrlichiosis can be related to direct cellular injury by the 
bacteria or a cascade of inflammatory or immune events.

Confirmation of infection is made through serologic determina-
tion of antibody titers using indirect fluorescent antibody (IFA) assays 
or by identification of DNA sequences by polymerase chain reaction 
(PCR). Peripheral blood cytopenia is probably the result of sequestra-
tion of infected cells in the spleen, liver, and lymph nodes. The bone 
marrow is usually hypercellular.24,25

Anaplasma phagocytophilum also infects neutrophils and is 
the causative agent of human granulocytic anaplasmosis (HGA). 
The clinical manifestations and laboratory findings are similar 
to that of Ehrlichia infection, and morulae are observed in the 
neutrophils.22

inherited Functional abnormalities
Functional neutrophil abnormalities are almost always inherited and 
can be accompanied by morphologic abnormalities. It is suggested 
that granulocyte functional abnormalities be suspected in patients 
with recurrent, severe infections, abscesses, and delayed wound heal-
ing and in antibiotic resistant sepsis. See Table 21-8 ★ for a summary 
of the functional defects and their clinical features.

alder-reilly anomaly
Alder-Reilly anomaly is an inherited condition characterized by the 
presence of large purplish granules in the cytoplasm of all leukocytes. 
Similar morphology is seen in disorders such as Hurler’s syndrome 
and Hunter’s syndrome, both of which are lysosomal storage disorders 
(discussed later in the “Monocyte/Macrophage Disorders” section; see 
also Figure 21-9 ■). These disorders are characterized by incompletely 
degraded mucopolysaccharides that accumulate in the lysosomes and 
appear as large granules.26 Although the granules can resemble toxic 
granulation, Alder-Reilly granules can be differentiated because they 
stain metachromatically with toluidine blue. The granules can appear 
in lymphocytes and tend to occur in clusters in the shape of dots or 
commas and are surrounded by vacuoles (Gasser’s cells). The inclu-
sions frequently are seen only in cells of the bone marrow, not in the 
peripheral blood, but in either case, the cells function normally.

actually present in the patient’s blood. Organisms must also be distin-
guished from other cytoplasmic material and precipitated stain. All 
bacteria and yeasts stain basophilic with Wright’s stain.

In the United States, two known species of Ehrlichia infect 
humans. E. chaffeensis infects monocytes and is the causative agent 
of human monocytic ehrlichiosis (HME), whereas E. ewingii infects 
granulocytes and is the causative agent of human granulocytic 
ehrlichiosis. Ehrlichia sp. are tick-borne, small, obligate  intracellular, 
coccobacilli bacteria. They infect leukocytes where they multiply 
within phagosomes. The intracellular organisms are pleomorphic, 
appearing as basophilic, condensed, or loose aggregates of organisms, 
which tend to appear spherical.

Ehrlichiosis is characterized by high fever, leukopenia, thrombo-
cytopenia, and elevated liver enzymes.22,23 Most cases of ehrlichio-
sis occur in April through September when nymphal ticks are most 
active. The intracellular microcolonies of Ehrlichia, called morulae, 
are observed in leukocytes on stained blood films (Figure 21-8 ■). 
The presence of morulae in leukocytes can be the first diagnostic 
finding of Ehrlichia infection. The leukocyte eventually ruptures and 

■  Figure 21-8 Morulae in ehrlichiosis. This segmented 
neutrophil from a patient with human granulocytic 
ehrlichiosis contains two dense, basophilic inclusions 
called morulae (peripheral blood, Wright-Giemsa stain, 
1000*  magnification).

Condition Morphologic or Functional Defect Clinical Features

Alder-Reilly anomaly Large, purplish cytoplasmic granules in all leukocytes

Cells function normally

Associated with mucopolysaccharidosis such as 
Hurler’s syndrome

Chédiak-Higashi syndrome giant fused granules in neutrophils and lymphs

Cells engulf but do not kill microorganisms

Serious, often fatal condition with repeated pyrogenic 
infections

May-Hegglin anomaly Blue, Döhle-like cytoplasmic inclusions in all granulocytes

Cells function normally

Bleeding tendency from associated thrombocytopenia

Chronic granulomatous 
disease (CgD)

Defective respiratory burst

Cells engulf but don’t kill microorganisms

Recurrent infections, especially in childhood

Myeloperoxidase 
deficiency

Low or absent myeloperoxidase enzyme

Cell morphology normal

usually benign; other bactericidal systems prevent 
most infections

Leukocyte adhesion 
deficiency (LAD)

Absence of cell-surface adhesion proteins affecting multiple 
cell functions

Cell morphology normal

Serious condition with recurrent infections and high 
mortality

★ tabLe 21-8 Inherited Qualitative Neutrophil Abnormalities
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to Döhle bodies (Figure 21-11 ■). The inclusions can be distinguished 
from true Döhle bodies because they are usually larger and rounder 
in shape.28 Variable thrombocytopenia with giant platelets is charac-
teristic. The only apparent clinical symptom patients can exhibit is 
abnormal bleeding related to the low platelet count.

Chronic granulomatous Disease
Chronic granulomatous disease (CGD) is an inherited disorder (65% 
X-linked, 35% autosomal recessive)29 characterized by defects in the 
respiratory burst oxidase system. Patients suffer from recurrent, often 
life-threatening, infections with opportunistic pathogens (bacterial 
and fungal) that result in the formation of granulomas. CGD can be 
diagnosed in childhood but in some cases, the onset of symptoms may 
not occur until early adulthood.

The affected cells in CGD are morphologically normal but can-
not generate antimicrobial oxygen metabolites, such as H2O2. There-
fore, the neutrophils can phagocytize micro-organisms but cannot 
kill them. Ingested micro-organisms produce hydrogen peroxide as a 
by-product of oxidative metabolism; those that are catalase-positive 
are not killed because they destroy the H2O2 of their own metabo-
lism. Catalase-positive organisms continue to grow intracellularly 
where they are protected from antibiotics, whereas catalase-negative 
 organisms kill themselves by generating H2O2 that can be used in the 
phagocytic cell’s antimicrobial defense mechanisms (Chapter 7).

The peripheral blood neutrophil count is normal but increases 
in the presence of infection. Immunoglobulin levels are often 
increased because of chronic infection.30 Treatment involves the 
use of  prophylactic antibiotics and early treatment of infections. 
The nitroblue tetrazolium slide test (NBT) is useful in detecting the 
abnormal oxygen metabolism of neutrophils in CGD. Neutrophils 
are mixed with nitroblue tetrazolium and microorganisms. In nor-
mal individuals, the leukocytes phagocytize the microorganisms, 
initiating an increase in oxygen uptake. This process leads to an 

Chédiak-higashi syndrome
Chédiak-Higashi syndrome is a rare autosomal recessive disorder 
in which death usually occurs in infancy or childhood because of 
recurrent bacterial infections (Figure 21-10 ■). Giant gray-green 
peroxidase-positive bodies and giant lysosomes are found in the cyto-
plasm of leukocytes as well as most granule-containing cells of other 
tissues. These bodies are formed by fusion of primary, nonspecific 
and secondary, specific neutrophilic granules. This abnormal fusion 
of cytoplasmic membranes prevents the granules from being deliv-
ered into the phagosomes to participate in killing of ingested bacteria. 
Neutropenia and thrombocytopenia are frequent complications as the 
disease progresses. The patients have skin hypopigmentation, silvery 
hair, and photophobia from an abnormality of melanosomes. Lymph-
adenopathy and hepatosplenomegaly are characteristic.27

May-hegglin anomaly
May-Hegglin anomaly is a rare, inherited, autosomal dominant trait 
in which granulocytes contain inclusions consisting mainly of RNA 
from rough endoplasmic reticulum, which are similar in appearance 

■  Figure 21-9 Lymphocyte from Hurler’s disease 
(mucopolysaccharidoses). Note the halo around the 
granules (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

■  Figure 21-10 (a) Neutrophil from Chédiak-Higashi 
syndrome. (b) Lymphocyte from the same patient as in a. 
Note the bluish-gray inclusion bodies (peripheral blood, 
Wright-Giemsa stain; 1000*  magnification).

a b

■  Figure 21-11 May-Hegglin anomaly. There is a 
neutrophil with a Döhle-like structure in the cytoplasm and 
a large platelet (arrow) (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).
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CD11/CD18 the cells express. Diagnosis can be made by flow cyto-
metric analysis of neutrophil CD11b levels using a monoclonal 
antibody.31 Treatment for both LAD I and II includes prophylactic 
antibiotics and early, aggressive treatment of infections. Mortality rate 
in childhood can be high, and bone marrow transplantation is recom-
mended in severe cases of LAD I.

accumulation of oxygen metabolites that reduce the NBT to a blue-
black compound, which shows in the cell as dark crystals. Neutrophils 
from individuals with CGD cannot mobilize a respiratory burst, so 
no dark crystals appear.31

The dihydrorhodamine 123 (DHR123) assay using flow cytom-
etry is replacing the NBT test in some laboratories. The DHR123 assay 
(also referred to as the neutrophil oxidative burst assay), incubates 
granulocytes with bacteria and the dye DHR123.32 After the neutro-
phils phagocytize the bacteria, they activate nicotinamide adenine 
dinucleotide phosphate oxidase and produce reactive oxygen metab-
olites (the respiratory burst). These metabolites oxidize DHR123 to 
fluorescent rhodamine 123, which is detected by flow cytometry. In 
healthy adults, the reference interval for granulocytes with phagocytic 
activity is 80–100%.

Myeloperoxidase Deficiency
Myeloperoxidase deficiency is, for the most part, a benign autosomal 
recessive disorder characterized by an absence of myeloperoxidase in 
neutrophils and monocytes. Although neutrophils use myeloperoxi-
dase in the bactericidal process, an increase in infections is not usually 
seen in myeloperoxidase deficiency, even in homozygous individuals. 
The neutrophils are able to utilize alternative antimicrobial systems 
to kill the microorganisms (although somewhat more slowly) (Chap-
ter 7). However, patients with myeloperoxidase deficiency and dia-
betes mellitus can experience disseminated fungal infections (usually 
with Candida albicans).33

Certain hematology analyzers can detect the presence or absence 
of myeloperoxidase in a two-stage cytochemical reaction that dif-
ferentiates cells based on stain and size characteristics. Regarding 
myeloperoxidase, neutrophils, eosinophils, and monocytes are usu-
ally positive and basophils and lymphocytes are negative. The neutro-
phils in patients with myeloperoxidase deficiency are depicted as large, 
unstained cells. On peripheral blood smears, the neutrophils appear 
morphologically normal.

Leukocyte adhesion Deficiency
Two forms of leukocyte adhesion deficiency are LAD I and LAD 
II. LAD I is a rare, autosomal recessive disorder characterized 
by decreased or absent leukocyte cell-surface adhesion proteins 
(b2@integrins, also termed CD11/CD18 complex) (Chapter  7). 
Neutrophils from patients with LAD I have multiple functional 
defects, including impaired adhesion to endothelial cells, chemo-
taxis, phagocytosis, respiratory burst activation, and degranulation. 
Because of defective adhesion proteins, the neutrophils cannot 
adhere to endothelial cells of the blood vessel walls and exit the 
circulation. In addition, LAD I neutrophils are not able to recognize 
the presence of the complement C3bi fragment on microorganisms, 
so phagocytosis is not stimulated. LAD II also is a rare autosomal 
recessive disorder characterized by failure of endothelial cells to 
synthesize the ligand for leukocyte L-selectin (Sialy@Lex). Leukocyte 
function is normal, but the cells fail to adhere to the vessel wall 
endothelium and cannot exit the circulation to enter the tissues in 
host defense responses.

Features of both LAD I and II include recurrent soft tissue bacte-
rial and fungal infections with persistent leukocytosis and granulocy-
tosis due to increased stimulation of the bone marrow. The frequency 
and severity of the infections in LAD I depends on the amount of 

Explain how you can determine whether toxic granulation 
and vacuoles in the neutrophils are due to the patient’s 
condition or to artifact.

checkpoint 21-6

eosiNoPhiL DisorDers
Disorders involving exclusively eosinophils are rare. An increase in 
the circulating number of these cells can indicate a potentially seri-
ous condition. Because the lower limit of the reference interval is very 
low, a decrease is difficult to determine and is probably not significant. 
Eosinopenia can be seen in acute infections and inflammatory reac-
tions and with the administration of glucocorticosteroids. Glucocor-
ticosteroids and epinephrine inhibit eosinophil release from the bone 
marrow and increase their margination.34 Eosinophilia can be classi-
fied as clonal (neoplastic, also called primary) or idiopathic (unknown 
cause and clonality cannot be identified).35

Nonclonal (Reactive) Eosinophilia
Eosinophilia refers to an increase in eosinophils above 
70.4 * 109/L. Reactive eosinophilia appears to be induced by cyto-
kines secreted from T lymphocytes. This type of eosinophilia is poly-
clonal and the common myeloid progenitor (CMP) cell is normal. 
Various conditions associated with the cellular immune response 
(mediated by T  lymphocytes) are characterized by eosinophilia 
including tissue-invasive parasites, allergic conditions, respiratory 
tract disorders, gastrointestinal diseases, and skin and connective 
tissue disorders and diseases.36 Parasites are the most common 
cause of secondary eosinophilia worldwide. When the eosinophil 
concentration is high and immature forms are present, the blood 
picture can resemble that seen in chronic eosinophilic leukemia 
(Chapter 24). The conditions associated with eosinophilia are listed 
in Table 21-9 ★.

Tissue invasion by parasites produces an eosinophilia more pro-
nounced than parasitic infestation of the gut or blood. Eosinophils are 
especially effective in fighting tissue larvae of parasites; they  readily 
adhere to larvae coated with IgG, IgE, and/or complement. Larvae are 
too large for phagocytosis, so the eosinophil molds itself around the 
larva to destroy it. Intracellular eosinophilic granules fuse with the 
eosinophil membrane and expel their contents into the space between 
the cell and the larva. The granular substances attack the larva wall, 
partially digesting it.37,38

A moderate increase in eosinophils frequently characterizes 
allergic disorders (asthma, dermatitis, and drug reactions). Large 
numbers can also be found in nasal discharges and sputum of allergic 
individuals as well as in the peripheral blood.
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reducing the eosinophil count. HES is most commonly seen in males 
(790%) and is rarely seen in children.35

Idiopathic HES must be differentiated from reactive eosinophil-
ias and clonal eosinophilias (such as eosinophilic leukemia). Eosino-
philic leukemia usually presents with myeloblasts and eosinophilic 
myelocytes, whereas idiopathic HES and reactive eosinophilia pres-
ent with mature eosinophils. In addition, an abnormal clonal chro-
mosome karyotype or molecular mutation suggests eosinophilic 
leukemia or another clonal variant rather than idiopathic HES or 
reactive eosinophilia (Chapter 24).

basoPhiL aND Mast CeLL DisorDers
Both basophils and mast cells are important in inflammatory and 
immediate allergic reactions because they are both able to release 
inflammatory mediators. Their cytoplasmic granules can be stimu-
lated for release by many of the same mediators. In addition to inflam-
matory mediators common to both cell types, each has individual 
unique mediators. Extracellular degranulation of inflammatory medi-
ators can be induced by physical destruction of the cell, chemical sub-
stances (toxins, venoms, proteases), endogenous mechanisms (tissue 
proteases, cationic proteins), and immune mechanisms. The immune 
mechanisms can be IgE-dependent (IgE binds to high-affinity recep-
tors on these cells) or IgE-independent (triggered by complement 
fragment C5a binding to C5a receptors on these cells).

The number of basophils and mast cells increases at sites of inflam-
mation. Basophils migrate from the blood by adhering to the endothelium 
(mediated by several families of adhesion molecules and receptors).40

Basophilia refers to an increase in basophils 70.2 * 109/L and 
is associated with immediate hypersensitivity reactions and chronic 
myeloproliferative disorders (Table 21-9, Figure 21-13 ■). An absolute 
basophilia is often helpful in distinguishing CML from a leukemoid 
reaction or other benign leukocytosis. A basophil count exceeding 80% 
of the total leukocyte population and the absence of the Philadelphia 

Eosinophilia also accompanies a disorder termed pulmonary 
infiltrate with eosinophilia (PIE) syndrome characterized by asthma, 
pulmonary infiltrating eosinophils, central nervous system anoma-
lies, peripheral neuropathy, polyateritis nodosa, and local or systemic 
eosinophilia. This syndrome can be produced by parasitic or bacterial 
infections, allergic reactions, or collagen disorders. In some cases, no 
cause can be found.39

Clonal (Neoplastic) Eosinophilia
Primary eosinophilia is characterized by a persistent blood eosino-
philia of 71.5 * 109/L with tissue infiltration (Figure 21-12 ■). It 
may be a clonal myeloid or lymphoid neoplastic disorder with muta-
tions in genes that code for platelet derived growth factor receptor 
(PDGFR) or fibroblast growth factor receptor 1 (FGFR1). These 
disorders are considered myeloproliferative neoplasms and are dis-
cussed in Chapter 24. In other cases, the cause for the eosinophilia is 
unknown and clonality cannot be proven. These disorders are collec-
tively known as idiopathic hypereosinophilic syndrome (HES). 
The identification of genetic mutations has decreased the number of 
cases that are considered idiopathic.36

Chronic eosinophilia can cause extensive tissue damage as the 
granules are released from disintegrating eosinophils. In many HES 
cases, large numbers of circulating eosinophils damage the heart. 
Charcot-Leyden crystals formed from either eosinophil cytoplasm or 
granules can be found in exudates and tissues where large numbers of 
eosinophils migrate and disintegrate. Treatment of HES with cortico-
steroids, hydroxyurea, and/or a@interferon is sometimes effective in 

Eosinopenia Acute infections, inflammatory reactions, administra-
tion of glucocorticosteroids

Eosinophilia

  Nonclonal 
(reactive)

Parasitic infection

Allergic conditions, especially asthma, dermatitis, 
and drug reactions

  Clonal 
(neoplastic)

CEL, NOS, eosinophilia with abnormalities of  
pDgfra, pDgfrB, or fgfr1, and eosinophilia  
that occurs in other MPNs

 Idiopathic No known cause

Basopenia Inflammatory states following immunologic reactions

Basophilia Immediate hypersensitivity reactions
Endocrinopathies
Infectious diseases
Chronic myeloproliferative disorders, especially Cml; 
chronic basophilic leukemia

Mastocytosis Immediate hypersensitivity reactions
Connective tissue disorders
Infectious diseases
Neoplastic disorders such as lymphoproliferative 
diseases and hematopoietic stem cell diseases

CEL, NOS = chronic eosinophilic leukemia, not otherwise specified;  
CML = chronic myeloid leukemia; fgfr1 = fibroblast growth factor receptor 1; 
MPN = myeloproliferative neoplasm; pDgfr = platelet-derived growth factor 
receptors (pDgfra, pDgfrB)

★ tabLe 21-9 Conditions Associated with 
Quantitative Changes of Eosinophils, Basophils, 
and Mast Cells

■  Figure 21-12 Hypereosinophilic syndrome. Note 
that the cells are all mature eosinophils (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).
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proliferation of monocytes occurs in acute monocytic leukemia and 
acute and chronic myelomonocytic leukemia (Chapters  24, 26).

Monocytopenia refers to a concentration of monocytes 
60.2 * 109/L and is found in stem cell disorders such as aplastic 
anemia. Monocytopenia is difficult to establish because of the low 
normal levels of these cells.

Qualitative Disorders
Lysosomal storage disorders include a large group of inherited 
disorders. All nucleated cells contain lysosomes used as a part of the 
cell’s recycling system. Lysosomes contain various enzymes (includ-
ing glucosidases, lipases, proteases, and nucleases) that are involved in 
degradative processes. Defects in any of these enzymes can lead to the 
accumulation of either nondegraded substrates or catabolic products 
that are unable to be transported out of the lysosome. This accumula-
tion can lead to cell dysfunction and pathological phenotypes. Most 
of these disorders are inherited in an autosomal recessive pattern.41

The type of storage material that accumulates (glycoproteins, 
glycosphingolipids, mucolipids, mucopolysaccharides, etc.) can be 
used to classify lysosomal storage disorders. Based on this accumu-
lated storage material, there are two main categories: mucopoly-
saccharidoses (MPS) and lipidoses. Many of these disorders cause 

chromosome and/or BCR/ABL1 gene rearrangement suggests the 
diagnosis of acute basophilic leukemia, an extremely rare condition.

A decrease in basophils is even more difficult to establish than 
eosinopenia. Scanning a blood smear with 100*  magnification will 
reveal a rare basophil in normal individuals. Decreases in basophils 
are seen in inflammatory states and following immunologic reactions.

Mastocytosis can be found in a number of disorders in which 
the number of mast cells is increased as much as fourfold in affected 
tissues (most commonly the skin) and in conjunction with certain 
neoplastic disorders (Table 21-9). No clinical disorder that involves a 
decrease in mast cells numbers has been identified; however, long-term 
treatment with glucocorticoids can lower the number of mast cells.40

■  Figure 21-13 Peripheral blood from a patient with 
CML and 30% basophils (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).

■  Figure 21-14 Peripheral blood from a patient with reac-
tive monocytosis showing two reactive monocytes (periph-
eral blood, Wright-Giemsa stain, 1000*  magnification).

Neoplastic Myelodysplastic/myeloproliferative neoplasms

 Chronic myelomonocytic leukemia

 Juvenile myelomonocytic leukemia

 Chronic myelogenous leukemia

 Acute monocytic, myelomonocytic,  
and myelocytic leukemias

Reactive Inflammatory conditions

Collagen diseases

Immune disorders

Certain infections (e.g., TB, syphilis)

Monocytopenia Stem cell disorders such as aplastic anemia

★ tabLe 21-10 Conditions Associated  
with Quantitative Changes of Monocytes

Why are the basophil and eosinophil counts important when 
assessing the benign or neoplastic nature of a disorder?

checkpoint 21-7

MoNoCyte/MaCroPhage DisorDers
Quantitative disorders are associated with monocytes, whereas quali-
tative disorders are associated with both monocytes and macrophages. 
The qualitative disorders are inherited lysosomal storage disorders.

Quantitative Disorders
Monocytosis occurs when the absolute monocyte count is  
7 0.8 * 109/L (Figure 21-14 ■). It is seen most often in inflamma-
tory conditions and certain malignancies (Table 21-10 ★). Mono-
cytosis occurring in the recovery stage of acute infections and in 
agranulocytosis is considered a favorable sign. Monocytes also play 
an important role in the cellular response against mycobacterium 
in tuberculosis.

Unexplained monocytosis has been reported to be associated 
with as many as 62% of all malignancies. Monocytosis can be seen in 
myelodysplastic states, acute myeloid leukemia, and chronic myeloid 
leukemia and in approximately 25% of Hodgkin lymphomas. In these 
conditions, the monocyte is probably a part of a reactive process to the 
neoplasm rather than a part of the clonal neoplasm itself. Neoplastic 
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are greatly enlarged. The disease is often fatal by 3 years of age. In 
Niemann-Pick type A and type B disease, the defect is a deficiency 
of sphingomyelinase (an enzyme needed to break down lipids), 
resulting in excessive sphingomyelin storage. Macrophages with a 
foamy appearance are found in lymphoid tissue and the bone mar-
row (Figure 21-16 ■). The foam cells are large (20–100 mcM) with 
an eccentric nucleus and globular cytoplasmic inclusions. Leukopenia 
and thrombocytopenia can occur from increased sequestration by 
the enlarged spleen, and blood lymphocytes can contain several 
vacuoles that are lipid-filled lysosomes.43

Miscellaneous Lysosomal storage Disorders
Tay-Sachs disease, Sandhoff disease, and Wolman’s disease are inher-
ited lipid storage diseases and Hurler’s and Hunter’s syndromes are 
inherited MPS. These disorders are characterized by a deficiency of 
one or more enzymes that metabolize lipids or mucopolysaccharides. 
As a result of these enzyme deficiencies, abnormal concentrations of 
these macromolecules accumulate in the lysosomes of tissue cells. 
These conditions affect mostly nonhematologic tissue and are often 
fatal. There are no specific findings in the peripheral blood. Lipid-
laden macrophages can be present in the bone marrow.44

histiocytoses
Two different types of cells are known as histiocytes: Langerhans 
cells/dendritic cells and monocytes/macrophages. Both cell types are 
antigen processing and antigen presenting and share a common pro-
genitor. The three classes of histiocytoses are class I—Langerhans cell 
histiocytoses (LCH); class II—non-Langerhans histiocytoses (non-
LCH), which encompasses the histiocytoses of mononuclear phago-
cytes; and class III—malignant histiocytoses.

The Langerhans cell is an immature dendritic cell usually found 
in the epidermis, oral and vaginal mucosa, and lungs. They differ from 
other tissue cells by characteristic racquet-shaped structural inclu-
sions known as Birbeck granules. Monocyte/macrophage histiocytes 
contribute to reactive (in response to an inflammatory stimulus) and 

detectable morphology in granulocytes (see the section “Alder-Reilly 
Anomaly” earlier in this chapter) and monocytes/macrophages. Dis-
orders based on the presence of abnormal macrophages in hemato-
logic tissue, a common presenting feature, include Gaucher disease, 
Niemann-Pick disease, and sea-blue histiocytosis (see “Histiocytoses” 
section). In MPS, the accumulating macromolecules are found pri-
marily in connective tissue.

gaucher Disease
Gaucher (pronounced go-shay) disease is an inherited autosomal 
recessive disorder characterized by a deficiency of b@glucosidase (an 
enzyme needed to break down the lipid glucocerebroside). In this 
disease, the macrophage is unable to digest the stroma of ingested 
cells, and the lipid glucocerebroside accumulates. The clinical find-
ings (splenomegaly and bone pain) of the disease are related to the 
accumulation of this lipid in macrophages mainly in the spleen, 
liver, and bone marrow. The macrophages (Gaucher cells) are large 
(209100 mcM [mM]) with small eccentric nuclei, and the cytoplasm 
appears wrinkled or striated (Figure 21-15 ■).42 The spleen and liver 
can become greatly enlarged. Leukopenia, thrombocytopenia, and 
anemia can occur from sequestration by an enlarged spleen. Diagno-
sis of Gaucher disease is determined upon detection of insufficient 
b@glucosidase enzyme activity in peripheral blood leukocytes.42

Cells similar to Gaucher cells can be found in the marrow of 
individuals with a rapid granulocyte turnover, especially in chronic 
myeloid leukemia. The accumulation of lipid in these disorders does 
not result from enzyme deficiency but from the inability of the macro-
phage to keep up with the flow of fat into the cell from the increased cell 
turnover. Differential diagnosis of Gaucher disease can be confirmed 
by demonstrating decreased leukocyte b@glucosidase activity, whereas 
the enzyme level is normal or increased in myeloproliferative disorders.

Niemann-Pick Disease
Niemann-Pick disease includes a group of rare disorders that are 
related autosomal recessive diseases. Signs of the disease begin 
in infancy with poor physical development. The spleen and liver 

■  Figure 21-15 Gaucher macrophages in bone 
 marrow (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

■  Figure 21-16 Macrophage in the bone marrow of a 
patient with Niemann-Pick disease. Note the foamy cyto-
plasm with inclusions (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).
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malignant disorders. Reactive macrophage histiocytes can be seen in 
benign proliferative diseases (xanthoma disseminata, juvenile xantho-
granuloma), in nonmalignant hemophagocytic diseases (fulminant 
hemophagocytic syndrome, histiocytosis with massive lymphadenop-
athy), and in several of the storage disorders (Gaucher, Niemann-Pick, 
and sea-blue histiocytosis).

Sea-blue histiocytosis syndrome is a rare inherited disor-
der characterized by splenomegaly and thrombocytopenia. Sea-blue 
staining macrophages laden with lipid are found in the liver, spleen, 
and bone marrow (Figure 21-17 ■). The cell is large (in diameter) 
with a dense eccentric nucleus and cytoplasm that contains blue or 
blue-green granules. Considerable variation in clinical manifestations 
is present, but in most patients, the course of the disease is benign. 
Sea-blue histiocytes can also be seen in a variety of disorders of lipid 
metabolism and in association with various other disorders including 
Niemann-Pick disease, some hematopoietic diseases, and in certain 
infections.

■  Figure 21-17 Sea-blue histiocyte from bone 
 marrow (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

Summary
Leukocytes respond to toxic, infectious, and inflammatory pro-
cesses to defend the tissues and limit and/or eliminate the dis-
ease process or toxic challenge. This can involve a change in 
leukocyte concentration, most often increasing one or more 
leukocyte types (depending on the cell’s function). Thus, a dif-
ferential count and the total leukocyte count aid in diagnosis.

Neutrophilia, an increase in neutrophils, most often occurs 
as a result of a reaction to a physiologic or pathologic process 
(most commonly, bacterial infection). Tissue injury or inflamma-
tion can also cause a neutrophilia. Neutropenia, a decrease in 
neutrophils, is less commonly encountered. It can be caused by 
drugs, immune mechanisms, or decreased bone marrow pro-
duction. Several inherited conditions are characterized by neu-
tropenia and recurrent infections. Morphologic abnormalities of 
neutrophils can be found in infectious states and are important 
to identify on stained blood smears. These include Döhle bod-
ies, toxic granulation, and cytoplasmic vacuoles. Other morpho-
logic abnormalities include pince-nez cells found in Pelger-Huët 
anomaly and morulae found in ehrlichiosis.

functional and morphologic abnormalities of the leukocyte 
characterize a number of inherited conditions. Defects in the 
generation of oxidizing radicals after phagocytosing bacteria 
characterize chronic granulomatous disease and myeloperoxi-
dase deficiency. Leukocyte adhesion deficiency I (LAD I) is iden-
tified by the absence of leukocyte cell-surface adhesion proteins 
that inhibit the adhesion of neutrophils to endothelial cells so 
the neutrophils cannot exit the blood. Other rare leukocyte 
functional abnormalities include Alder-Reilly, Chédiak-Higashi, 
and May-Hegglin anomalies.

Eosinophils increase in infections with parasites, aller-
gic conditions, hypersensitivity reactions, cancer, and chronic 
inflammatory states. Basophilia is seen in hypersensitivity reac-
tions, infections, and chronic myeloproliferative disorders, espe-
cially chronic myelogenous leukemia. Monocytosis is found in a 
wide variety of conditions, especially malignancies. Macrophage 
disorders are commonly associated with a group of lysosomal 
storage disorders in which these cells are unable to completely 
digest phagocytosed material.
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Review Questions
Level i

 1. Which of the following hematologic values would you 
expect if the peripheral blood smear revealed toxic granu-
lation, Döhle bodies, and vacuoles in neutrophils? (Objec-
tives 1, 2)

 A. WBC: 4.0 * 109/L

 B. the differential shows 15% bands

 C. the differential shows 20% eosinophils

 D. hb: 10 g/dl; platelets 20 * 109/L

 2. The white count in an adult is 2.0 * 109/L. The differential 
shows 60% segmented neutrophils. Which of the following 
correctly describes these results? (Objective 6)

 A. normal

 B. leukocytosis and neutrophilia

 C. leukopenia with normal number of neutrophils

 D. leukopenia and neutropenia

 3. Which of the following is the most common cause of neu-
trophilia? (Objective 1)

 A. bacterial infection

 B. acute leukemia

 C. chemotherapy

 D. aplastic anemia

 4. Blue-gray oval inclusions composed of RNA near the 
periphery of neutrophils is a description of: (Objective 3)

 A. toxic granules

 B. Döhle bodies

 C. vacuoles

 D. primary granules

 5. Which of the following is a common reason for neutropenia 
in hospitalized patients? (Objective 6)

 A. chronic myeloproliferative disorders such as CML

 B. chemotherapy and/or radiation treatment for cancer

 C. childbirth

 D. lack of exercise

 6. Which of the following causes a false neutropenia? 
(Objective 7)

 A. EDTA-induced agglutination

 B. bone marrow aplasia

 C. splenomegaly

 D. immune neutropenia

 7. Which of the following can be used to distinguish a leuke-
moid reaction from CML? (Objective 5)

 A. a total WBC count 725 * 109/L

 B. the presence of immature cells of the myeloid lineage

 C. LAP stain

 D. presence/absence of autoantibodies

 8. Which of the following is a common cause of eosinophilia? 
(Objective 10)

 A. parasitic infection

 B. eosinophilic leukemia

 C. CML

 D. acute hemorrhage

 9. What substances build up and are ingested by macro-
phages in qualitative macrophage disorders such as Gau-
cher disease? (Objective 11)

 A. proteins

 B. carbohydrates

 C. lipids

 D. rough endoplasmic reticulum

 10. Distinct, large, unidentified inclusions are found in the 
cytoplasm of many granulocytes. Select the best course 
of action. (Objective 9)

 A. Ignore them because they probably are not significant.

 B. Report them as intracellular yeast.

 C. Suspect rare or unusual conditions such as 
Chédiak-Higashi.

 D. Report them as toxic granulation.

Level ii

Use the following case study to answer review questions 
1–5.

A patient’s white count is 30.0 * 109/L. The differential is 
as follows:

Segmented neutrophils 54%
Band neutrophils 10%
Metamyelocytes 2%
Lymphocytes 26%
Monocytes 5%
Eosinophils 3%
6 Nucleated RBCs/100 WBCs
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 8. Pelger-Huët anomaly can be differentiated from an increase 
in band neutrophils by: (Objectives 5, 11)

 A. flow cytometry for the presence of CD11b

 B. abnormal inclusions found in cells other than 
neutrophils

 C. other CBC parameters abnormal (RBC, HCT, or PLT)

 D. finding all bilobed segmented neutrophils

 9. Chédiak-Higashi can be differentiated from intracellular 
yeasts or morulae by: (Objectives 6, 7, 11)

 A. presence of giant platelets

 B. abnormal inclusions in neutrophils and lymphocytes

 C. other CBC parameters abnormal (RBC, HCT, or PLT)

 D. lack of glucosidase enzyme activity

 10. An adult patient’s white blood cell count was 10.1 * 109/L, 
and the absolute neutrophil count was 1.3 * 109/L. The 
medical laboratory scientist who analyzed the data sus-
pected a false neutropenia and requested a redraw for 
the patient. Which of the following could have caused the 
medical laboratory scientist to question the CBC results? 
(Objective 4)

 A. The blood specimen was drawn 6 days before testing.

 B. The patient’s history indicated hypersplenism.

 C. The neutrophil count was too high for an adult.

 D. The patient suffered from congenital neutropenia.

 11. Leukemia can be differentiated from infection by: 
(Objectives 2, 11)

 A. lack of glucosidase enzyme activity in monocytes

 B. a shift to the left in granulocytic cells

 C. a leukocyte alkaline phosphatase stain

 D. flow cytometry for the presence of CD11b

 12. A sample with toxic vacuoles can be differentiated from a 
sample with prolonged storage by: (Objectives 4, 6, 11)

 A. presence of other toxic features (leukocytosis, toxic 
granulation, Döhle bodies, vacuoles)

 B. abnormal inclusions found in lymphocytes

 C. other abnormal CBC parameters (RBC, HCT, or PLT)

 D. family history

 1. Select the additional information most important to assess 
whether these results are normal or indicate a disease pro-
cess. (Objective 1)

 A. platelet count

 B. LAP stain

 C. patient history

 D. patient age

 2. Which of the following correctly describes the absolute 
neutrophil count for the patient? (Objectives 1, 12)

 A. normal for both an infant and an adult

 B. neutrophilia for both an infant and an adult

 C. normal for an infant and neutrophilia for an adult

 D. normal for an adult and neutrophilia for an infant

 3. Which of the following correctly describes the neutrophil 
concentration if the patient is an infant? (Objective 1)

 A. pseudo-neutrophilia

 B. leukemoid reaction

 C. leukoerythroblastic reaction

 D. physiologic neutrophilia

 4. Which of the following correctly describes the differential 
if the patient is an adult? (Objective 1)

 A. pseudo-neutrophila

 B. leukoerythroblastic reaction

 C. agranulocytosis

 D. physiologic neutrophilia

 5. A leukoerythroblastic reaction can be associated with: 
(Objectives 1, 2, 12)

 A. chronic granulomatous disease

 B. Chédiak-Higashi syndrome

 C. severe hemolytic anemia

 D. leukocyte adhesion deficiency

 6. Alder-Reilly anomaly can be differentiated from toxic gran-
ulation by: (Objectives 7, 11)

 A. presence/absence of other toxic features (leukocyto-
sis, toxic granulation, Döhle bodies, vacuoles)

 B. the presence of hypersegmentation in neutrophils

 C. other CBC parameters abnormal (RBC, HCT, or PLT)

 D. patient symptoms related to an allergic reaction

 7. May-Hegglin can be differentiated from conditions with 
toxic Döhle bodies by: (Objectives 7, 11)

 A. presence of thrombocytosis

 B. presence or absence of other toxic features such as 
toxic granulation

 C. foam cells in the bone marrow

 D. patient history of recent trauma
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the infectious agent and describe the clinical symptoms 

associated with infectious mononucleosis.
 2. Describe and recognize the reactive morphology of lymphocytes found 

in infectious mononucleosis.
 3. Relate the heterophile antibody test to infectious mononucleosis.
 4. Given a differential and leukocyte count, calculate an absolute lympho-

cyte count and differentiate it from a relative lymphocyte count.
 5. Identify reactive cell morphology associated with viral infections, and 

compare it to normal lymphocyte morphology.
 6. Describe clinical symptoms of disorders in which a leukocytosis is 

caused by lymphocytosis.
 7. State the complications associated with cytomegalovirus (CMV) 

infections.
 8. Identify absolute and relative lymphocytopenia and lymphocytosis, and 

list conditions associated with these abnormal counts.
 9. Explain the pathophysiology of HIV infections, and describe how it 

affects lymphocytes.
 10. Describe the abnormal hematological findings associated with AIDS.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Assess and resolve/explain conflicting results from peripheral blood 

morphology and serologic tests in suspected Epstein-Barr virus (EBV) 
infection.

 2. Describe the pathophysiology of infectious mononucleosis.
 3. Assess and correlate antibody titers found in infectious mononucleosis 

with respect to the various EBV viral antigens.
 4. State the pathophysiology of toxoplasmosis infections, and explain the 

resulting lymphocytosis.
(continued)
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 9. Explain the cytopenia, identify the defect, and recognize 
the laboratory features in congenital qualitative disorders 
of lymphocytes.

 10. Evaluate a case study from a patient with a lymphoprolif-
erative disorder and conclude from the medical history and 
laboratory results the most likely diagnosis for the disorder.

 11. Identify the cytokine associated with hyper IgE syndrome 
(HIES) and explain its role in the pathophysiology of the 
disorder.

Objectives—Level II (continued)

 5. Differentiate benign lymphocytic leukemoid reactions 
from neoplastic lymphoproliferative disorders by labora-
tory results and characteristics of cell morphology.

 6. Define the pathophysiology of CMV infection, and give 
clinical findings associated with it.

 7. In Bordetella pertussis infection, propose the cause of 
lymphocytosis and recognize laboratory features associ-
ated with it.

 8. Assess a patient case using the AIDS case surveillance 
criteria of the Centers for Disease Control and Prevention 
(CDC) and recommend appropriate laboratory testing.

We will refer to this case study throughout the chapter.

Heidi, a 54-day-old female, was admitted to the hospi-
tal because of recurrent respiratory distress and failure 
to gain weight. She was born prematurely at 35 weeks 
gestation by urgent Cesarean section. Her mother was 
immune to rubella and had negative serologic tests for 
syphilis.

Consider why the lymphatic system should be evalu-
ated in this child and the possible etiology of repeated 
respiratory problems.

CaSe Study Overview
This chapter discusses benign conditions associated with quantita-
tive and qualitative alterations in lymphocytes and describes infec-
tious mononucleosis and other acquired disorders characterized by 
lymphocytosis. A discussion of lymphocytopenia and immune defi-
ciency states, both acquired and congenital, follows. Emphasis is on 
the laboratory features that allow the diseases to be diagnosed and 
differentiated from neoplastic lymphoproliferative disease.

intrOduCtiOn
Evidence of disease, especially infectious disease, can be observed 
by finding abnormal concentrations of lymphocytes and/or reactive 
lymphocytes on a peripheral blood smear. This finding helps direct 

Key Terms
Acquired immune deficiency 

syndrome (AIDS)
Advanced HIV disease (AHD)
Bordetella pertussis
Cytomegalovirus (CMV)
Epstein-Barr virus (EBV)

Heterophile antibody
Hyper IgE syndrome (HIES)
Immunosuppressed
Infectious mononucleosis
Lymphocytic leukemoid 

reaction

Opportunistic  
organisms

Persistent polyclonal  
B-cell lymphocytosis  
(PPBL)

Reactive lymphocytosis

Severe combined 
immunodeficiency  
(SCID) syndrome

Toxoplasmosis
Viral load

level ii
• Describe the process of t and B lymphocyte differentiation 

and the function of each subtype, summarize the structure and 
function of each of the immunoglobulins, and describe the 
immune response. (Chapter 8)

• Describe the structure and function of the hematopoietic 
organs and tissue. (Chapter 3)

• explain the principle and the application of direct 
 antiglobulin tests in diagnosis of immune-mediated  
anemia. (Chapter 19)

Background Basics
The information in this chapter builds on the concepts learned in 
previous chapters. To maximize your learning experience, you should 
review the following concepts before starting this unit of study:

level i
• Describe normal and reactive lymphocyte morphology and 

identify the distinguishing characteristics of T and B lympho-
cytes. (Chapter 8)

• Calculate absolute cell counts and summarize the relationship 
between the hematocrit and hemoglobin. (Chapters 7, 10)

• Define antigen and antibody, describe their roles in infec-
tious and noninfectious diseases, and summarize the immune 
response. (Chapter 8)
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the physician’s subsequent workup of the patient and aids in the ini-
tiation of appropriate therapy. Most disorders affecting lymphocytes 
are acquired and are characterized by a reactive lymphocytosis. Some 
acquired disorders result in a lymphocytopenia that can compromise 
the function of the immune system. In acquired disorders affecting 
lymphocytes, the change in lymphocyte concentration and morphol-
ogy is a reactive process. In contrast, in congenital disorders involving 
lymphocytes, the primary defect is within the lymphocytic system.

lyMphOCytOSiS
Lymphocytosis, an increase in lymphocytes, can result from a relative 
or absolute increase in lymphocytes. Absolute lymphocytosis occurs in 
adults when the lymphocyte count exceeds 4.8 * 109/L and relative 
lymphocytosis is present when the lymphocyte differential exceeds 
35–45% (differs with race). An absolute lymphocytosis can occur 
without relative lymphocytosis, and a relative lymphocytosis can 
occur without absolute lymphocytosis. The lymphocyte concentra-
tion in children is normally higher than in adults and varies with the 
child’s age (Table B, inside front cover). Lymphocytosis can occur with 
or without a leukocytosis.

Lymphocytosis is usually a self-limiting, reactive process that 
occurs in response to an infection or inflammatory condition. Both 
T and B lymphocytes are commonly affected, but their function 
remains normal. Occasionally, viral infections can cause functional 
impairment of the lymphocytes, yielding both a qualitative disorder 
and quantitative changes.

Once lymphocytes have been stimulated by an infection or 
inflammatory condition, they enter various states of activation, result-
ing in a morphologically heterogeneous population of cells on stained 
blood smears (Figure 22-1 ■). These activated cells can appear large 
with irregular shapes and cytoplasmic basophilia, and granules and 
vacuoles can be seen. The nuclear chromatin usually becomes more 
dispersed (Chapter 8). Cells with these activation features are com-
monly referred to as reactive or atypical lymphocytes. The preferred 
term is reactive lymphocytes because these cells are not, in fact, “atypi-
cal.” Occasionally, intense proliferation of lymphoid elements in the 

lymph nodes and spleen occurs, causing lymphadenopathy and sple-
nomegaly, respectively.

T lymphocytes normally compose about 60–80% of peripheral 
blood lymphocytes. Thus, increases in the concentration of T lym-
phocytes are more likely to cause changes in the relative lymphocyte 
count than are increases in B lymphocytes. Absolute lymphocyto-
sis is not usually accompanied by leukocytosis except in infectious 
mononucleosis, Bordetella pertussis infection, cytomegalovirus 
infection, and lymphocytic leukemia. A relative lymphocytosis sec-
ondary to neutropenia that occurs in a variety of viral infections is 
more commonly found. The absolute lymphocyte count is calcu-
lated as:

% Lymphocytes (decimal form) * WBC count (*109/L) 
= Absolute cell count (*109/L)

It is important to differentiate benign conditions associated 
with lymphocytosis from neoplastic or malignant lymphoprolifera-
tive disorders (Table 22-1 ★). The presence of heterogeneous reac-
tive lymphocytes, positive serologic tests for the presence of specific 
antibodies against infectious organisms, and absence of anemia and 
thrombocytopenia favor a benign diagnosis. This chapter includes a 
discussion of the more common disorders associated with a reactive 
lymphocytosis.

■  Figure 22-1 Forms of stimulated lymphocytes from a 
case of infectious mononucleosis. There are two immuno-
blasts (one o’clock and eight o’clock) and a reactive lymph 
(three o’clock) (peripheral blood, Wright-Giemsa stain, 
1000*  magnification).

Benign (nonmalignant) 
Conditions neoplastic Conditions

• Infectious mononucleosis • Acute lymphoblastic leukemia

• B. pertussis infection • Chronic lymphocytic leukemia

• Toxoplasmosis • Hairy cell leukemia

• Persistent polyclonal B-cell  
lymphocytosis

• Heavy chain disease

• Multiple myeloma

• Waldenström’s macroglobulinemia
• Viral infections

  Chicken pox

  Coxsackie virus

  Cytomegalovirus infection

  Measles

  Mumps

  Roseola infantum

  Infectious hepatitis

• Chronic infections

  Tertiary syphilis

  Congenital syphilis

  Brucellosis

• Endocrine disorders

  Thyrotoxicosis

  Addison’s disease

  Panhypopituitarism

• Convalescence of acute infections

• Immune reactions

• Inflammatory diseases

★ taBle 22-1 Conditions Associated 
with Lymphocytosis
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Clinical Findings
Early symptoms include lethargy, headache, fever, chills, sore throat, 
nausea, and anoxia. The classic triad presentation of symptoms are 
fever, pharyngitis, and lymphadenopathy (Table 22-2 ★).2 Children 
younger than 10 years of age are often asymptomatic but have reac-
tive lymphocytes and elevated C-reactive protein (CRP). Increases in 
liver aminotransferases are generally found in children 710 years of 
age.4 The cervical, axillary, and inguinal lymph nodes are commonly 
enlarged. Splenomegaly occurs in 50–75% of these patients, and 
hepatomegaly occurs in about 25%. Occasionally, jaundice develops. 
Hematologic complications that can occur during or immediately 
after the disease include autoimmune hemolytic anemia, thrombocy-
topenia, agranulocytosis, and (very rarely) aplastic anemia. The disease 
is usually self-limiting, resolving within a few weeks.

laboratory Findings
Hematologic findings provide important clues for diagnosis in infec-
tious mononucleosis. Serologic tests can confirm the diagnosis.

peripheral Blood
During active viral infection, an intense proliferation of lymphocytes 
occurs within affected lymph nodes. The leukocyte count is usually 
increased (12925 * 109/L) primarily because of an absolute lym-
phocytosis. Lymphocytosis begins about 1 week after symptoms 
appear, peaks at 2–3 weeks, and remains elevated for 2–8 weeks. 
Lymphocytes usually constitute 750% of the leukocyte differential 
with 720% reactive lymphocytes. The platelet count is often mildly 
decreased; concentrations of 6100 * 109/L are rare.

Various forms of reactive lymphocytes can be found in the 
peripheral blood (Figure 22-2 ■). Typical cells are irregular in shape 
and have large amounts of spreading cytoplasm with irregular baso-
philia. Other reactive cells can have deep blue cytoplasm and vacuoles. 
Immunoblasts are usually present early in the disease. Plasmacytoid 
lymphocytes and an occasional plasma cell also can be found. When 
present, immunoblasts should be distinguished from leukemic lym-
phoblasts to prevent a misdiagnosis. The chromatin pattern of leu-
kemic lymphoblasts is usually finer than the reticular chromatin of 
immunoblasts. In addition, immunoblasts generally have a lower N:C 
ratio with more abundant, sometimes vacuolated, cytoplasm. Another 
important criterion that helps differentiate infectious mononucleosis 
from leukemia is the morphologic heterogeneity of the lymphocyte 

Infectious Mononucleosis
Infectious mononucleosis is a self-limiting lymphoproliferative dis-
ease caused by infection with Epstein-Barr virus (EBV). It usually 
affects young adults; the peak age for infection is 14–24 years. Infection 
in children from lower-income groups usually occurs before 4 years of 
age; in more affluent populations, peak infection incidence occurs dur-
ing adolescence. About 80–90% of adults have had exposure and pos-
sess lifelong immunity. Not considered highly contagious, the disease 
is transmitted through direct contact with saliva that contains EBV.

Cellular immunity (the function of T lymphocytes) is impor-
tant in limiting the viral growth of EBV-infected B lymphocytes. 
Immune-compromised individuals are thus at increased risk of seri-
ous infection. EBV-associated B-cell tumors and lymphoproliferative 
syndromes can occur in transplant patients and patients with acquired 
immune deficiency syndrome (AIDS).1 These patients have severe 
T lymphocyte immunodeficiency. Lacking a T lymphocyte response, 
male children with the rare X-linked lymphoproliferative disorder 
(XLP) are unable to limit EBV infection of B lymphocytes. As a result, 
a fatal polyclonal B lymphocyte proliferation occurs.2

eBv pathophysiology
EBV attaches to a receptor on the B lymphocyte membrane designated 
CD21, which is the receptor for the C3d complement component.1 
The virus infects resting B lymphocytes as well as epithelial cells of 
the oropharynx and cervix. Binding of the virus to the B lymphocyte 
activates the cell and induces the expression of the activation marker 
CD23, which is the receptor for a B lymphocyte growth factor.3 Once 
internalized, the virus is incorporated into the B lymphocyte genome, 
instructing the host cell to begin production of EBV proteins. These 
viral proteins are then expressed on the cell membrane. Thus, EBV-
infected cells express markers of activated B lymphocytes as well as 
viral markers. The viral genome is maintained in the lymphocyte 
nucleus and passed on to the cell’s progeny. This results in EBV-
immortalized B lymphocytes and possible latent infection.

A complex, multifaceted cellular immune response controls 
acute EBV infection. In the first week of illness, a polyclonal increase in 
immunoglobulins occurs. During the second week, however, the num-
ber of immunoglobulin-secreting B lymphocytes decreases because of 
the action of CD8+  T lymphocytes. Activated cytotoxic T cells that 
resemble activated natural killer cells are present early in the disease. 
Cytotoxic T lymphocytes inhibit the activation and proliferation of 
EBV-infected B lymphocytes and participate in the cell-mediated 
immune response. The majority of the reactive lymphocytes seen in 
the peripheral blood are these CD8+  cytotoxic T lymphocytes.

Admission CBC on Heidi was WBC: 7.6 * 109/L; Hct: 
0.55 L/L; Plt: 242 * 109/L; and differential: 84% segs, 2% 
bands, 4% lymphocytes, 8% monocytes, and 2% eosinophils.

1. Does this patient have a leukocytosis or leukopenia?

2. Does this patient have an abnormal lymphocyte 
count? Explain.

CaSe Study (continued from page 409)

Clinical Findings laboratory Findings

• Lymphadenopathy • Leukocytosis

• fever • Lymphocytosis

• Lethargy • Elevated C-reactive protein

• Sore throat • 720% reactive (atypical) lymphocytes

• Splenomegaly • Immunoblasts present

• Headache • Heterophile antibodies present

• Positive antigen tests for EBV

• Elevated aminotransferases (ALT, AST)

★ taBle 22-2 Summary of Typical Clinical and 
 Laboratory Findings in Infectious Mononucleosis
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Stage of 
infection

heterophile 
antibodies

vCa-igM 
(titer)

vCa-igg 
(titer)

eBna 
(titer)

Acute  
(0–3 months)

Present 71:160 71:60 Not 
detected

Recent  
(3–12 months)

Present Not detected 71:160 71:10

Past 
(712 months)

Present Not detected 71:40 71:40

VCA = viral capsid antigen; EBNA = EBV nuclear antigen

★ taBle 22-3 Antibodies to EBV Found in Infectious 
Mononucleosis

A patient with lymphocytosis showing reactive lympho-
cyte morphology with large, basophilic cells, fine chro-
matin, and a visible nucleolus has a negative infectious 
mononucleosis serologic test. What is a possible cause 
for this altered lymphocyte morphology?

CheCkpoint 22-1

and persist together with VCA-IgG (Table 22-3 ★). Thus, the presence 
of EBNA excludes an acute infection.

A patient with all clinical manifestations and peripheral blood 
findings of infectious mononucleosis occasionally does not have a 
positive heterophile test (heterophile-negative syndrome). In 10–20% 
of adult cases and 50% of children younger than 10 years of age, the 
test is negative in the presence of EBV infection. In other cases, the 
 heterophile-negative syndrome is caused by a non-EBV viral infec-
tion. The most likely causative agent is cytomegalovirus. Antibody 
responses might not be detected in immunosuppressed individuals 
(those in whom the immune response is suppressed either naturally, 
artificially, or pathologically).6 Viral load testing can be important in 
immune-compromised patients who develop fulminant liver disease 
when the disease process is not self-limiting.7

Other laboratory tests can be abnormal, depending on the pres-
ence or absence of complications. Hepatitis of some degree is com-
mon and can be a severe complication. An increase in both direct and 
indirect bilirubin fractions and an increase in serum liver enzymes 
are common findings in the presence of hepatitis. A rare complica-
tion of infectious mononucleosis is hemolytic anemia. The anemia 
appears to be caused by cold agglutinins directed against the eryth-
rocyte I-antigen.

therapy
Because the disease is normally self-limited, therapy is supportive. Bed 
rest is recommended if fever and myalgia are present. Strenuous exer-
cise should be avoided for several weeks, especially if splenomegaly is 
present. Antibiotics are not useful except in the presence of secondary 
infections. Antiviral drugs may be helpful for immune-compromised 
individuals.7

population, characteristic of viral infections, whereas leukemia usually 
has a relatively homogeneous cell population.

Other diseases associated with a reactive lymphocytosis can 
mimic the blood picture of infectious mononucleosis. These include 
cytomegalovirus infection, viral hepatitis, and toxoplasmosis.

Bone Marrow
Bone marrow aspirations in EBV infection are not indicated, but 
when performed show hyperplasia of all cellular elements except 
neutrophils.

Serologic tests
Serologic tests (tests based on antigen–antibody reactions) are used to 
differentiate this disease from similar more serious diseases (e.g., diph-
theria, hepatitis). The blood of patients with infectious mononucleosis 
contains greatly increased concentrations of transient heterophile 
antibodies that agglutinate sheep or horse erythrocytes but are not 
specific for EBV5,6 (a heterophile antibody reacts with antigens com-
mon to multiple species). Antibodies specific for EBV can be identi-
fied by first absorbing the nonspecific heterophile antibodies from 
patient serum with guinea pig antigen and testing the absorbed serum 
with horse erythrocytes. The infectious mononucleosis IgM antibod-
ies react with horse erythrocytes. Positive agglutination of horse eryth-
rocytes by treated serum indicates EBV infection. A negative result 
usually indicates infection by some other virus. On occasion, the level 
of antibody is not yet high enough to be detected; therefore, the test 
should be repeated a week later if patient symptoms continue.

Rapid, specific, and sensitive slide agglutination or solid phase 
immunoassay tests are available to determine the presence of infec-
tious mononucleosis heterophile antibodies. The infected individual 
also produces antibodies specific for the viral capsid antigen (VCA) of 
EBV at various stages of infection, which can be detected earlier than 
the heterophile antibodies. VCA-IgM rises first, followed by VCA-IgG, 
which when present, signals the development of immunity.6 Antibod-
ies to EBV nuclear antigens (EBNA) rise during early convalescence 

■  Figure 22-2 Two reactive forms of lymphocytes from 
a case of infectious mononucleosis. Note the cytoplas-
mic vacuoles and cytoplasmic basophilia and irregular 
shapes (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).
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suppress cell-mediated immune function and induce formation of 
autoantibodies that have lymphocytotoxic properties.11 A decrease 
in circulating CD4+  T helper lymphocytes and an increase in CD8+  
cytotoxic T lymphocytes occur.

The Reactive Lymphocytosis Process
A reactive lymphocytosis process, previously called infectious 
lymphocytosis, is a reactive immune response associated with several 
common viruses that infect children. This is most often found with 
adenovirus and coxsackie virus infections.12 Leukocytosis and lym-
phocytosis occur in the first week of illness and subsequently return 
to normal. The lymphocytes are small and appear normal rather than 
reactive.

Bordetella pertussis
Infection with Bordetella pertussis (B. pertussis)—whooping 
cough—causes a blood picture very similar to that of reactive viral 
lymphocytosis (Figure 22-3 ■). The leukocyte count typically rises to 
15925 * 109/L but can reach 50 * 109/L. The rise in leukocytes is 
caused by an absolute lymphocytosis of T, B, and natural killer (NK) 
lymphocytes along with increases in neutrophils and monocytes. 
Granulocytes may show toxic changes. The lymphocytes are small 
cells with condensed chromatin and indistinct nucleoli.13,14

Laboratory diagnostic methods include culture, serology, immu-
nophenotyping, and PCR.13 Culture is the gold standard and is specific 
but not sensitive. The advantage of culture is that it allows antibiotic 
sensitivity testing and epidemiological typing. Serologic diagnosis is 
based on demonstrating antipertussis toxin antibodies. It is preferred 
for older children and adults who present after a prolonged coughing 
illness. PCR for B. pertussis DNA is most sensitive in detecting infec-
tion when used during the first 3 weeks of cough15 and is most useful 
in acutely ill infants.

Toxoplasmosis
Toxoplasmosis is the result of infection with the intracellular proto-
zoan Toxoplasma gondii (T. gondii). This obligate intracellular para-
site can multiply in all body cells except erythrocytes. Infections are 
often asymptomatic but pose a significant risk to the fetus of a pregnant 
woman. Transplacental infection can cause abortion, jaundice, hepa-
tosplenomegaly, chorioretinitis, hydrocephalus, microcephaly, cerebral 
calcification, and mental retardation. Acquired infection can some-
times cause symptoms resembling infectious mononucleosis. T. gondii 
is acquired by ingestion of oocysts from cat feces or from inadequately 
cooked meat. Toxoplasmosis seropositivity is more common in rural 
than urban children.8 Molecular tests for T. gondii DNA are available.

Laboratory findings assist in diagnosis. Leukocytosis with a rela-
tive lymphocytosis or (more rarely) an absolute lymphocytosis, and 
an increase in reactive lymphocytes are present. Most reactive cells are 
morphologically similar to lymphoblasts or lymphoma cells. The het-
erophile antibody test is negative. Biopsy of lymph nodes shows a reac-
tive follicular hyperplasia and can play an important role in diagnosis. 
Diagnosis of an active infection is confirmed by seroconversion and a 
rising titer of antibodies to T. gondii. Immunologically compromised 
hosts have a more severe infection. The most common hematologic 
complication is hemolytic anemia, which can be severe.

Cytomegalovirus
Infection with the herpes-group virus cytomegalovirus (CMV) can 
be the result of congenital or acquired infection. Infection in neonates 
occurs when virus from the infected pregnant woman crosses the pla-
centa and infects the fetus. The newborn can demonstrate jaundice, 
microcephaly, and hepatosplenomegaly. However, only about 10% 
of infected infants exhibit clinical evidence of the disease. The most 
common hematologic findings in neonates are thrombocytopenia and 
hemolytic anemia.

Acquired infection is spread by close contact, blood transfusions, 
and sexual contact. The disease occurs in immunosuppressed individ-
uals, in patients with malignancy, in patients after massive blood trans-
fusions, and in previously healthy adults. It is the most common viral 
infection complicating tissue transplants and is a significant cause of 
morbidity and mortality in immunocompromised patients.9 However, 
recent advances in treatment with antiviral drugs and immunosup-
pressive therapy have dramatically decreased the incidence of CMV 
complications in organ transplantation.10 Infected adults present with 
symptoms similar to those of infectious mononucleosis except that 
pharyngitis is absent. Many cytomegalovirus infections are subclinical 
or cause mild flulike symptoms.

Laboratory findings include a leukocytosis with an absolute 
lymphocytosis. Many lymphocytes show a reactive morphology, but 
the heterophile antibody test is negative. Hepatic enzymes are usually 
abnormal. Diagnosis is confirmed by demonstrating the virus in the 
urine or blood using a viral DNA (molecular) assay or by a rise in 
the cytomegalovirus antibody titer (except in immunocompromised 
patients).

CMV is thought to infect neutrophils, which serve as a means 
of transporting the virus to other body sites. The virus seems to 

■  Figure 22-3 Lymphoproliferation resulting from 
B. pertussis (whooping cough). Note the numerous small 
lymphocytes with condensed chromatin. This self-limiting 
peripheral blood picture must be distinguished from that 
of CLL (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).
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■  Figure 22-4 An immunoblast found in a patient with 
a viral infection. This cell must be distinguished from a 
leukemic lymphoblast (peripheral blood, Wright-Giemsa 
stain, 1000*  magnification).

■  Figure 22-5 A plasmacytoid lymphocyte. Note the 
deep basophilic cytoplasm and eccentric nucleus. These 
cells are associated with infectious states. Note also 
the neutrophil with toxic granulation (peripheral blood, 
Wright-Giemsa stain, 1000*  magnification).

Plasmacytosis
Plasma cells are not normally found in the peripheral blood and 
constitute 64% of the cells in the bone marrow. Most plasma cells 
are found in the medullary cores of lymph nodes although they can 
occasionally be found in the peripheral blood with intense stimula-
tion of the immune system. This can occur in some viral and bacterial 
infections such as rubeola, infectious mononucleosis, toxoplasmosis, 
syphilis, and tuberculosis. Circulating plasma cells also can be found 
in disorders associated with elevated gamma globulin such as multiple 
myeloma, skin diseases, cirrhosis of the liver, collagen disorders, and 
sarcoidosis.

Normal plasma cell morphology is included with the discussion 
of lymphocyte morphology in Chapter 8. A morphologic variation of 
the reactive plasma cell is called the flame cell, named for its reddish-
purple cytoplasm. A glycoprotein produced in the rough endoplasmic 

A pertussis toxin secreted by the bacteria causes an accumula-
tion of lymphocytes in the blood by recruiting lymphocytes into 
the peripheral circulation and blocking their migration back into 
lymphoid tissue. The toxin interferes with expression of L-selectin 
(CD62L) on all leukocytes, but lymphocytes are particularly sensi-
tive. Decreased cellularity of the lymph nodes accompanies the rapid 
peripheral lymphocytosis. The ratio of CD4 to CD8 lymphocytes 
remains normal.14

The incidence of whooping cough infections continues to rise, 
suggesting that pertussis immunizations given in childhood do not 
yield lasting immunity. Studies show that 20–30% of adults with 
a cough that lingers 6–8 weeks are positive for B. pertussis. The 
increased incidence of infections also may be due to increased sensi-
tivity of PCR detections.15 The infections cause a lingering cough in 
adults, and passing it on to infants can be fatal.16

Persistent Polyclonal B-Cell Lymphocytosis
Persistent polyclonal B-cell lymphocytosis (PPBL) is a rare dis-
order found primarily in the female adult smoker. This population is 
found to have a polyclonal expression of lymphocytes. However, there 
often is evidence of an HLA-DR7 haplotype, partial insertion of chro-
mosome 3, i(3q), and multiple IgH/Bcl-2 rearrangements that sug-
gest PPBL could lead to a malignant process.17 The disorder is often 
asymptomatic and found by chance on a routine blood analysis. 
Symptoms can include fever, fatigue, weight loss, recurrent chest infec-
tions, or generalized lymphadenopathy. Hematologic findings are 
normal except for lymphocytosis and the presence of binucleated lym-
phocytes. There is a polyclonal increase in serum IgM but low IgG and 
IgA levels. Bone marrow examination reveals lymphocytic infiltrates. 
Studies that follow patients with PPBL show cases have evolved into 
a variety of malignant lymphoproliferative disorders including non-
Hodgkin lymphoma, diffuse large cell lymphoma, splenic marginal 
zone lymphoma, and other clonal solid tumors.17

Other Conditions Associated 
with Lymphocytosis
Table  22-1 lists other conditions accompanied by a reactive 
lymphocytosis. An increased relative lymphocyte count with 
the presence of reactive or immature-appearing lymphocytes 
(lymphocytic leukemoid reaction) characterizes the lympho-
cytic reactions in these disorders. An absolute lymphocytosis is 
found occasionally. Many of the lymphocytes are large, reactive 
cells with deep blue cytoplasm and fine chromatin, and may show 
cytoplasmic vacuoles (Figure 22-4 ■). Reactive cells are usually 
nonclonal T  lymphocytes and large granular lymphocytes. In 
some viral infections, lymphocytopenia and neutropenia precede 
lymphocytosis. As the infection subsides, plasmacytoid lympho-
cytes can be found (Figure 22-5 ■).

In some cases, a lymphocytic leukemoid reaction resembles 
chronic lymphocytic leukemia (CLL) (Chapter  29). Bone marrow 
aspiration, however, shows minimal (if any) increase in lymphocytes 
in a lymphocytic leukemoid reaction. In contrast to CLL, lymphade-
nopathy and splenomegaly are usually absent. In addition, patients 
with a lymphocytic leukemoid reaction are usually young, whereas 
CLL patients are usually older adults.
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Irradiation causes a prolonged suppression of lymphocyte pro-
duction. CD4+  T helper lymphocytes are more sensitive to radiation 
than are CD8+  T lymphocytes. It appears that small daily fractions 
of radiation are more damaging to lymphocytes than periodic large 
doses. With periodic radiation, the lymphocytes can renew dur-
ing periods of nonradiation. Aggressive treatment of hematologic 
malignancies with chemotherapeutics or ionizing radiation can lead 
to immunodeficiency by depleting short-lived, antigen-activated B 
lymphocytes.

reticulum (RER) causes the red tinge, and the presence of ribosomes 
causes the purple tinge. These cells contain more immunoglobulin 
than normal plasma cells. Flame cells have been associated with IgA 
multiple myeloma but are now recognized in a variety of immune 
pathologies and occasionally are found in normal bone marrow.

Additional plasma cell changes, more often associated with the 
malignant disorders plasma cell leukemia and multiple myeloma, 
are discussed in Chapter 28, “Mature Lymphoid Neoplasms.” These 
include Mott cells, Russell bodies, and Dutcher bodies.

lyMphOCytOpenia
Some disorders are associated with a lymphocytopenia, which occurs 
in adults when the absolute lymphocyte count is 61.0 * 109/L. In 
children younger than 5 years old, the lower limit of the reference 
interval varies, but it is higher than in adults (Table B, inside front 
cover). In general, lymphocyte counts less than 62 * 109/L are abnor-
mal in this population. When the lymphocyte count is decreased, an 
impaired ability to mount an immune response is possible, resulting 
in immunodeficiency.

Lymphocytopenia results from decreased production or 
increased destruction of lymphocytes, changes in lymphocyte circu-
lation patterns, and other unknown causes (Table 22-4 ★).18 Cortico-
steroid therapy causes a sharp drop in circulating lymphocytes within 
4 hours. The decrease is caused by sequestration of lymphocytes in the 
bone marrow. Values return to normal within 12–24 hours after ces-
sation of therapy. Acute inflammatory conditions, including viral and 
bacterial infections, also can be associated with a transient lymphocy-
topenia. Carcinoma of the breast and stomach with an associated lym-
phocytopenia is a poor prognostic sign. Systemic lupus erythematosus 
is frequently associated with a lymphocytopenia presumably caused 
by autoantibodies produced against these cells. Chemotherapeutic 
alkylating drugs for malignancy, such as cyclophosphamide, cause 
the death of T and B lymphocytes in both interphase and mitosis. 
Malnutrition is the most common cause of lymphocytopenia. Starva-
tion causes thymic involution and depletion of T lymphocytes. Both 
congenital and acquired immune deficiency disorders are associated 
with lymphocytopenia.

★  taBle 22-4 Conditions Associated 
with Lymphocytopenia

• Malnutrition
• Disseminated neoplasms
• Connective tissue disease (e.g., systemic lupus erythematosus)
• Hodgkin’s disease
• Chemotherapy
• Radiotherapy
• Corticosteroids
• Acute inflammatory conditions
• Chronic infection (e.g., tuberculosis)
• Congenital immune deficiency diseases
• Acquired immune deficiency diseases
• Acute and chronic renal disease
• Stress

Why is lymphocytopenia a concern if there is no accom-
panying leukopenia?

CheCkpoint 22-2

Immune Deficiency Disorders
Immune deficiency disorders are characterized by impaired func-
tion of one or more of the components of the immune system, T, B, or 
NK lymphocytes. In some disorders, the numbers of these cells also 
is reduced. This results in an inability to mount a normal adaptive 
immune response. These disorders are characterized clinically by 
an increase in infections and neoplasms and can be subgrouped as 
acquired or congenital.

Acquired immune deficiency syndrome (AIDS) is an infectious 
disorder characterized by lymphocytopenia. Because of the frequency 
with which it is encountered in the clinical hematology laboratory, it 
is discussed in more detail next and is followed by a discussion of the 
congenital immune deficiency disorders.

acquired immune deficiency Syndrome
Acquired immune deficiency syndrome (AIDS) is a highly lethal 
immune deficiency disease first described in 1981.19 The disease is 
caused by infection with a retrovirus, human immunodeficiency virus 
type I (HIV-1) or type 2 (HIV-2). Patients experience weight loss, fever, 
lymphadenopathy, thrush, chronic rash, and intermittent diarrhea. 
In the pre-antiretroviral era, patients infected with HIV had a poor 

Heidi weighed 2 pounds 1 ounce at birth. Tests for CMV 
and toxoplasma infections were negative. At 4 days of 
age, she was transferred to a special facility for feeding 
and growth monitoring. She developed a diaper rash 
that failed to respond to many measures. No thrush 
was found. At 44 days, she developed pneumonia from 
coagulase-negative staphylococci that responded to 
antibiotics. Her WBC count was 12.3 * 109/L with a 
differential of segs 42%, bands 5%, lymphocytes 1%, 
monocytes 28%, eosinophils 23%, and basophils 1%.

3. What is the absolute lymphocyte count?

4. What possible causes exist for these opportunistic 
infections?

CaSe Study (continued from page 411)
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• Bacteria infections, multiple or recurrenta

• Candidiasis, bronchi, trachea, or lungs
• Candidiasis, esophageal
• Cervical cancer, invasive
• Coccidioidomycosis, disseminated or extrapulmonary
• Cryptococcosis, extrapulmonary
• Cryptosporidiosis, chronic intestinal (71 month’s duration)
• Cytomegalovirus disease (other than liver, spleen, or nodes)
• Cytomegalovirus retinitis (with loss of vision)
• Encephalopathy, HIV related
• Herpes simplex: chronic ulcer(s) (71 month’s duration) or bronchitis, 

pneumonitis, or esophagitis
• Histoplasmosis, disseminated or extrapulmonary
• Isosporiasis, chronic intestinal (71 month’s duration)
• Kaposi’s sarcoma
• Lymphoma, Burkitt
• Lymphoma, immmunoblastic (or equivalent term)
• Lymphoma, primary, of brain
• Mycobacterium avium complex or M. kansasii (disseminated or 

extrapulmonary)
• Mycobacterium tuberculosis, any site (pulmonary or extrapulmonary)
• Mycobacterium, other species or unidentified species, dissemi-

nated or extrapulmonary
• Pneumocystis carinii pneumonia
• Pneumonia, recurrent
• Progressive multifocal leukoencephalopathy
• Salmonella septicemia, recurrent
• Toxoplasmosis of brain
• Wasting syndrome due to HIV
aOnly among children 66 years old.
from appendix, MMWR Recomm Rep, 63(RR-03):1–10, April 2014. 

★ taBle 22-5 Opportunistic Illnesses in HIV Infection

T lymphocytes by binding to both the CD4 protein that is part of the 
T-cell receptor (TCR), and the chemokine receptor CCR5.23 Once 
in the cell, HIV sheds its viral coat and uses reverse transcriptase to 
make a DNA copy of the viral RNA. Viral DNA is then integrated into 
the host cell DNA where the virus replicates. Viral infection of these 
CD4 lymphocytes causes cytolysis, rapid selective depletion of this 
lymphocyte subset, and eventually lymphocytopenia. Monocytes and 
macrophages also have the CD4 and CCR5 proteins and are infected 
but not destroyed by the virus. Rare individuals are homozygous for a 
32-base pair deletion in the gene for CCR5 (CCR5 delta 32), resulting 
in lack of protein expression on the cell surface. These individuals are 
resistant to HIV infections.23

Cell-mediated immunity and humoral immunity are abnormal. 
Cell-mediated immunity declines as CD4+  T-lymphocyte-helper 
function for monocytes, macrophages, and other T lymphocytes 
declines.24 Humoral responses are exaggerated with polyclonal 
B lymphocyte proliferation, increased immunoglobulin production, 
and hypergammaglobulinemia.23 Although the B lymphocytes have 
a poor response to mitogens in vitro, they secrete immunoglobulin 
spontaneously. This suggests the B lymphocytes are already activated 
and unable to react to further in vitro stimulation.

prognosis. Current highly active antiretroviral treatment (HAART) 
protocols provide effective therapy to reduce viral replication and 
delay the onset of AIDS for people infected with HIV.20

Not all individuals infected with the HIV virus (HIV-positive 
individuals) have the clinical condition known as AIDS. AIDS is 
defined by the occurrence of repeated infections with multiple 
opportunistic organisms and an increase in malignancies, espe-
cially Kaposi’s sarcoma, in individuals infected with HIV. Transmis-
sion of the virus is through sexual intercourse or contact with blood 
and blood products. Infants born to HIV-infected mothers are at 
increased risk for perinatal HIV infection.

Surveillance hiv Case definition
In 1982, the U.S. Centers for Disease Control and Prevention (CDC) 
developed a case definition of AIDS for surveillance purposes. It is revised 
periodically as more data are collected about the disease.21 The 2014 
revision of Surveillance Case Definition for HIV infection describes the 
clinical criteria and “opportunistic illnesses” for presumptive evidence 
of HIV infection22 (Table 22-5 ★) and standardizes data collection for 
improved therapeutic treatment. Symptoms of recurrent infections with 
opportunistic infections warrant suspicion of HIV infection.

The revised criteria apply to adults and children over 18 months 
of age and combined the HIV classification system and AIDS case 
definition into a single case definition for HIV infection. This revised 
case definition for HIV infection requires laboratory-confirmed evi-
dence of HIV infection. The Council of State and Territorial Epidemi-
ologists (CSTE), in cooperation with pediatricians, also described the 
criteria for a negative diagnosis for children …18 months old born to 
HIV-infected mothers. The child does not meet the criteria for HIV/
AIDS diagnosis if antibody tests or virologic tests are negative after 
4–6 months of age and the child does not have an AIDS-defining 
condition. The reader is directed to the primary source for details.22 
Almost all children born to HIV-infected mothers have anti-HIV IgG 
antibodies at birth because of placental transmission of maternal anti-
bodies. However, only 15–30% of the children are infected with HIV. 
Thus, anti-HIV IgG tests in this population are not reliable until after 
18 months of age. In these cases, tests for the detection of HIV nucleic 
acid performed after the infant is at least one month of age are almost 
always positive if the virus is present.22

In addition, the 2008 CDC surveillance HIV data allow for stag-
ing of HIV infections based on immunophenotyping of CD4 lym-
phocytes and clinical conditions (Table 22-6 ★). For surveillance 
purposes, the staging of disease illness only progresses; it is never 
reclassified as a less severe stage.

The World Health Organization (WHO) uses similar criteria 
for diagnosing HIV infection as the CDC, but WHO splits the CDC 
stage 2 into two separate stages: stage 2 and stage 3. Those patients with 
decreased lymph counts but not requiring treatment are classified as 
stage 2, and those patients with decreased CD4+  T lymphs and condi-
tions that require antiretroviral therapy for advanced HIV disease 
(AHD) as stage 3. WHO classifies patients with both clinical condi-
tions and the diagnostic lymphopenia as stage 4 AIDS.22

pathophysiology
The main etiologic agent of AIDS in the United States is the retro-
virus, HIV-1. A related but immunologically distinct virus, HIV-2, is 
endemic to regions of West Africa. The virus selectively infects helper 
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treatments have postponed the onset of AIDS indefinitely in some 
patients.20

In 2008, a medical group in Germany reported an apparent cure 
for an HIV-1 positive patient who had received a bone marrow trans-
plant (BMT) for acute myelogeous leukemia.29 The donor was homozy-
gous for the CCR5 delta 32 mutation, and the transplanted hematologic 
cells were resistant to viral infection by HIV-1. Although widely covered 
in both the scientific and popular (lay) literature, this information has 
not made a significant impact to date on the treatment strategies for 
most AIDS patients. BMT is not an option for most AIDS patients, due 
to both the logistic improbability of finding an HLA-compatible/CCR5 
delta 32 homozygous donor and the cost and medical risks involved 
with the procedure. However, it has sparked interest in the possibility of 
a type of gene therapy in which the CCR5 gene is modified in an effort 
to prevent the HIV virus from being able to infect hematologic cells.30

Immediate evaluation and treatment for HIV exposure has 
proven to be very effective in eliminating or significantly minimizing 
the risk of HIV infection and AIDS. Health care workers with occu-
pational exposure (e.g., needle-stick injury) should receive immediate 
antiretroviral therapy.31 CDC recommends initiation of antiretroviral 
therapy within 36 hours of a needle-stick injury from a potential HIV 
source. Studies show that as time elapses after exposure, viral replica-
tions exceed the control of the antiretroviral therapy. After 72 hours, 
therapy to prevent infection is no longer effective.20,31 Combination 
therapy should consist of two or more antiretroviral drugs and con-
tinue for 4 weeks. Laboratory evaluation for adverse effects should be 
considered after 2 weeks. Health care workers with questions about 
post-exposure prophylaxis (PEP) should contact the CDC PEPline at 
1 (888) HIV-4911 (1-888-448-4911).

Recent HIV research studies have demonstrated a cross-reacting 
antibody that develops late in HIV infection of patients with decreased 
CD4+  cells and high viral loads, which has a neutralizing effect on 
HIV proteins. The antibody is specifically targeted at the envelope 
protein, gp120. This antibody response, although too late to eliminate 
HIV infection once established, may prove to be effective in finding a 
means for HIV immunization.32

laboratory Findings
Multiple hematologic abnormalities, including leukopenia, lym-
phocytopenia, anemia, and thrombocytopenia, are found in AIDS 
(Table 22-7 ★). Leukopenia is usually related to lymphocytope-
nia, although neutropenia also can be present.25 Lymphocytes can 
include reactive forms. Mild to moderate normocytic, normochro-
mic anemia is present in the majority of HIV-infected individuals 
and worsens as the disease progresses.26 Inflammatory cytokines may 
play a role in suppressing erythropoiesis in a manner similar to that 
found in anemia of chronic disease (ACD) (Chapter 12). Macrocy-
tosis (MCV7100 fL) occurs in up to 70% of patients 2 weeks after 
receiving zidovudine.27 Antierythrocyte antibodies can be found in 
up to 20% of patients with hypergammaglobulinemia. These antibod-
ies react like polyagglutinins and cause a positive direct antiglobulin 
test (DAT, Coombs’ test). Immune thrombocytopenia, indistinguish-
able from idiopathic thrombocytopenic purpura (ITP), is common 
( Chapter 33). Iron studies are similar to those found in ACD with low 
serum iron and TIBC and increased serum ferritin.

disease Monitoring
The severity of CD4 lymphocytopenia and concentration of plasma 
HIV-1 RNA copies correlate with the severity of disease.20 The normal 
CD4:CD8 ratio in peripheral blood is about 2:1. In AIDS, this ratio 
reverses progressively and permanently because of destruction of the 
CD4+  T lymphocytes. The CD4+  T lymphocyte count is performed 
at initial diagnosis and measured periodically to monitor disease pro-
gression. AIDS (CDC stage 3 HIV infection) is defined by a CD4+  
lymphocyte count of 6200/mcL (mL) or a CD4+  lymphocyte con-
centration 614% of total lymphocytes.22 In addition, the viral load 
also is monitored by measuring the number of copies of HIV-1 RNA.22

therapy
No cure for AIDS currently exists. Treatment with zidovudine (azodo-
thymidine, AZT) and protease inhibitors lengthen the time between 
HIV seropositivity and the onset of AIDS.28 Improved antiretroviral 

CdC Staging whO Staging aidS-defining Condition(s)
Cd4∙  t lymph Counta 
(cells/mcl)

Cd4∙  t lymph (percentagea 
of total lymphocytes)

Stage 1 HIV infection Stage 1 HIV infection None CD4+  lymphs Ú500 CD4+  lymphs Ú26

Stage 2 HIV infection Stage 2 HIV infection None CD4+  lymphs 200–499 CD4+  lymphs 14–25

Stage 3 HIV infection 
(AHD)

Clinical conditions requiring 
retroviral treatment

CD4+  lymphs 200–499 CD4+  lymphs 14–25

Stage 3 AIDS Stage 4 AIDS Clinical condition present CD4+  lymphs 6200 CD4+  lymphs 614
aStaging requires either CD4+  T lymph count or percent CD4+  T lymphs of total lymphocytes.
Adapted from Appendix, MMWR Recomm Rep, 63(RR-03):1–10, April 2014.

★ taBle 22-6 CDC and WHO Staging of HIV Infection for Adolescents and Adults

• Leukopenia • Thrombocytopenia

• Anemia • Decreased CD4 counts

• Macrocytosis (in patients treated 
with zidovudine)

• Positive molecular tests 
for hiV-1 rNa

★ taBle 22-7 Common Laboratory Findings 
in HIV Infections

Why does infection with HIV result in an increased chance 
for opportunistic infections?

CheCkpoint 22-3

M22_MCKE6011_03_SE_C22.indd   417 01/08/14   2:46 pm



418 seCtioN iV   •   NoNmaligNaNt DisorDers of leukoCytes

disorder immunoglobulins B lymphs t/nK lymphs genetic loci

SCID

 X-linked

  T- B+ NK- T  igg, ige, iga; N igm N; abnormal function Absent IL2RG (Xq13.1)

 Autosomal recessive

  T- B+ NK+ T  igg, ige, iga; N igm N; abnormal function T lymphs absent ZAP-70 (2q12); IL7R (5p13)

  T- B- NK+ T  IgG, IgM, IgA, IgE Absent T lymphs absent RAG-1 and RAG-2 (11p13);  
pNp (14q13.1)

  T- B+ NK- T  igg, ige, iga; N igm N; abnormal function Absent JAK3 (19p13.1)

  T- B- NK- 

T  IgG, IgM, IgA, IgE Absent Absent ADA (20q13.11,

ADA deficiency); AK2 (1p34, 
reticular dysgenesis)

  MHC class II 
  deficiency T+/- B+ NK+

T  igg, ige, iga; N igm N N or T  T lymphs CIITA (16p13); RFXANK (19p12); 
RFX5 (1q21); RFXAP (13q14)

Other Immunodeficiency Syndromes

 X-linked

   X-linked agammaglobulinemia  
(T+ B- NK+)

T  IgG, IgM, IgA Mature cells absent N BTK mutations (Xq21.3-q22)

  Wiskott-Aldrich syndrome  
  (T+ B- NK+)

T  igm; N/c  IgA; 
c  ige; N/c  IgG

N; abnormal function N or T  T lymphs WAS mutations (Xp11.22-11.3)

 Autosomal 

  diGeorge syndrome  
  (T- B+ NK+); AD

N or c  IgG; IgM; IgA N number; delayed 
maturation

T lymphs

absent

TBX1 (del 22q11.2)

  Ataxia-telangiectasia; AR N/c  igm; N/c  IgG;  
IgE; IgA

N; abnormal function T  T lymphs ATM (11q22-23)

  Hyper IgE syndrome (HIES);  
  AR and AD

N igm, igg, iga; c  IgE N T  T lymphs DOCK8 (9p24.3);  
STAT3 (17q21.31)

T = decreased; c = increased; N = normal; ADA = adenosine deaminase; AK2 = adenylate kinase 2; AD = autosomal dominant; AR = autosomal  
recessive; ATM = ataxia telangiectasia mutated; BTK = Bruton’s tyrosine kinase; CIITA = Class II MHC transactivator; DOCK8 = dedicator of cytokinesis 8; 
IL2RG = interleukin 2 receptor, gamma chain; IL7R = interleukin 7 receptor 7 alpha chain; JAK3 = Janus kinase 3; pNp = purine nucleoside phosphorylase; 
RAG = recombination activating gene; RfX5 = Regulatory factor X-5; RfXAP = rfX associated protein; rfXaNk = RfX-associated ankyrin containing protein; 
SCID = severe combined immunodeficiency syndrome; STAT3 = signal transducer activator of transcription 3; TBX1 = T-box-containing transcription factor; 
WAS = Wiskott-Aldrich syndrome; ZAP70 = ζ-chain associated protein kinase-70

★ taBle 22-8 Laboratory Findings in Selected Immunodeficiency Disorders

are usually normal in appearance. The functional impairment of the 
immune response is often apparent from birth or a very young age when 
children have repeated infections. With continued research and more 
sensitive techniques, the genetic mutations causing immunodeficiency 
are being identified.

Severe Combined immunodeficiency Syndrome
Severe combined immunodeficiency (SCID) syndrome 
includes a heterogeneous group of disorders resulting in major 
qualitative immune defects involving both humoral and cellular 
immune functions. These disorders include numerous and diverse 
genetic mutations with different inheritance patterns and varied 
severity in clinical manifestation. Most are inherited as sex-linked or 
 autosomal-recessive traits, but some autosomal dominant forms have 
been reported. About 75% of individuals with SCID are males because 
the most common form of SCID is an X-linked disorder.

Both the T and B lymphoid lineages are functionally deficient. 
Subgroups of SCID are now defined on the basis of which lymphocytes 

Other acquired immune deficiency disorders
Some disorders are characterized or accompanied by functional 
abnormalities of lymphocytes. The lymphocyte count can be normal 
but in many cases is decreased. Acquired defects of either T or B lym-
phocytes can result in serious clinical manifestations. Some inflam-
matory states transiently impede the response of T lymphocytes to 
antigen. These include idiopathic granulomatous disorders and malig-
nancy. Severe infection by one microorganism sometimes impedes the 
ability of T lymphocytes to react to other infectious organisms. Starva-
tion or severe protein deficiency also can severely affect the functional 
ability of the T lymphocyte.

Congenital immune deficiency disorders
Congenital disorders are usually characterized by a decrease in lym-
phocytes and impairment in either cell-mediated immunity (T lym-
phocytes), humoral immunity (B lymphocytes), or both (Table 22-8 ★). 
In contrast to the reactive morphologic heterogeneity of lymphocytes 
associated with viral disorders, lymphocytes in congenital disorders 
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are absent. If only the T cells are absent, it is termed T - B+ NK+ SCID; 
if both T and B cells are absent, it is T - B- NK+ SCID; and in those 
patients (usually with the most severe lymphopenia) in whom all three 
lymphocyte subsets are absent, it is T - B- NK- SCID.33 In all cases 
both the T and B lymphoid lineages are functionally deficient. Because 
T-cell help is required in generating an antibody response against 
protein antigens, disorders in which T lymphocytes are absent result 
in peripheral blood B lymphocytes that are unresponsive to most 
mitogens, and immunoglobulin production is decreased. However, 
these B lymphocytes respond normally when incubated with normal 
T lymphocytes in vitro.34 The absolute lymphocyte count is variable 
but often is decreased to 61.0 * 109/L. Lymphocyte counts in SCID 
patients may be normal in the neonate, especially if they are able to 
generate B cells and NK cells, but eventually they develop a profound 
lymphopenia.

Lymph node examination reveals a lack of plasma cells, B lym-
phocytes, and T lymphocytes. No lymphoid cells are found in the 
spleen, tonsils, or intestinal tract. The bone marrow also is deficient 
in plasma cells and lymphocyte precursors.

Frequent recurrent infections, skin rashes, diarrhea, and failure to 
thrive are characteristic findings in infants with SCID. Death related 
to overwhelming sepsis usually occurs within the first 2 years of life 
if untreated. Bone marrow transplantation, immunoglobulin therapy, 
and gene therapy are the only options for successful treatment.34

Sex-Linked SCID. Classic sex-linked (X-linked) SCID is the most 
common form of inherited severe combined immunodeficiency, 
accounting for ∙45% of cases. This form of SCID (T- B+ NK- 
SCID) has been mapped to the long arm of the X chromosome 
(Xq13.1–13.3) and is associated with a loss-of-function mutation 
in the gene for the g@chain of the IL-2 receptor (Table 22-8). Because 
the g@chain also is an essential subunit of the receptors for IL-4, IL-7, 
IL-9, IL-15, and IL-21, hematopoietic regulation by all of these cyto-
kines is impaired (Chapter 4). IL-7/IL-7R signaling is required for 
T-cell development, and in its absence, T-cell lymphopoiesis fails. 
Thus, X-linked SCID is characterized by absent T lymphocytes, 
NK lymphocytes, and a hypoplastic thymus.34 B lymphocytes are 
normal in number but are nonfunctional due to lack of T-helper 
function, and immunoglobulin levels are severely depressed. Fam-
ily history is important in determining the mode of inheritance of 
SCID, although a negative family history of the disease does not rule 
out an X-linked disease. Up to one-third of the cases present as a 
spontaneous mutation.34

Females who carry the abnormal X-linked SCID gene have nor-
mal immunity. These carriers can be detected by molecular assays for 
IL-2R mutations in the g@chain locus using cells other than lympho-
cytes. The normal mature female cell population is a mosaic with one 
or the other X chromosome inactivated. In female SCID carriers, how-
ever, only lymphocytes carrying normal non-inactivated X chromo-
somes are found, rather than the expected mixture of cells with normal 
and abnormal X chromosome inactivation. It has been shown that 
random X chromosome inactivation occurs in these carriers, but the 
gene product of the mutant X chromosome does not support lympho-
cyte maturation. Thus, lymphocytes with the mutant X chromosome 
fail to develop, and the only lymphocytes found in carriers have the 
active normal X chromosome.

Would you expect female carriers of X-linked SCIDS to 
be more susceptible to infection than the normal popula-
tion? Why or why not?

CheCkpoint 22-4

Autosomal SCID. The autosomal forms of SCID exhibit severe defi-
ciencies of both T and B lymphocytes. The most common form, found in 
about 30–40% of autosomal-recessive SCID (15% of all SCID patients), 
is due to an adenosine deaminase (ADA) deficiency that results in a 
depletion of T, B, and NK lymphocytes.35,36 The adenosine deaminase 
gene is located at chromosome 20q13.11 (Table 22-8). Both point muta-
tions and gene deletions have been associated with ADA deficiency. 
Another enzyme deficiency, purine nucleoside phosphorylase (PNP), 
is the cause of ∙2% of SCID cases. The gene for PNP is located at chro-
mosome 14q13.1. Both of these enzymes degrade purines. Without 
PNP, accumulation of toxic DNA metabolites (deoxyadenosine tri-
phosphate/dATP and deoxyguanosine triphosphate/dGTP) occurs, 
inhibiting normal T- and B-cell development. The two disorders can 
be differentiated by the presence of NK cells and the ADA enzyme in 
PNP.33 Other defects include a deficiency of MHC class II gene expres-
sion, interleukin-2 receptor a@chain (IL@2Ra)  deficiency, mutations in 
the RAG-1 and RAG-2 genes (which catalyze VDJ recombination), and 
defective assembly of the T-cell receptor–CD3 complex (Chapter 8).33

All of Heidi’s immunoglobulin levels were decreased. 
T and B lymphocyte counts were severely decreased. The 
peripheral blood smear showed anisocytosis, poikilocy-
tosis (schistocytes), polychromatophilia, and two nucle-
ated RBCs/100 WBCs. Her thymus was not detectable 
on chest films.

5. Is this child more likely to have a congenital or acquired 
immune deficiency?

6. If she has a congenital immune deficiency, is it more 
likely that she has X-linked or autosomal SCIDS?

7. Are the lymphocytes more likely to be morphologically 
heterogeneous or homogeneous? Why?

8. What confirmatory test is indicated?

CaSe Study (continued from page 415)

wiskott-aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is a sex-linked recessive disease 
characterized by the triad of eczema, thrombocytopenia, and immu-
nodeficiency resulting in recurrent infections. About two-thirds of 
affected children have a family history of the disease; in one-third 
there is an apparent spontaneous mutation. Untreated, most children 
die before 10 years of age as a result of infection or bleeding. Those 
who survive longer can develop neoplasms of the histiocytic, lympho-
cytic, or myelocytic lineages. EBV infections in WAS patients can lead 
to lymphoma.37
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What laboratory findings suggest WAS in a child, and how 
is the diagnosis confirmed?

CheCkpoint 22-5

Laboratory findings play an important role in the diagnosis 
of WAS (Table 22-9 ★). There is a progressive decrease in thymic-
dependent immunity and depletion of paracortical areas in the lymph 
nodes, leading to abnormal lymphocyte function. The absolute num-
bers of CD4+  and CD8+  T lymphocytes and their ratio is normal to 
variable. Typically, CD8+  T lymphocytes are decreased, but numbers 
vary over time for individuals. Circulating B lymphocyte numbers are 
normal, but antibody production is abnormal.37 Serum IgM levels are 
decreased, but IgE and IgA levels are increased. IgG concentrations are 
usually normal (Table 22-8).

One of the most consistent findings is the low or absent level 
of circulating antibodies to the blood group antigens.37 These chil-
dren are unable to produce antibodies to polysaccharide antigens, a 
T lymphocyte-independent phenomenon. This suggests that there is 
an intrinsic B lymphocyte abnormality.

A low platelet count with abnormal bleeding in the neonatal 
period is one of the first clinical signs of WAS. Patients have a severe 
thrombocytopenia (670 * 109/L) with small-size platelets.37 Plate-
lets are intrinsically abnormal with decreased expression of surface 
glycoproteins IIb, IIIa, and IV and the defective expression of CD62P 
and CD63. Bleeding times are abnormal, but the prothrombin time 
and activated partial thromboplastin time are normal, indicating the 
coagulation factor proteins are adequate (Chapters 31 and 32). Mega-
karyocytes in the bone marrow are normal or increased in number 
and morphologically normal. Genetic mutations involve the WAS 
gene on the short arm of the X chromosome between Xp11.22 and 
Xp11.3. Females are carriers; affected males do not pass the defi-
ciency to their male children. PCR techniques detect 98% of affected 
males and are the primary diagnostic tests when WAS is suspected.37 
Molecular analysis using restriction fragment length polymorphisms 
reveals that female carriers have selective inactivation of the WAS X 
chromosome rather than random inactivation of paternal or maternal 
X chromosomes and are asymptomatic. This nonrandom inactivation 
pattern is found in the carrier’s T and B lymphocytes, granulocytes, 
monocytes, and megakaryocytes, indicating that all hematopoietic 
cells in WAS are affected by the presence of the WAS gene.

Therapy includes treatment for bleeding and infection. Splenec-
tomy usually results in correction of the platelet count and normal-
ized platelet volume and significantly reduces the risk of bleeding 
complications. Bone marrow transplant before 5 years of age has an 
85% cure rate.37

Feature description

Platelets Decreased concentration, small size, abnormal 
platelet function

Lymphocytes Decreased or normal concentration, T lympho-
cytes variable, B lymphocytes usually normal

Immunoglobulin IgM decreased, IgE and IgA increased, IgG 
normal/increased

Antibodies to blood 
group antigens

Absent or decreased

PCR Detects WAS gene mutation

Ig = immunoglobulin; PCR = polymerase chain reaction

★ taBle 22-9 Laboratory Features in Wiskott-Aldrich 
Syndrome (WAS)

digeorge Syndrome
DiGeorge syndrome is a congenital immunodeficiency marked by 
the absence or hypoplasia of the thymus, hypoparathyroidism, heart 
defects, and dysmorphic facies. Hypocalcemia is typical, and the pre-
senting symptom can be seizure resulting from hypocalcemia. Usually a 
decrease in peripheral blood T lymphocytes occurs as well as a decrease 
in the cellularity of the T lymphocyte regions of peripheral lymphoid 
tissue. The low lymphocyte count is related to a decreased number 
of CD4+  lymphocytes (Table 22-8). T lymphocyte function varies. 
Children with a hypoplastic thymus may be able to produce enough 
lymphocytes with normal function to maintain immunocompetence. 
B lymphocytes are normal in number and function, and immuno-
globulin levels are normal. Infants exhibit increased susceptibility to 
viral, fungal, and bacterial infections that are frequently overwhelming. 
Death occurs in the first year unless thymic grafts are performed.

Cytogenetic studies on these children show a chromosome 
22q11.2 deletion.38 This defect also is found in a parent of a child with 
DiGeorge syndrome in 25% of the cases.

Sex-linked agammaglobulinemia
Sex-linked (X-linked) agammaglobulinemia (Bruton’s disease) is 
inherited as a sex-linked disease characterized by frequent respiratory 
and skin infections with extracellular, catalase-negative, pyogenic bac-
teria. Molecular analysis has revealed that the genetic defect is on the 
long arm of the X chromosome, (Xq21.3–22; Table 22-8).34 More than 
90% of patients have a loss-of-function mutation of a tyrosine kinase 
gene, Bruton’s tyrosine kinase (BTK). The genetic mutation results in 
a block in B lymphocyte maturation at the pre-B lymphocyte stage. 
The variable and constant regions of the IgM immunoglobin chain 
fail to connect. Peripheral blood lymphocyte counts are normal as are 
T lymphocytes; there is, however, a decrease in B lymphocytes and an 
absence of plasma cells in lymph nodes. The serum concentrations 
of IgG, IgM, and IgA are decreased or absent. Cell-mediated immune 
function is normal. Monthly injections of gamma globulin are effec-
tive in preventing severe infections.

Female carriers of this disease have normal immunity. All of their 
B lymphocytes carry the paternal, normal X chromosome, suggesting 
that the normal X chromosome confers a survival advantage.

ataxia-telangiectasia
Ataxia-telangiectasia (AT) is inherited as an autosomal-recessive dis-
ease that results from mutations in the ataxia-telangiectasia mutated 
(ATM) gene at chromosome 11q22–23. The ATM protein is involved 
in signaling pathways involved in cellular responses to DNA dam-
age. The disease is characterized by progressive neurologic disease, 
immune dysfunction, and predisposition to malignancy. Affected 
individuals are ataxic and in childhood or adolescence develop telan-
giectasias. A telangiectasia is a vascular lesion formed by a dilation of 
a group of blood vessels that appears as a red line or radiating limbs 
(spider). Chronic respiratory infection and lymphoid malignancy are 
the most common causes of death.
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JAK-STAT (Chapter  4) mutations alter cytoplasmic signaling 
pathways, which cause deficiencies in multiple cell lineages. CD4+  
lymphocytes, B lymphocytes, myeloid cells, keratinocytes, osteoclasts, 
and monocytes all are decreased. A recently found mutation in the sig-
nal transducer and activator of transcription 3 (STAT3) protein shows 
an autosomal-dominant inheritance pattern and is the most frequent 
cause of immune deficiency with HIES. 41 STAT3 is necessary for 
normal IL-17 cytokine signaling and regulation. Deficiencies in IL-17 
due to STAT3 mutations lead to decreased differentiation of T-helper 
17 (Th17) lymphocytes41 and result in a primary immunodeficiency. 
Both T lymphocytes and NK lymphocytes are decreased. IL-17 also 
controls eosinophilotropic chemokines that drive eosinophil produc-
tion. Patients have an eosinophilia, numerous tissue abnormalities 
including facial, dental, skeletal and soft tissue abnormalities, short 
limbs, and osteoporosis and are susceptible to repeated infections.41 
Recurrent infections are characterized by increased levels of serum 
IgM but deficiencies in the other immunoglobulins, especially IgG.

Both X-linked and autosomal recessive mutations have been 
identified that affect T lymphocyte activation because of abnor-
malities in cytokine signaling. Patients have qualitative defects in 
both T and B lymphocytes with recurrent infections and extreme 
susceptibility to opportunistic infections.33

Patients with AT have a defect in cell-mediated immunity with 
hypoplasia or dysplasia of the thymus gland and depletion of T lym-
phocyte areas in the lymph nodes. B lymphocyte function also is 
abnormal with impaired isotype switching (Chapter 8). Lymphocy-
topenia with a reversed CD4:CD8 ratio exists along with deficiencies 
in IgA, IgG, and IgE. IgM levels are increased. Cytogenetic analysis 
reveals excessive chromosome breakage and rearrangements in cul-
tured cells and clonal abnormalities of chromosome 7 or 14.39

hyper ige Syndrome (hieS)
Advanced molecular techniques in high-resolution genomic 
hybridization have identified genetic mutations in previously 
unclassified or unknown SCIDS. Several mutations have recently 
been linked to immune deficiencies resulting from decreased cell 
signaling, decreased lymphocyte counts, and decreased immuno-
globulins except for an elevated IgE. These hyper IgE syndromes 
(HIES) are associated with several mutations (Table 22-8). The 
dedicator of cytokinesis 8 (DOCK8) mutation shows an autosomal 
recessive inheritance pattern.40 This mutation impairs T lympho-
cyte function, which results in a lack of specific antibody formation, 
recurrent viral infections, candidiasis, dermatitis, and the increased 
serum IgE.40

Review Questions
Level i

 1. Advanced HIV disease (AHD) patients have numerous 
infections because the HIV virus has infected: (Objective 9)

 A. neutrophils

 B. CD8+ lymphocytes

 C. CD4+ lymphocytes

 D. B lymphocytes

 2. According to the CDC definition, a patient is considered 
to have progressed from AHD to AIDS when the following 
is detected: (Objective 10)

 A. a leukopenia

 B. a CD4:CD8 ratio of 2:1

 C. the absolute CD4+  count of 6200/mcL

 D. the absolute CD4+  count of 6500/mcL

Summary
Lymphocytes mount an immune response in inflammatory or 
infectious states. In these states, the lymphocyte morphology 
often includes various reactive forms, immunoblasts, and pos-
sibly plasmacytoid cells. Quantitative changes (either increased 
or decreased) in the total lymphocyte concentration occur. 
Although the lymphocyte induces an immune response to elimi-
nate foreign antigens, the cell itself also can serve as the site 
of infection for some viruses that use lymphocyte membrane 
receptors to attach to and invade the cell.

Infectious mononucleosis is a common self-limiting lympho-
proliferative disorder caused by infection with EBV. Laboratory 
diagnosis of this disorder includes serologic testing for hetero-
phile antibodies and identification of reactive lymphocytes on 
Romanowsky-stained blood smears.

AIDS is a disease caused by infection of the CD4+  lympho-
cyte with the retrovirus HIV-1. The virus suppresses the immune 

response by replicating within and destroying CD4+  lympho-
cytes. CD4+  lymphocyte levels and viral loads monitor the 
disease’s progression. Antiretroviral treatments in combination 
with protease inhibitors slow the progression of the disease. It 
currently has no cure, but research is investigating a neutralizing 
immune response that may lead to a vaccine.

Congenital qualitative disorders of lymphocytes include 
a wide variety of immunodeficiency disorders. Either the T or 
B lymphocyte or both can be affected. These are usually very 
serious defects with most affected individuals succumbing to 
the disease in childhood. As molecular testing improves detec-
tion, more genetic mutations will elucidate the origins of these 
primary immunodeficiencies so that treatment options can be 
explored. Bone marrow/stem cell transplant is the only treat-
ment in many cases, but enzyme therapy and gene modification 
are being evaluated.
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Use this case study for questions 8–10.

A 19-year-old female college student went to student health 
complaining of lethargy and a sore throat for the past two 
weeks. Physical exam shows pharyngitis, lymphadenopathy, 
and splenomegaly with a total leukocyte count of 11 * 109/L 
and 70% lymphocytes (50% of lymphs are reactive).

 8. She probably has: (Objective 1)

 A. HIV

 B. hepatitis

 C. X-linked SCIDS

 D. infectious mononucleosis

 9. Her absolute lymphocyte count is: (Objective 4)

 A. 10 * 109/L

 B. 11 * 109/L

 C. 5.5 * 109/L

 D. 7.7 * 109/L

 10. The best description of this patient’s leukocyte count is 
a(n): (Objectives 4, 8)

 A. relative lymphocytopenia

 B. relative neutrophilia

 C. absolute lymphocytosis

 D. absolute neutrophilia

Level ii

 1. A 17-year-old female patient is seen at the clinic because 
she has a lingering cough. She had a total leukocytosis 
of 23 * 109/L with 79% normal-looking lymphocytes. She 
should be screened for: (Objective 6)

 A. pertussis antitoxin antibodies

 B. VCA IgM

 C. eBNa

 D. CMV antibodies

 2. A patient with lethargy, pharyngitis, and lymphadenop-
athy is found to have many lymphocytes that are large 
with spreading, irregular cytoplasm and some with deep 
basophilia. A study of the lymphyocyte subsets would be 
expected to show: (Objective 2)

 A. decreased reactive B lymphocytes with increased cyto-
toxic T lymphocytes

 B. increased reactive B lymphocytes with decreased cyto-
toxic T lymphocytes

 C. decreased reactive B lymphocytes with decreased 
cytotoxic T lymphocytes

 D. increased reactive B lymphocytes with increased cyto-
toxic T lymphocytes

 3. Which of the following infectious agents is associated with 
a newborn found to have jaundice and microcephaly with 
an enlarged spleen and decreased platelet and red cell 
counts? (Objective 7)

 A. cytomegalovirus

 B. Epstein-Barr virus

 C. Toxoplasmosis gondii

 D. Bordetella pertussis

 4. A teenager is seen at the clinic for a sore throat and enlarged 
cervical lymph nodes. He has reactive, atypical lymphocytes 
along with an elevated CRP and elevated aminotransfer-
ases. He should also be tested for: (Objectives 1, 3)

 A. pertussis antitoxin antibodies

 B. HIV antibodies

 C. Toxoplasmosis antibodies

 D. heterophile antibodies

 5. A 29-year-old female patient was seen for abdominal full-
ness, fever, and lethargy. Her total leukocyte count was 
11.8 * 109/L. The differential showed 32% neutrophils, 
65% lymphocytes, and 3% monocytes. A few of her lym-
phocytes were small round lymphocytes with a high N:C 
ratio and overall size similar to the red cells, but many of 
her lymphocytes appeared large with basophilic cytoplasm 
and increased N:C ratio. This patient should be considered 
for: (Objective 5)

 A. a urinary tract infection

 B. hepatitis

 C. bacterial meningitis

 D. Streptococcus pneumonia

 6. The morphology of lymphocytes found in infectious mono-
nucleosis is described as: (Objective 2)

 A. segmented nucleus with pinkish-tan cytoplasm

 B. horseshoe-shaped nucleus with blue/gray cytoplasm

 C. irregular shaped nucleus with spreading, deep blue 
cytoplasm

 D. small cells with condensed chromatin and deep blue 
cytoplasm

 7. A 2-year-old child has a total leukocyte count of 10 * 109/L 
and 60% lymphocytes. Which of the following best 
describes the child’s blood count? (Objectives 4, 8)

 A. absolute lymphocytosis

 B. relative lymphocytosis

 C. normal lymphocyte count for the age given

 D. absolute lymphocytopenia
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 7. What clinical condition does this patient have? (Objectives 
8, 10)

 A. congenital immune deficiency

 B. infectious mononucleosis

 C. AHD

 D. AIDS

 8. Which lymphocytes are periodically counted to monitor 
the disease? (Objective 8)

 A. infected B lymphocytes

 B. CD4+  T lymphocytes

 C. CD8+  T lymphocytes

 D. natural killer lymphocytes

 9. Which laboratory test will be used to follow this patient’s 
disease? (Objective 8)

 A. HIV-1 viral load

 B. throat swab

 C. serologic test for heterophile antibody

 D. PCR for genetic mutations

 10. Immune deficiency associated with HIES is attributed to 
the abnormal signaling or loss of cytokine: (Objective 11)

 A. IL-2

 B. IL-7

 C. IL-15

 D. IL-17

 3. Epstein-Barr virus infects lymphocytes by attaching to 
which receptor? (Objective 2)

 A. CD4

 B. CD8

 C. CD21

 D. TCR

Use this case study for questions 7–9.

A 39-year-old male went to the clinic with complaints of 
nagging cough, weight loss, diarrhea, and low-grade tem-
perature. Results of physical examination showed lymphade-
nopathy, congested lungs, and increased heart rate. Slight 
splenomegaly and hepatomegaly were noted. A CBC and 
flow cytometry studies were ordered. Histologic examination 
of sputum with Gomori’s methenamine silver nitrate stain 
revealed Pneumocystis carinii.

Use this case study to answer questions 4 and 5.

A young male sees his physician for an ongoing cough. He is 
found to have a total leukocyte count of 28 * 109/L with a 
differential of 22% neutrophils, 72% lymphocytes, 5% mono-
cytes, and 1% eosinophils. The majority of the lymphocytes 
appear small with dense chromatin.

 4. Which of the following describes his blood count? 
(Objective 7)

 A. absolute neutrophilia

 B. relative neutrophilia

 C. absolute lymphocytosis

 D. relative eosinophilia

 5. The most likely cause of illness is: (Objectives 5, 7, 10)

 A. Epstein-Barr virus

 B. Bordetella pertussis

 C. Cytomegalovirus

 D. hepatitis

 6. After taking care of a pair of cats, a 25-year old male saw 
his physician for fever of unknown origin. He had a total 
leukocyte count of 16 * 109/L with 78% lymphocytes, 
many showing reactivity, basophilia, and increased cyto-
plasm. His monospot test was negative. What other test-
ing should be considered? (Objective 4)

 A. screening for Toxoplasmosis gondii

 B. screening for HIV

 C. detection of pertussis antitoxin antibodies

 D. detection of hepatitis B antigen

laboratory data
WBC 2.8 * 109/L 
 count
RBC 3.86 * 1012/L 
 count
Hb 13.6 g/dL (136 g/L)
Hct 0.41 L/L
Platelet count 104 * 109/L

differential
Segmented 68% 
 neutrophils
Lymphocytes 21%
Monocytes 10%
Eosinophils 1%

Positive for HIV-1 
antibodies
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define and differentiate the terms neoplasm and malignant and  identify 

hematopoietic disorders that can be included in each category.
 2. Compare and contrast the general characteristics of the  myelodysplastic 

syndromes (MDSs), myeloproliferative neoplasms (MPNs), and acute 
and chronic leukemias.

 3. Describe the World Health Organization (WHO) classification system 
used for MDSs, MPNs, the leukemias, and lymphoid neoplasms.

 4. List the various laboratory methods used to classify the hematopoietic 
neoplasms.

 5. Compare and contrast the laboratory findings of the acute and chronic 
leukemias and myeloid and lymphoid leukemias.

 6. Differentiate proto-oncogenes and oncogenes and summarize their 
relationship to neoplastic processes.

 7. Correlate patient age to the overall incidence of the hematopoietic 
neoplasms.

 8. Explain the usefulness of immunological techniques, chromosome 
analysis, molecular genetic analysis, and cytochemistry in the diagnosis 
and prognosis of hematopoietic neoplasms.

 9. State the prognosis and survival rates of the hematopoietic neoplasms.
 10. Define and differentiate proto-oncogenes and oncogenes.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Explain how proto-oncogenes are activated and the role that 

 oncogenes and tumor suppressor genes and their protein products 
play in the etiology of hematopoietic neoplasms.

 2. Describe the effects of radiation on the incidence of leukemia.
 3. Differentiate between the acute and chronic myeloid and lymphoid 

 leukemias based on their clinical and hematologic findings.
 4. Reconcile the use of chemotherapy for treatment of leukemia.

(continued)
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 8. Define the principles of, explain the applications of, and 
select appropriate cytochemical stains for bone marrow 
evaluation of hematopoietic neoplasms.

 9. Select laboratory procedures appropriate for confirming 
cell lineage and diagnosis in hematopoietic neoplasms.

 10. Define epigenetics and explain its role in cancer.
 11. Define cancer stem cell and explain its similarities to the 

hematopoietic stem cell (HSC).

Objectives—Level II (continued)

 5. Compare and contrast treatment options for the hemato-
poietic neoplasms including possible complications.

 6. Name the leukemogenic factors of leukemia and propose 
how each contributes to the development of leukemia.

 7. Compare and contrast laboratory features of MDS, MPN, 
acute myeloid and lymphoid leukemia (AML, ALL), and 
mature lymphoid neoplasms, and justify a patient diagnosis 
based on these features.

Background Basics
The information in this chapter serves as a general introduction 
to the hematopoietic neoplasms (Chapters 24–28). To maximize 
your learning experience, you should review the following concepts 
before starting this unit of study:

level i
• Summarize the origin and differentiation of the hematopoietic 

cells. (Chapters 2, 4)
• Describe the morphologic characteristics of the hematopoietic 

cells. (Chapters 5, 7, 8)

level ii
• Describe the actions of cytokines, cytokine receptors, signaling 

pathways, and transcription factors. (Chapters 2, 4)
• Summarize the cell cycle and identify factors that affect it. 

(Chapter 2)
• Describe the normal structure and function of the bone marrow, 

spleen, and lymph nodes. (Chapter 3)

We will refer to this case study throughout the chapter.

Agnes, a 72-year-old female, saw her physician for a per-
sistent cough and fatigue. She had always been in good 
health and played golf regularly. Upon examination, 
she was noted to be pale and had slight splenomegaly. 
A CBC revealed the WBC count was 83.9 * 109/L.

Consider possible explanations for this test result and 
which reflex tests should be performed.

CaSe StuDy Overview
This chapter is the first in a section that discusses the hematopoietic 
neoplasms. It provides a general introduction to neoplastic hema
tologic disorders that are discussed in detail in Chapters 24–28. It 
describes oncogenesis including how oncogenes are activated and 
their association with hematopoietic disease. This is followed by 
a description of how neoplasms are classified and characterized 
according to cell lineage, degree of cell differentiation, morphology, 
cytochemistry, immunophenotype, and genetic abnormalities. The 
etiology and pathophysiology of the leukemias are examined using 
general clinical and laboratory findings. Finally, prognosis and treat
ment modalities for the disorders are considered.

Key Terms
Acute lymphocytic 

leukemia (ALL)
Acute myeloid leukemia (AML)
Auer rod
Benign
Cancer-initiating cell
Cancer stem cell
Chronic lymphocytic 

leukemia (CLL)
Chronic myelogenous 

leukemia (CML)
Consolidation therapy
Cytogenetic remission
Epigenetics
French-American-British (FAB)
Hematologic remission
Induction therapy
Leukocyte alkaline 

phosphatase (LAP)
Leukemia
Leukemic hiatus
Leukemic stem cell
Leukemogenesis

Lymphoma
Maintenance chemotherapy
Malignant
Mature neoplasm
Minimum residual 

disease (MRD)
Molecular remission
Myeloperoxidase (MPO)
Myelodysplastic 

syndrome (MDS)
Myeloproliferative 

neoplasm (MPN)
Neoplasm
Nonspecific esterase
Oncogenes
Periodic acid Schiff (PAS)
Precursor neoplasm
Proto-oncogene
Specific esterase
Tartrate resistant acid 

phosphatase (TRAP)
Tumor suppressor gene
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A comprehensive table that includes the diagnosis, immuno
phenotype, chromosome translocation, and genotypic finding is 
included in Appendix B. This table should be referred to when read
ing the chapters in this section. This introductory chapter should be 
read before progressing to the other chapters in this section. The other 
chapters are organized according to the World Health Organization 
(WHO) classification of hematopoietic and lymphopoietic neoplasms. 
Chapter 24 includes the myeloproliferative neoplasms.  Chapter 25 
includes the myelodysplastic syndromes. The acute myeloid neo
plasms are described in Chapter 26, the acute lymphoid neoplasms 
are described in Chapter 27, and Chapter 28 includes a discussion 
of the mature lymphoid neoplasms. The chapters on flow cytometry 
 (Chapter 40), chromosome analysis (Chapter 41), and molecular anal
ysis (Chapter 42), are referenced frequently and will provide additional 
information on laboratory procedures used in diagnosis, prognosis, 
and treatment.

iNtrODuCtiON
Neoplasm (tumor) means “new growth.” Neoplasms arise as a conse
quence of dysregulated proliferation of a single transformed cell. 
Genetic mutations in the transformed cell reduce or eliminate the 
cell’s dependence on external cytokines (growth factors) to regulate 
proliferation.

Neoplasms are either malignant or benign. Benign neoplasms 
are formed from highly organized, differentiated cells and do not 
spread or invade surrounding tissue. Malignancy means “deadly” or 
“having the potential for producing death.” A malignant neoplasm 
is a clone of abnormal, anaplastic, proliferating cells, which often 
have the potential to metastasize (spread). Only malignant tumors 
are correctly referred to as cancer. Although cancer is actually a 
malignancy of epithelial tissue, common use of the term includes all 
malignant neoplasms. A benign neoplasm can be premalignant and 
progress with further genetic mutations to a malignant neoplasm 
(Figure 231 ■).

Malignant neoplasms of the bone marrow are collectively known 
as leukemia. These neoplasms are grouped according to cell lineage 
as lymphoid, myeloid, and histiocytic/dendritic cell.1 The myeloid and 
lymphoid neoplasms are further subgrouped as precursor (acute) 
and mature (usually chronic) neoplasms. A comparison of clinical 

and laboratory findings associated with these precursor and mature 
subgroups is listed in Table 231 ★.

Precursor neoplasms are characterized by genetic mutations that 
promote proliferation and survival and/or that block differentiation 
into mature hematopoietic cells. Thus, in acute leukemia (AL), a pre
cursor neoplasm, there is a gap in the normal maturation pyramid of 
cells with many blasts (Figure 232 ■) and some mature forms but 
a decrease in intermediate maturational stages. This is referred to as 
the leukemic hiatus. The mature cells seen in the bone marrow and 
peripheral blood arise from proliferation of the residual normal hema
topoietic stem cells (HSCs) in the bone marrow. The excess of blasts 
primarily reflects proliferation of the abnormal malignant clone that 
fails to undergo maturation.

An increase in proliferation and survival of the neoplastic 
cells characterizes mature neoplasms, but in contrast to precursor 
neoplasms, maturation of progenitor cells is nearly normal. The result 
is leukocytosis with the predominant leukemic cells being amitotic, 
mature or partially mature cells with normal function. Thus, the bone 

■  Figure 23-1 The spectrum of hematopoietic prolifera-
tion ranges from benign to malignant outcomes. Benign 
myeloid and lymphoid proliferation is usually a reactive 
process (reactive leukocytosis; leukemoid reaction). Mature 
myeloid and lymphoid neoplasms include myeloprolifera-
tive neoplasms (MPNs), and myelodysplastic syndromes 
(MDSs), chronic lymphocytic leukemia (CLL), and plasma cell 
neoplasms. These neoplasms are derived from a mutated 
precursor cell that divides incessantly but has some capac-
ity to mature. Acute leukemia (AL) is a malignant precursor 
neoplasm characterized by unregulated cell proliferation 
and a block in maturation. Mature neoplasms can progress 
with additional genetic mutations and terminate in AL.

Reactive leukocytosis

Leukemoid reaction

MPN
MDS
CLL

Plasma cell neoplasms

Acute

Leukemia

Precursor (acute neoplasm) Mature (chronic neoplasm)

Age All ages Adults

Clinical onset Sudden Insidious

Course of disease (untreated) Weeks–months Months–years

Predominant cell Blasts, some mature forms Mature forms

Anemia Mild–severe Mild

Thrombocytopenia Mild–severe Mild

WBC Variable Increased

★ taBle 23-1 Comparison of Precursor and Mature Hematopoietic Neoplasms
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etiOlOgy/PatHOPHySiOlOgy
Cancer is a disease of gene mutations. Hematopoietic neoplasms are 
believed to occur as the result of a somatic mutation(s) of a single 
hematopoietic stem or progenitor cell.2 Evidence for the clonal evolu
tion of neoplastic cells comes from cytogenetic studies. More than 50% 
of individuals with leukemia show an acquired abnormal karyotype 
in hematopoietic cells whereas other somatic cells are normal. Using 
cytogenetic markers, normal and malignant cells can be demonstrated 
to populate the marrow simultaneously. In untreated leukemias and 
during relapse, the leukemic cells dominate, whereas during remission, 
usually only normal cells can be detected.

Cancer Stem Cells
Hematopoietic neoplasms arise when a normal hematopoietic pre
cursor cell acquires a cancerinitiating mutation. The cell in which 
this genetic mutation(s) occurs is termed the cell of origin or cancer-
initiating cell (Figure 235 ■). The cancerinitiating cell can be a 
hematopoietic stem cell (HSC) or more differentiated progenitor 
cells.2,3 A hallmark of hematologic malignancies is the capacity for 
unlimited selfrenewal of the cancerinitiating cell, which is also a 
characteristic of normal HSCs (Chapter 3). While more restricted 
progenitor cells, such as committed lymphoid progenitor (CLP) or 
committed myeloid progenitor (CMP) cells, do not normally have 
selfrenewal capacity, they may acquire mutation(s) that reactivate 
the selfrenewal program(s) and that allow them to become cancer
initiating cells.2  Many of the signaling pathways that have been shown 
to regulate normal stem cell development also play a role in cancer cell 
proliferation.2,3

The cancerinitiating cell gives rise to the cancer stem cell  that 
divides incessantly to generate a tumor of “identical” sibling cells or 
clones and sustains malignant growth. Most cancers are not truly 
clonal but consist of heterogeneous cell populations. Only small sub
sets of cells that are capable of extensive proliferation (cancer stem 
cells) exist within a tumor. Identification of the hematopoietic form 
of a cancer stem cell, or leukemic stem cell (LSC), for each type of 

marrow and peripheral blood usually show an increase in concen
tration of cells at all maturation stages (Figure 233 ■). The mature 
myeloid neoplasms include subgroups in which the cells exhibit 
dysplastic features (myelodysplasia).

Abnormal proliferation of lymphoid cells sometimes occurs 
within the lymphatic tissue or lymph nodes. These solid tumors are 
referred to as lymphoma. If the lymphoma affects the bone marrow 
and lymphoma cells are found in the peripheral circulation, the 
leukemic phase of lymphoma is present.

Failure of normal hematopoiesis is the most serious consequence 
of malignant neoplasms. As the neoplastic cell population increases, 
the concentration of normal cells decreases, resulting in the inevitable 
cytopenias of normal blood cells (Figure 234 ■). If the neoplasm is 
not treated, the patient usually succumbs to infections secondary to 
granulocytopenia or bleeding secondary to thrombocytopenia.

■  Figure 23-3 Chronic myelogenous leukemia. Note 
the large number of granulocytic cells in various stages 
of maturation including blasts, metamyelocyte, bands, 
and segmented neutrophils (Wright stain, 1000*  
 magnification, peripheral blood).

■  Figure 23-4 Clonal expansion of neoplastic cells in the 
bone marrow over a period of time leads to a decrease in 
the concentration of normal cells in both the bone marrow 
and peripheral blood.
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■  Figure 23-2 Acute myeloid leukemia. Note the large 
number of myeloblasts with no mature granulocytes pres-
ent (Wright stain, 1000*  magnification, peripheral blood).
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Molecular Basis of Cancer
The cancer cell genotype is generally maintained (stably inherited) 
during cell division. This implies that the tumor cell DNA determines 
the disease phenotype.

Oncogenes
Researchers have found that when inoculated into animals, certain 
viruses are capable of causing tumors. It has been shown that these 
tumor viruses carry discrete genetic elements, oncogenes, that are 
responsible for inducing malignant cell transformation. The proteins 
encoded by the oncogenes play important roles in the cell cycle, such 
as initiation of DNA replication and transcriptional control of genes. 
Importantly, many viral oncogenes have normal counterparts in the 
human genome, now called proto-oncogenes. The identification of 
protooncogenes verified that the human genome carries genes with 
the potential to dramatically alter cell growth and to cause malignancy 
when altered or activated to an oncogene.4

One of the defining features of cancer cells is their ability to pro
liferate under conditions in which normal cells do not.5 The proteins 
encoded by protooncogenes function in the signaling pathways by 
which cells receive and execute growth instructions. The mutations 
that convert protooncogenes to oncogenes (referred to as oncogene 
activation) are often either structural mutations resulting in the con
tinuous (constitutive) activity of a protein without an incoming signal 
or mutations in gene regulation that lead to the production of a pro
tein at the wrong place or time. The result in either case is a persistent 
internal growth signal that is uncoupled from environmental controls. 
It is possible that any gene playing a key role in cellular growth can 
become an oncogene if mutated in an appropriate way.

In general, the protooncogenes that have been identified 
serve one of the following functions in normal growth control4 
(Chapters  2, 4):

•	 Growth factors These molecules provide the signals to grow 
and when activated to an “oncogene” result in an autocrine growth 
stimulation.

•	 Growth factor receptors When activated to an oncogene, the 
mutated receptors are capable of triggering growthpromoting 
signals, even in the absence of ligand (cytokine) binding.

•	 Signal transducers The normal function of these proteins 
(the largest class of protooncogenes) is to pass receptor signals 

The mutations leading to malignant transformation of the 
cancer stem cell or LSC often are associated with a chromosome 
alteration that is observed as an abnormal karyotype when study
ing cells in mitosis(Chapter 41). When chromosome studies are 
normal, aberrations in DNA at the molecular level may be found  
(Chapter 42). In either case, genomic changes in the cancer cells 
lead to a survival and/or proliferation advantage over normal cells 

A patient has 50% monoblasts in the bone marrow. Which 
precursor cell could be the cancer-initiating cell?

checkpoint 23-1

A 62-year-old male presents with an elevated leukocyte 
count, mild anemia, and a slightly decreased platelet 
count. His physician suspects leukemia. Explain why the 
erythrocytes and platelets are affected.

checkpoint 23-2

■  Figure 23-5 A hematopoietic neoplasm (left) is 
derived from a single cancer-initiating cell. The leuke-
mic mutation(s) (black arrows) that transform a normal 
 hematopoietic precursor cell to a cancer-initiating cell 
can occur at the hematopoietic stem cell (HSC) or more 
committed progenitor. If the cancer-initiating cell is a com-
mitted progenitor, then the mutations must include the 
capacity for self-renewal (blue arrows). If the mutation 
also can result in a block to terminal differentiation ( #) 
the resulting malignancy will be an acute leukemia (AL). 
 Residual “normal” HSCs and committed progenitors in 
the marrow will still be capable of producing mature cells 
(right).

Development of a
hematopoietic neoplasm

Leukemic
mutation(s)

Development of a normal
hematopoietic cell

Blasts

AL

Progenitors

HSCs

and to the neoplastic expansion of the affected cancer stem cell 
and its progeny. In acute leukemia, this unregulated proliferation 
is accompanied by an arrest in maturation at the blast cell stage 
(Figure 235).

leukemia has become a major focus of research because the LSC is 
responsible for propagating the leukemia. 
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at the molecular level was the inherited susceptibility to retinoblastoma 
(a tumor of the eye) in certain families.6,7 Although retinoblastoma 
can occur sporadically, about onethird of the cases occur in related 
siblings, suggesting an inherited susceptibility to the disease (Web 
Figure  231). The development of retinoblastoma requires two 
mutations that inactivate both of the RB loci on each of the chro
mosomes 13. In the familial form of the disease, the affected children 
inherit one mutant RB allele and one normal allele. Retinoblastoma 
(or another malignancy) develops when acquired mutations elimi
nate the function of the remaining normal (wildtype) allele. Thus, 
the RB gene acts as a tumor suppressor gene that normally functions 
to arrest excessive growth of cells. As is typically true of tumor sup
pressor genes, one RB copy is sufficient to keep growth in check, but 
loss of both copies eliminates the tumor suppressor function, and a 
tumor develops. The protein product of the RB gene (Rb protein) is 
not specific to retinal tissue but serves as a universal cell cycle brake 
in most cells. Acquired mutations of RB (i.e., nonfamilial) are found 
in about 25% of sporadic cancers and have been observed in various 
hematopoietic neoplasms.

Inactivation of the p53 gene, also a tumor suppressor gene, is 
seen in more than half of all human cancers, making it the most 
common genetic defect detectable in human tumors.8,9 Interestingly, 
a  damaged p53 gene can be inherited (like familial retinoblastoma) 
resulting in LiFraumeni syndrome and an inherited susceptibil
ity to a variety of cancers including hematopoietic neoplasms.10,11 
In affected  individuals, 50% develop cancer by age 30 and 90% by 
age 70. The function of p53 in cell cycle regulation (Chapter 2) is 
to block  cell cycle progression in the event of damaged DNA or to 
trigger apoptosis if the damaged DNA cannot be repaired. The p53 
protein is a major component of the body’s antitumor army, serving as 
a  “molecular policeman” monitoring the integrity of the genome. Loss 
of function of the p53 gene facilitates tumor formation by  allowing 
 damaged cells to proceed through the cell cycle and continue to 
replicate.

epigenetics
In addition to mutations of various oncogenes or tumor suppressor 
genes known to be associated with malignancy, there is a second group 
of alterations, epigenetic alterations.12,13 Epigenetics is defined as 
heritable changes in gene expression not caused by changes in DNA 
sequence. Epigenetic changes are stable from one cell generation to the 
next after each mitotic event. These changes play an important role 
in normal development and differentiation and are associated with 

to downstream targets. Many of these protooncogenes encode 
proteintyrosine kinases found on the inner surface of the mem
brane. Often the oncogenic form of these genes produces signaling 
molecules that exist in a constantly activated state in the absence of 
growth factor/receptor interaction and signaling.

•	 Transcription factors These proteins bind DNA and func
tion to control the expression of cellular genes required for 
proliferation.

Thus, protooncogenes are genes that regulate the initiation of 
DNA replication, cell division, the commitment to cellular differentia
tion, and/or apoptosis (Chapter 2). Their activation to an oncogene 
disrupts the growthcontrol apparatus of the cell. Protooncogene 
activation occurs by one of three genetic mechanisms: mutation, gene 
rearrangement, or gene amplification. The result is either (1) a quali-
tative change in function of the gene’s protein product, resulting in 
enhanced activity, (2) a protein that is no longer subject to the control 
of regulatory factors, or (3) a quantitative change (increased produc
tion) of an otherwise normal protein.

tumor Suppressor genes
Cancer is now widely accepted to be a multihit phenomenon, 
resulting from several independent genetic alterations occurring 
sequentially within a single cell. Specific tumor suppressor genes 
function to inhibit cell growth in normal cells. Thus, in addition 
to oncogene activation that results in growthpromoting activity, 
tumor cells often have inactivating mutations of growthsuppressing 
genes that can also contribute to tumor development. Mutations in 
tumor suppressor genes behave differently from oncogene muta
tions (Table 232 ★). Oncogene mutations tend to be activating 
mutations, which functionally are dominant to wildtype (nonmu
tated) gene products; they produce proliferation signals even when a 
single copy of the oncogene is present. Tumor suppressor mutations, 
on the other hand, are recessive, lossoffunction mutations. Muta
tion in one gene copy usually has no effect as long as a reasonable 
amount of normally functioning wildtype protein remains. How
ever, mutations in both copies of a tumor suppressor gene lead to 
complete loss of its normal, growthinhibitory effect.

Understanding the function of tumor suppressor genes has 
been greatly aided by studies of rare cancers that run in families in 
which affected family members appear to inherit susceptibility to 
and develop certain kinds of tumors at rates much higher than the 
normal population. The first of these familial cancers to be explained 

Property Oncogenes tumor Suppressor gene

Nature of mutation Dominant (one mutated allele 
displays the phenotype)

Recessive (both alleles must 
be mutated to display the 
phenotype)

gain of function Loss of function

Inherited mutant allele Never observed Rare—basis for inherited 
 predisposition in cancers

Somatic mutations in cancers Yes Yes

★ taBle 23-2 Properties of Oncogenes and Tumor Suppressor Genes
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checkpoint must occur in order for a malignant phenotype to be 
established.17

“silencing” genes and chromatin condensation into heterochromatin 
(Chapter 2). Major epigenetic changes include DNA methylation of 
CpG dinucleotides and histone acetylation/deacetylation reactions.

Cancer is a complex disorder that often involves aberrant DNA 
methylation patterns. There can be demethylation of the genome in 
regions where it should be methylated or methylation of regions of 
the genome that are typically unmethylated. The list of genes that 
acquire hypermethylation of CpGs in their promoter regions and 
contribute to tumorigenesis is growing. This hypermethylation is 
associated with transcriptional silencing of these genes and is the 
explanation for one of the most common causes of loss of function 
of key tumor suppressor genes.

Modifications of the histone proteins also are seen in malignan
cies. Hypoacetylated histones bind tightly to the phosphate back
bone of DNA and help maintain chromatin in an inactive, silent 
state.  Various types of malignant cells utilize enzymes called histone 
deacetylases (HDACs) to deacetylate key lysine amino acids, resulting 
in the silencing of key genes that favor cell growth over differentia
tion. One of the newer approaches to treating cancer patients involves 
demethylating agents or HDAC inhibitors to reverse epigenetic 
changes associated with certain types of cancer.14

Mutations in proto-oncogenes predisposing to malig-
nancy are said to be dominant mutations, whereas muta-
tions in tumor suppressor genes are said to behave as 
recessive mutations, requiring loss of both alleles. Explain 
this difference in behavior of the gene products.

checkpoint 23-3

Cell cycle Checkpoints and Cancer
A common feature of many cancer cells is the loss of regulation of 
cell cycle checkpoints (Chapter 2), either by overexpression of posi
tive regulators (for example, cyclins and Cdks) or the loss of function 
of negative regulators (the Cdk inhibitors, p53, or Rb).15,16 Cyclin 
D, cyclin E, and cyclin A are overexpressed in a variety of human 
cancers and function as oncogenes in their mutated configuration. 
Often  specific chromosomal translocations activate the expression 
of a cyclin gene by placing it under the influence of other transcrip
tional control elements. For example, the t(11;14) translocation 
seen in some Blymphocyte malignancies places the cyclin D gene 
under regulatory control of the immunoglobulin heavy chain locus, 
resulting in activation of cyclin D expression at inappropriate times 
during a cell’s life. Thus, the result of the t(11;14) translocation is an 
oncogenic form of cyclin D (Chapter 27). Furthermore, mutations 
in cyclindependent kinases can also lead to a loss of cell cycle regu
lation. For instance, mutations that lead to overexpression of Cdk4 
(a kinase regulated by cyclin D) have been reported in a number of 
human tumors and contributes to the excessive growth characteris
tics of those diseases. Therefore, the p16cyclin DRb pathway, which 
controls the G1 checkpoint in cell cycle regulation, is believed to play 
a pivotal role in tumorigenesis (Figure 236 ■). Some investigators 
have proposed that a mutation involving at least one member of this 

■  Figure 23-6 Alterations of the G1 checkpoint that can 
lead to malignancy. Loss-of-function alterations in cell cycle 
negative regulators (i.e., the tumor suppressor gene prod-
ucts p16 or Rb) can contribute to uncontrolled proliferation. 
Similarly, gain-of-function mutations of positive regulators 
of proliferation can contribute to uncontrolled proliferation 
(i.e., the proto-oncogene gene products Cyclin D, Cdk4).

# = inhibition of the pathway; + = an alteration that increases activity 
of the indicated proteins; - = an alteration that decreases activity of the 
indicated proteins

Amplification
Translocation

Retroviral insertion

G1

Mutation
Deletion

Methylation

– –

+

Mutation
Deletion

Tumor viruses
Amplification

Mutation

Rbp16
Cdk4

Cyclin D1

S

+

A cell contains a mutation that blocks expression of p16. 
What is the effect (if any) on the daughter cells produced?

checkpoint 23-4

apoptosis and Cancer
The accumulation of an excess number of cells, a characteristic of 
malignancies, can result from increased cell proliferation (see previous 
discussion of cell cycle checkpoints and cancer) and/or to decreased 
cell death (apoptosis).5 Thus, mutations of genes important in regu
lating apoptosis have also been identified as oncogenes and tumor 
suppressor genes. These include lossoffunction mutations that ini
tiate apoptosis such as p53, Bax, and other proapoptotic Bcl2 family 
members as well as overexpression of antiapoptotic proteins such as 
Bcl2 and other Bcl2 family members that function to inhibit apopto
sis18 (Chapter 2). Bcl2 is overexpressed in most cases of Bcell follicu
lar lymphoma, many cases of Bcell chronic lymphocytic leukemia 
(CLL), and some cases of acute myeloid leukemia (AML)19 
(Chapters  2628). Mutations in Bax (resulting in loss of proapoptotic 
function) have been reported in about 20% of leukemic cell lines. The 
result is production of cells with an extended life span, increased pro
liferation capacity, and diminished cell death.

Leukemogenesis
From studies on laboratory animals, several factors have been 
 suggested as playing roles in leukemogenesis: (1) genetic suscepti
bility, (2) somatic mutation, (3) viral infection, and (4) immunologic 
dysfunction (Table 233 ★).
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and translocations within gene sequences can produce hybrid (fusion) 
genes and a new protein product. For example, the balanced translo
cation between chromosomes 9 and 22 in chronic myelogenous 
leukemia (CML) results in the formation of a BCR-ABL fusion gene 
that encodes an abnormal tyrosine kinase (TK) protein. The TK is 
constitutively activated to transduce signals of cell survival, prolifera
tion, and resistance to apoptosis. Consequently, the cell containing the 
translocation is able to persist under conditions that would not nor
mally support its survival.

viral infection
Retroviruses have been shown to cause leukemia in laboratory 
animals, and a few malignancies can be traced to a viral infection of 
cells in humans.24 Retroviruses contain a reverse transcriptase that 
allows them to produce a DNA copy of the viral RNA core. The DNA 
can then be copied to produce more viral cores or can be incorpo
rated into the host cell’s nuclear DNA. The strongest support for the 
 existence of a leukemogenic virus in humans comes from the isolation 
of several human retroviruses known as human T-cell leukemia/
lymphoma virus (HTLVI, II, V) and human immunodeficiency 
virus (HIV1) from cell lines of patients with mature Tcell malig
nancies.25 Exactly how viruses induce leukemia is unclear, but the 
incorporation of the viral genome into host DNA is suspected to lead 
to activation of protooncogenes.

immunologic Dysfunction
An increased incidence of lymphocytic leukemia has been observed 
in both congenital and acquired immunologic disorders. These 
disorders include the hereditary immunologic diseases Wiskott
Aldrich syndrome, Bruton type Xlinked agammaglobulinemia, and 
ataxia telangiectasia. An association between longterm treatment 
of patients with immunosuppressive drugs (e.g., renal transplant) 
and leukemia also has been observed. Possibly, a breakdown in the 
cellmediated immunologic selfsurveillance system and/or defi
cient production of antibodies against foreign antigens leads to the 
emergence and survival of neoplastic cells.

Miscellaneous Factors
Certain hematologic diseases appear to pose a leukemogenic risk. 
Leukemia development in some patients appears to be related to the 
treatment used for the primary disease, but in others, no such relation
ship can be found. The highest incidence of acute leukemia is found 
in individuals with other neoplastic bone marrow disorders, such as 
myeloproliferative neoplasms (MPNs) and myelodysplastic 
syndrome (MDS),26–28 prompting some hematologists to use the 
word preleukemia or premalignant for these disorders. Additional 
genetic mutations (or epigenetic alterations; see “Epigenetics” section) 
occur as the preleukemic disease progresses to the malignancy, leu
kemia. Other hematopoietic diseases with an increased incidence 
of leukemia include paroxysmal nocturnal hemoglobinuria (PNH), 
aplastic anemia, and multiple myeloma. Interestingly, all of these 
hematologic disorders are considered stem cell disorders in which the 
primary hematologic defect lies in the myeloid or lymphoid progeni
tor cells or in the pluripotential stem cells.

No single factor is responsible for the activation of oncogenes 
that result in hematopoietic neoplasms, but a variety of etiologic 

genetic Susceptibility
Strong evidence suggests that hereditary factors and abnormal genetic 
material have important leukemogenic effects. A number of individ
uals who have congenital abnormalities associated with karyotypic 
abnormalities have a markedly increased risk of developing acute 
leukemia. Each of these genetic events has the potential to activate 
protooncogenes or eliminate the function of a tumor suppressor 
gene. The best known of the genetic abnormalities associated with 
leukemia is Down syndrome in which the extra chromosome 21 may 
participate in translocations.20,21 Various other congenital disorders 
also are associated with an increased risk for leukemia.22,23

Somatic Mutation
A somatic cell mutation is an acquired change in the genetic mate
rial of cells other than those involved in reproduction. Mutations 
in the chromosome near protooncogenes likely play a role in neo
plasm development. More than 50% of patients with leukemia have 
acquired abnormal karyotypes and cytogenetic studies have revealed 
specific, consistent mutations in certain subgroups of hematopoietic 
neoplasms.23

Radiation, some chemicals, and drugs can cause chromosome 
mutations. Ionizing radiation has long been recognized as capable 
of inducing leukemia, which is evident from observations of human 
exposure to radiation from nuclear reactions, therapeutic radiation, 
and occupational exposure to radiation. An increase in leukemia has 
been observed after treatment with alkylating agents and other 
chemotherapeutic drugs used in treatment of many kinds of malig
nancy. The only chemical that is specifically implicated in causing 
leukemia other than those used as medications is benzene.

The outcome of chromosome breaks and translocations can lead 
to the activation of oncogenes and ultimately result in the aberrant 
expression of the protein product (Appendix B). Furthermore, breaks 

Factor example

genetic susceptibility Down syndrome

Fanconi anemia

Kleinfelter syndrome

Bloom syndrome

Wiskott-Aldrich syndrome

Diamond-Blackfan syndrome

Xeroderma pigmentosum

Li-Fraumeni syndrome

Somatic mutation Radiation

Chemicals

Drugs

Viral infection Retroviruses—HTLV-I, II, V, HIV-1

Immunologic disorders Wiskott-Aldrich syndrome

Bruton type X-linked 
agammaglobulinemia

Ataxia telangiectasia

Immunosuppressive therapy

★ taBle 23-3 Factors that May Play a Role 
in Leukemogenesis
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common in acute lymphoblastic leukemia (ALL) of childhood.33 
Chloromas, which are green tumor masses of immature leukocytes, 
are associated with AML and CML and are usually found in bone but 
can be found throughout the body. The green color, which fades to 
a dirty yellow after exposure to air, is responsible for the descriptive 
name given to this unique clinical finding. Presumably, the green color 
results from the myeloperoxidase content of the malignant cells.

HeMatOlOgiC FiNDiNgS
Cell counts and morphology are variable in the hematopoietic 
 neoplasms (Table 235 ★). A normocytic (occasionally macrocytic) 
normochromic anemia is usually present at diagnosis. If not pres
ent initially, anemia invariably develops during progression of the 
disease.

The platelet count varies. Thrombocytopenia is usually present at 
diagnosis in precursor neoplasms (acute leukemia). Thrombocytosis 
is a common initial finding in some of the mature neoplasms but can 
decrease with disease progression. Platelet morphology and function 
also can be abnormal. Large hypogranular platelet forms are common, 
and circulating micromegakaryocytes occasionally are present.

The leukocyte count can be normal, increased, or decreased. 
More than 50% of patients with AML do not have a significant leu
kocytosis at diagnosis. However, if left untreated, leukocytosis even
tually develops. On the other hand, in the mature myeloproliferative 
and lymphoproliferative neoplasms, leukocytosis at diagnosis is a 
prominent finding. Normal or decreased leukocyte counts are typi
cal in myelodysplastic syndrome (MDS). Regardless of the leukocyte 
count, an increase in immature precursors is found in most cases. 
Blasts are especially prominent in the precursor leukemias. Unique 
pinkstaining granular inclusions called Auer rods can be found in 
the blast cells and promyelocytes of some acute myeloid leukemias. 
These Auer rods are believed to be formed from fused primary gran
ules. When AML is suspected, finding Auer rods can help to estab
lish the diagnosis because they are not found in ALL.

The bone marrow is hypercellular but occasionally is normo
cellular or hypocellular. Reticulin is increased, often worsening with 
disease progression. Blasts are usually increased. A minimum of 20% 
blasts is recommended for a diagnosis of AML. The cutoff of 620% 
blasts is used to differentiate the mature myeloid neoplasms (MPN 
and MDS) from precusor myeloid neoplasms.

Maturation abnormalities are commonly present in all three cell 
lines. Megaloblastoid erythropoiesis can be prominent but is unre
sponsive to vitamin B12 or folic acid treatment.

factors including genetic factors and environmental exposures pro
duce the malignancy.29–31 The cause probably varies from patient to 
patient, and some individuals could be more susceptible than others 
to oncogene activation. Neoplasm age

• acute lymphocytic leukemia (all) Children 2–5 years old

• Chronic lymphocyte leukemia (Cll) Adults 750 years old

• acute myeloid leukemia (aml) Adults

• Chronic myeloid leukemia (Cml) and other 
myeloproliferative neoplasms

Adults

★ taBle 23-4 Age Groups Typically Found in Acute 
(Precursor) and Chronic (Mature) Leukemias

Does a 3-year-old child with Down syndrome have an 
increased risk of developing leukemia? Why or why not?

checkpoint 23-5

ePiDeMiOlOgy
The Leukemia and Lymphoma Society predicted that in 2013, about 
150,000 new cases of leukemia, lymphoma, and myeloma would have 
been reported, accounting for 9% of new cases of cancer in the United 
States.32 About 31% more males are living with leukemia than females.

Approximately 50% of all leukemias are diagnosed as acute. 
Although some difference in the incidence of the acute leukemias 
exists between countries and regions of countries, the differences are 
not great. However, all leukemias are more prevalent in Jews of Rus
sian, Polish, and Czech ancestry than in nonJews. Acute leukemia also 
is more common in whites than in blacks.

Of particular interest are the incidence and morphologic varia
tion of leukemia among age groups (Table 234 ★). Although acute 
leukemia occurs at all ages, peak incidence occurs in the first decade, 
particularly from the ages of 2 to 5 followed by a decreasing incidence 
in the second and third decade. Thereafter, the incidence begins to 
increase, rising steeply after age 50. The cellular type of leukemia 
occurring at these peak periods differs significantly. Most childhood 
acute leukemias are of the lymphoid type, whereas those occurring 
in adults are typically myeloid. Chronic leukemias are rare in chil
dren. Chronic myelogenous leukemia occurs most often in young 
to middleaged adults, and chronic lymphocytic leukemia is found 
primarily in older adults. MPN and MDS occur most often in middle
age to older adults.

CliNiCal FiNDiNgS
Failure of the normal triad of hematopoiesis is the most serious con
sequence of hematopoietic neoplasms. The most frequent symptoms 
are related to erythrocytopenia, thrombocytopenia, and/or neutro
penia. The major clinical problems are anemia, infection, and bleed
ing episodes occurring as hemorrhages, petechiae, or ecchymoses. 
Bone pain that results from marrow expansion and weight loss is also 
a common complaint. Physical examination can show hepatospleno
megaly and, occasionally, lymphadenopathy. Organomegaly is more 
common in mature cell leukemias (chronic leukemias) than in the 
precursor (acute) forms.

Although the disease originates in the bone marrow, neoplastic 
cells can infiltrate any tissue of the body, especially the spleen, liver, 
lymph nodes, central nervous system, and skin. The lesions produced 
vary from rashes to tumors. Skin infiltration is most commonly found 
in acute myeloid leukemia (AML), particularly those with a mono
cytic component. Central nervous system (CNS) involvement is 
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hematopoietic neoplasms. Thus, in 2001, the Society for Hematopa
thology and the European Association of Hematopathologists devel
oped the World Health Organization (WHO) classification to better 
define the hematopoietic neoplasms; this classification was updated 
in 2008.35,36 This classification uses morphologic, cytochemistry, and 
immunophenotype analyses to determine cell lineage and degree of 
maturation. These analyses also help to determine whether cell prolif
eration is effective or ineffective and to detect whether cells are cyto
logically normal or dysplastic. Clinical features such as prior therapy, 
age, and history of MDS are correlated with genetic findings, morphol
ogy, and immunophenotype to define subgroups of myeloid and lym
phoid neoplasms.35,36 Cytogenetic and molecular genetic studies are 
necessary to categorize those neoplasms that are genetically defined, 
to establish a baseline to assess genetic evolution and progression, and 
to monitor response of the disease to therapy. In some cases, molecu
lar analysis can detect gene mutations when the cytogenetic profile is 
normal. These studies that define cell lineage, degree of differentiation, 
and dysplasia and detect genetic abnormalities should be performed 
at initial evaluation.36

The classification according to lineage of the neoplastic cells 
includes three groups: myeloid, lymphoid, and histiocytic/dendritic 
(Table 236 ★). Mast cells are derived from hematopoietic progenitor 
cells and possess myeloid cell characteristics. Thus, mast cell disease 
can also be considered a myeloid disorder. These major groups are 
defined and subgrouped as precursor (acute) and mature (chronic) 
neoplasms by cell morphology, genetic abnormalities, immunophe
notyping, and clinical features. Each neoplasm is proposed to have a 
normal counterpart. (Appendix C is a comprehensive classification 
according to the 2008 WHO criteria.)

Myeloid Neoplasms
The precursor myeloid neoplasms include the acute leukemias, 
myeloid sarcoma, and blastic plamacytoid dendritic cell neoplasms. 
The acute myeloid leukemias are further subgrouped according 
to primary involved neoplastic cell line (granulocytic, monocytic, 
erythroblastic, megakaryocytic), genetic features, presence or absence 
of myelodysplasia, and previous therapy. Those that do not meet the 
criteria for inclusion in one of the defined subgroups are classified as 
acute myeloid leukemia, not otherwise specified (NOS).

Because of the intense increase in cell turnover, other laboratory 
tests reflecting cell destruction could be abnormal. An increase in uric 
acid, which is a normal product of nucleic acid metabolism, is a consis
tent finding in all types of leukemia. The rate of excretion can increase 
to 50 times normal. Serum lactic dehydrogenase (LD) levels appear 
to correlate closely with the concentration of leukemic cells. Isoen
zyme studies reveal that the LD is derived from immature leukocyte 
precursors. Muramidase (lysozyme) is a lysosomal enzyme present 
in monocytes and granulocytes. The serum and urine muramidase 
concentration in leukemia is highly variable and is related to the 
cellular type. The highest concentrations are found in neoplasms with 
a monocytic component.

Why is finding Auer rods an important factor in the diag-
nosis of leukemia?

checkpoint 23-6

Neoplasm leukocytes Platelets Bone Marrow Other

Acute leukemia Normal or increased; blasts 
present

Decreased Hypercellular, 720% blasts Auer rods in AML

MDS Normal or decreased; blasts 
can be present

Variable Hypercellular, occasionally 
 hypocellular, 620% blasts

Dysplastic

MPN (includes chronic 
 myelogenous leukemia (CML)

Increased; shift to left but 
 predominance of mature forms

Usually increased Hypercellular, occasionally 
hypocellular, 620% blasts

MDS/MPN Increased blasts and other 
 immature forms

Usually decreased Hypercellular, 620% blasts Dysplastic

CLL Increased mature lymphocytes; 
neutropenia

Variable Hypercellular, 620% blasts Smudge cells; 610% 
prolymphocytes

MDS = myelodysplastic syndrome; MPN = myeloproliferative neoplasm; CLL = chronic lymphocytic leukemia

★ taBle 23-5 Characteristic Hematologic Findings in Hematopoietic Neoplasms

HeMatOPOietiC NeOPlaSM 
ClaSSiFiCatiON
Classifications of hematopoietic neoplasms are considered to be 
important for three reasons:

1. They provide clinicians and researchers a way to study, select, and 
compare various therapeutic regimens.

2. They provide a system for diagnosis using clearly defined clinical 
features and laboratory findings.

3. They permit meaningful associations of genetic abnormalities 
with pathogenesis of neoplastic disease.

Before 2001, hematopoietic neoplasm classification was  primarily 
based on cell lineage as determined by the morphology and cyto
chemistry of the neoplastic cells. The system was known as the 
FAB (French-American-British) classification system.34 Later, 
immunophenotyping was added to the schema. More recently, 
genetic  features, prior therapy, and a history of myelodysplasia are 
recognized to have a significant impact on the clinical behavior of the 
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Hodgkin lymphoma (Table 236). As with myeloid neoplasms, the 
T and Bcell neoplasms are grouped into precursor (lymphoblastic) 
and mature neoplasms. The ALLs are in the precursor group and 
include Bcell and Tcell ALL and lymphoblastic lymphoma. Unlike 
the guideline for AML, no number of blasts is required for a diagnosis 
of ALL, but it is recommended that a diagnosis of ALL be avoided if 
the blast count is less than 6 20%. Some treatment protocols require 
a threshold of 25% blasts for a diagnosis of ALL. The mature neo
plasms can be aggressive and show rapid progression (e.g., plasma cell 
leukemia), whereas others are indolent (e.g., CLL). Many of the B and 
T cell  neoplasms mimic stages of normal T and Bcell differentiation, 
so they can be classified to some degree according to their normal 
B or Tcell counterpart. However, some do not clearly correspond to 
a normal cell counterpart (e.g., hairy cell leukemia), some show lin
eage heterogeneity, some have features of multiple lineages, and others 
switch lineages.

Most lymphoid neoplasms can be defined using morphology and 
immunophenotype. However, because a single antigenic marker is not 
specific for any one neoplasm, panels of monoclonal antibodies are 
used to help determine the immune profile of the neoplastic clone. 
Some Bcell neoplasms and a few Tcell neoplasms are associated 
with specific genetic abnormalities that are important in understand
ing the biology of the neoplasm as well as in classifying and diagnos
ing. Morphology, immunophenotype, and genetics of the neoplastic 
clone should be interpreted within the context of the patient’s clinical 
history. The clinical behavior of lymphoid neoplasms ranges from 
low grade to high grade, is variable even within one group, and can 
change with progression of the disease. For this reason, the WHO clas
sification does not use grade to stratify the lymphoid neoplasms. The 
morphology, immunophenotype, and genetics also can change as the 
disease progresses.

Hodgkin lymphomas usually occur in young adults, arise in the 
lymph nodes, and are characterized by the presence of large mono
nucleated and multinucleated tumor cells called Reed-Sternberg 
cells. The tumor cells can be surrounded by T lymphocytes that form 
a rosette. The two types are nodular lymphocyte predominant and 
classical.

The mature myeloid neoplasms are grouped according to genetic 
and biologic features (myeloproliferation with effective hematopoi
esis and myeloproliferation with ineffective hematopoiesis [dyspla
sia]). These myeloid neoplasms include myeloproliferative neoplasms 
(MPNs), myelodysplastic/myeloproliferative neoplasms, myelodys
plastic syndromes (MDSs), and myeloid/lymphoid neoplasms with 
eosinophilia and abnormalities of platelet derived growth factor 
receptors (PDGFRA or PDGFRB) or fibroblast growth factor recep
tor (FGFR1) (Table 236).

An accurate blast count is essential for diagnosis because the blast 
count in the blood and bone marrow is used to define and  differentiate 
precursor (acute) from mature myeloid neoplasms. The percentage 
of blasts is determined as the number of blasts in all nucleated mar
row cells (except for acute erythroleukemia).35 Blast counts should 
be derived from a 200cell differential on peripheral blood and on a 
500cell differential on bone marrow.35 The analysis of CD34+  cells 
by flow cytometry should not be used to assess the blast count because 
not all leukemic blasts are CD34+ . If precursor myeloid leukemia 
exists concurrently with another nonmyeloid hematologic neoplasm, 
the cells from the nonmyeloid neoplasm are not included when per
forming the differential.35 Counting blasts for a diagnosis of myeloid 
neoplasms includes the following in addition to myeloblasts:

•	 Monoblasts and promonocytes in acute monoblastic/monocytic 
and acute and chronic myelomonocytic leukemia

•	 Megakaryoblasts in acute megakaryoblastic leukemia
•	 Abnormal promyelocytes in acute promyelocytic leukemia
•	 Erythroblasts only in pure erythroleukemia35

Lymphoid Neoplasms
The lymphoid neoplasms are classified using the Revised European
American Lymphoma (REAL) classification system as modified by 
WHO. Similar to the WHO classification of myeloid neoplasms, the 
REAL/WHO classification of lymphoid neoplasms incorporates 
immunophenotype, genetics, morphology, and clinical features. 
The three groups of lymphoid neoplasms are B cell, T/NK cell, and 

Classification Diseases included

Hematopoietic Myeloproliferative neoplasms (MPNs)

Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of 
PDGFRA, PDGFRB, or FGFR1

Myelodysplastic/Myeloproliferative neoplasms

Myelodysplastic syndromes (MDSs)

Acute myeloid leukemia (AML) and related precursor neoplasms

Acute leukemia of ambiguous lineage

Lymphopoietic Precursor lymphoid neoplasms (T and B lymphoblastic leukemia/lymphoma)

Mature B-cell neoplasms (including chronic lymphocytic leukemia, CLL)

Mature T-cell and NK-cell neoplasms

Hodgkin lymphoma

Histocytic and Dendritic
a Subgroups not included. See Appendix Table 2 for classification that includes subgroups.

★ taBle 23-6 2008 WHO Classification of Hematopoietic, Lymphopoietic, 
and Histiocytic/Dendritic Neoplasmsa
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laBOratOry PrOCeDureS 
FOr DiagNOSiNg aND 
ClaSSiFyiNg NeOPlaSMS
Initial evaluation of patients with a hematopoietic neoplasm should 
include collection of peripheral blood and bone marrow specimens 
prior to therapy. Bone marrow should include aspirate as well as 
biopsy specimens. Morphology and blast count are performed on 
Romanowskystained smears. In addition to obtaining a blast count, 
these cells must be differentiated. Differentiation of leukemic blasts 
allows classification of acute leukemia into cell lineage (lymphoid or 
myeloid) and various subtypes (Table 237 ★). In the acute leukemias, 
identification of the cell lineage of leukemic blasts is often difficult 
when performed by morphology alone unless Auer rods are pres
ent. However, the distinction of cell lineage is important for selecting 
the appropriate therapy. Morphology, immunologic marker analysis 
(immunophenotype), cytochemical stains, and/or genetic studies can 
differentiate blasts. Cytogenetic analysis on a bone marrow specimen 
should be performed, and additional molecular genetic studies should 
be guided by clinical, laboratory, and morphologic information.

Distinction of the mature neoplasms is not as difficult as in acute 
leukemias because the maturation of the neoplastic cell in mature neo
plasms is not blocked, and the cell matures into recognizable blood 
cells. Immunophenotyping and cytochemistry are not usually neces
sary in classification of MDS and MPN, but genetic studies are help
ful in subgrouping. All data are correlated into a report that gives the 
WHO diagnosis.35,36

Cytochemical Analysis
In hematology, cytochemistry refers to in vitro staining of cells that 
allows microscopic examination of the cells’ chemical composition. 
Cell morphology is not significantly altered in the staining process. 
Most cellular cytochemical markers represent organelleassociated 
enzymes and other proteins. The cells are incubated with substrates 
that react with specific cellular constituents. If the specific constituent 

Histiocytic and Dendritic Cell Neoplasms
Histiocytic neoplasms develop from myeloidderived macrophages 
and dendritic cell tumors develop from myeloidderived and stromal
derived dendritic cells. The common bone marrow precursor cell for 
histiocytes and dendritic cells is the common myeloid progenitor 
(CMP) cell. Histiocytes are derived from blood monocytes, which 
migrate through vessel walls to reach their destination in tissue, where 
they develop into histiocytes. Histiocytic tumors are the rarest tumors 
affecting lymphoid tissue. Dendritic cells are antigenpresenting cells 
and are found in various locations during different stages of activation, 
including mucosal sites, skin, and lymph nodes. The types of dendritic 
cells include Langerhans cells and plasmacytoid dendritic cells. Fol
licular dendritic cells are thought to be related to bone marrow stro
mal progenitor cells. There is no marker that identifies all subsets of 
dendritic cells, and there is no unique phenotypic marker for dendritic 
or macrophage histiocytes.

The CBC results on Agnes were:

WBC 83.9 * 109/L Differential
RBC 3.15 * 1012/L Segs 12%
Hb 9.5 g/dL (95 g/L) Lymphs 88%
Hct 29% (0.29 L/L)
Platelets 130 * 109/L

1. given agnes’s laboratory results, would this most likely be 
considered an acute or chronic leukemia? Explain.

2. What group of leukemia (cell lineage) is suggested by 
agnes’s blood cell differential results?

3. What would you expect the blast count in the bone 
marrow to be?

CaSe StuDy (continued from page 426)

all aMl

Age Common in children Common in adults

Hematologic presentation Anemia, neutropenia, thrombocytopenia, lymphoblasts, 
prolymphocytes

Anemia, neutropenia, thrombocytopenia, myeloblasts, 
promyelocytes

Prominent cell morphology Small-to-medium lymphoblasts, fine chromatin with scanty 
to abundant cytoplasm, indistinct nucleoli

Medium-to-large myeloblasts with distinct nucleoli, fine 
nuclear chromatin, and abundant basophilic cytoplasm, 
possible Auer rods

Cytochemistry PAS positive, peroxidase negative, SBB negative, TdT 
 positive, chloroacetate esterase (specific) negative

PAS negative, peroxidase positive, SBB positive, TdT 
negative or positive, chloroacetate esterase positive

Immunophenotype B Cell: CD19, CD20, cytoplasmic CD79a and CD22, CD10, 
CD19 (can also have CD13 and CD33); T Cell: CD1a, CD2, 
CD3, CD4, CD5, CD7, CD8

CD34, HLA-DR, CD117, CD13, CD33, CD15

PAS = periodic acid Schiff; SBB = Sudan black B; TdT = terminal deoxynucleotidyl transferase
a genetic abnormalities are also used to differentiate all and aml.

When all cytochemical stains are negative, the differential diagnosis is usually between ALL and AML with minimal differentiation. TdT is not helpful in differen-
tiating the two because it can be positive in 90% of cases of AML with minimal differentiation. Thus, distinction of AML with minimal differentiation from ALL is 
not possible by cytochemical stains. Flow cytometric analysis and/or ultrastructual cytochemisty is required in this situation. See Chapter 37 for more information 
on special stains.

★ taBle 23-7 Comparison of Acute Lymphoblastic Leukemia (ALL) and Acute Myeloid Leukemia (AML)a
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leukemoid reactions/reactive neutrophilia (high LAP) from chronic 
myelogenous leukemia (low LAP).37,38

acid Phosphatase
A constituent of lysosomes and present in most human cells, acid 
phosphatase activity exists in most normal leukocytes, but the acid 
phosphatase activity in Tcell ALL is characteristic, exhibiting focal 
polarized acid phosphatase activity. Hairy cells in hairy cell leukemia 
are positive, but the activity is not inhibited by tartrate (tartrate resis-
tant acid phosphatase [TRAP]), differentiating hairy cells from 
other leukocytes whose activity is inhibited by tartrate.39,40

terminal Deoxynucleotidyl transferase (tdt)
A DNA polymerase found in cell nuclei, terminal deoxynucleotidyl 
transferase (TdT) is a primitive cell marker that is of value in distin
guishing ALL from malignant lymphoma41,42 and is helpful in identi
fying leukemic cells in body fluid specimens. TdT is present in 90–95% 
of ALL (Tcell ALL and precursor Bcell ALL, but not in mature Bcell 
ALL). TdT staining may not be beneficial in evaluating acute leuke
mias because up to 20% of AMLs can show TdT positivity, and more 
than 90% of the minimally differentiated AML subgroup can be TdT 
positive.

toluidine Blue
Toluidine blue is specifically positive for basophils and mast cells 
and is useful in diagnosing mast cell disease and rare cases of AML 
with basophilic differentiation.43–45 The granules in basophils and 
mast cells have a strong affinity for toluidine blue. A negative reac
tion should not rule out a neoplasm of these lineages because the acid 
mucopolysaccharides can be scarce or negative in neoplastic disorders.

reticulin Stain and Masson’s trichrome Stain
These stains are used to evaluate both the presence and extent of 
 fibrosis. However, the presence of fibrosis can be suspected on 
 hematoxylin and eosin (H&E) stained sections. The Gomori methe
namine silver–staining method is more suitable for detecting reticulin. 
Masson’s  trichrome stain is useful for evaluating the degree of collag
enous  fibrosis. Increased staining can be seen in myelofibrosis and 
indicates severe and dense fibrosis.

Immunologic Analysis
Immunologic analysis is based on identifying specific membrane 
antigens (surface markers) characteristically found on a particular 
cell lineage. Immunologic techniques with monoclonal antibodies are 
widely used to identify cell membrane antigens on a variety of cells 
(Chapter 40). The development of a large number of monoclonal anti
bodies that react with surface antigens on normal and neoplastic cells 
and the technical advances in flow cytometry have greatly enhanced 
the ability to define leukemic cell lineage, the stage of cell develop
ment, and clonality. By utilizing a panel of monoclonal antibodies, a 
more complete picture of the cells’ lineage can be determined.

Immunophenotyping plays a central role in diagnosing 
 hematopoietic and lymphoid neoplasms. It includes identifying the 
lineage of blasts in the blast phase of CML, subtyping the myeloid 
 leukemias, and identifying the lineage of those leukemias that lack 
specific morphologic and cytochemical characteristics such as 

is present in the cell, the constituent’s reaction with the substrate is 
confirmed by the formation of a colored product. The stained cells are 
examined and evaluated on smears with a light microscope, although 
electron microscopy occasionally is necessary to identify very weak 
reactions at the subcellular level. The results of these cellular reactions 
in normal and disease states are well established. Cytochemistry is 
particularly helpful in differentiating the lymphoid or myeloid lineage 
of the blasts in precursor leukemias when morphologic identification 
on Romanowskystained smears is difficult (Table 237). Cytochemistry 
is also helpful in subgrouping AML and related precursor  neoplasms. 
Staining procedures are described in Chapter 37.

It is important to remember that the blast cells seen in leukemias 
are neoplastic and can therefore differ from normal blasts in both mor
phology and metabolic activity. Leukemic cells often display nuclear/
cytoplasmic asynchrony similar to that of megaloblastic cells. As a 
result, although the nucleus appears very immature, the cytoplasm 
of leukemic blasts may contain constituents normally present only in 
more mature cells or can lack one or more constituents expressed by 
their normal counterparts. In addition, abnormal accumulation and 
distribution of cellular metabolites is possible.

The cytochemical staining reactions are either enzymatic or 
nonenzymatic. The enzymatic group includes stains for myelo-
peroxidase (MPO), esterases, alkaline, and acid phosphatases. 
The nonenzymatic stains include Sudan black B (SBB) for lipids, 
periodic acid-Schiff (PAS) for glycogen, and toluidine blue O for 
mucopolysaccharides.

MPO and SBB
The MPO and SBB stains are generally performed first to differentiate 
myeloid and lymphoid blasts. The myeloblasts are positive, but the 
lymphoblasts are negative. Additional staining may be necessary to 
assist in subgrouping the AML and ALL.

esterases
The esterase stains are generally used to differentiate monoblasts and 
myeloblasts. Myeloblasts are positive for specific esterases (chloro
acetate esterase), and monoblasts are positive for nonspecific ester-
ases (alphanaphthyl acetate esterase, ANAE).

Periodic acid Schiff
The PAS stain is helpful in diagnosing ALL and acute erythroid and 
megakaryoblastic leukemias. Normal erythroblasts do not stain 
with PAS. However, PAS activity in erythroblasts found in erythroid 
 leukemia is strongly positive. Leukemic lymphoblasts can demon
strate blocklike or coarse granular PAS activity. This typical  positivity 
of lymphoblasts in ALL can sometimes be seen in subgroups of 
AML (monocytic, erythroleukemia, megakaryoblastic). The PAS 
stain reaction is not useful in differentiating other acute leukemias 
(Chapter 37).

leukocyte alkaline Phosphatase (laP)
Leukocyte alkaline phosphatase (LAP) is an enzyme present 
within the specific (secondary) granules of maturing neutrophils 
(from the myelocyte stage onward). The enzyme is not present in 
eosinophils and basophils. Activated neutrophils contain an increased 
amount of LAP. Therefore, the LAP score is useful in distinguishing 
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mutation can be identified by molecular techniques. When present, 
this helps establish or confirm the diagnosis. The JAK2 mutation, 
JAK2(V617F), plays a pivotal role in the pathogenesis of many BCR/
ABL1–negative MPNs. Thus, diagnostic algorithms for MPN now 
consider the mutational status of JAK2.

Molecular analysis also is helpful in providing clues to the 
pathogenesis of hematopoietic neoplasms. For example, the specific 
t(15;17) (q22;q12) mutation found in acute promyelocytic leukemia 
produces an abnormal form of the nuclear hormone receptor, retinoic 
acid receptora (RAR@a). The abnormal receptor is involved in the 
maturation blockade seen in the neoplastic promyelocytic cells. When 
patients who have this mutation are treated with retinoic acid deriva
tives, the cells are induced to differentiate into mature granulocytes.

One of the limitations of molecular genetic analysis is that the 
specific genetic aberration must be identified first so that probes to 
detect the gene abnormality can be made. Currently, this technology 
is helpful in diagnosing acute promyelocytic leukemia, CML, polycy
themia vera, essential thrombocythemia, primary myelofibrosis, and 
T and BALL. Another limitation of molecular techniques is that 
only a single gene mutation usually can be identified using a given 
probe so that other gene mutations, if present, are not detected. Thus, 
it is important for the clinical laboratory scientist to understand the 
advantages and limitations of each diagnostic procedure and recom
mend the appropriate combination as well as sequence of testing. 
Chapter 42 discusses molecular genetic techniques and their applica
tion in diagnosis of hematopoietic diseases.  Appendix B includes 
the genetic mutations associated with the subgroups of hematologic 
neoplasms.

Quantitative molecular methods are used to monitor treatment 
of CML. Baseline levels of mRNA transcripts of BCR/ABL1 are 
obtained before treatment is started and then at intervals (3–6 months) 
to determine whether patients are responding to treatment.47,48

minimally differentiated AML from ALL and subtyping the lym
phoid neoplasms as T or B cell. Immunologic patterns can help plan 
molecular analysis because some immunophenotypes are associated 
with particular genetic mutations. The identification of cell antigens 
can also help direct treatment because some antigens are targeted for 
specific therapy (e.g., rituximab, an antiCD20 drug). If marrow cell 
suspensions are not available, immunophenotyping can be done using 
immunohistochemical analysis on bone marrow biopsy specimens. 
See Chapter 40 for a more thorough discussion of monoclonal anti
bodies and their use in the identification of neoplastic hematopoietic 
disorders. Appendix B includes the antigenic patterns in hematologic 
neoplasms.

Genetic Analysis
Genetic analysis includes cytogenetics to determine the cell karyotype 
and molecular methods to identify specific gene mutations—both 
of which can be key to differentiate and define some neoplasms. In 
some cases, the karyotype will appear normal but mutations can be 
found using molecular techniques such as PCR and fluorescent in situ 
hybridization (FISH) (Chapter 42).

Cytogenetics
Advances in cytogenetics have enabled cytogeneticists to identify 
characteristic nonrandom abnormal karyotypes in the majority of 
the acute leukemias and in some MPNs and MDSs.46 Some specific 
chromosome changes are consistently associated with a particular 
neoplastic subgroup and thus are helpful in diagnosis. For example, the 
t(15;17)(q22;q12) is diagnostic of acute promyelocytic leukemia, and 
the Philadelphia chromosome characterized by t(9;22)(q34;q11.2) 
confirms a clinical diagnosis of CML. In the lymphoid leukemias, 
nonrandom chromosome changes are often associated with either 
the B or T lymphocyte lineage and provide important prognostic as 
well as diagnostic information. Chromosomal rearrangements and 
their accompanying molecular abnormalities can identify distinct 
clinical groups with a predictable clinical course and response to spe
cific therapy. In addition to helping physicians evaluate their patients, 
cytogenetic studies provide new insights into the pathogenesis of neo
plastic diseases.

When cytogenetic abnormalities are present before therapy, 
their presence or absence can be used to identify remission, relapse, 
and minimal residual disease after therapy. If the cytogenetic abnor
mality identified before therapy is still present after therapy, it is 
evidence that neoplastic cells remain in the bone marrow. In some 
cases, additional chromosome aberrations can be identified during 
the course of the disease or after a period of remission. The finding of 
additional chromosome aberrations is not usually a signal of disease 
progression. Thus, physicians may order multiple cytogenetic analyses 
(Chapter 41).

Molecular analysis
Molecular genetic analysis, the process of using DNA technology to 
identify genetic defects at the molecular level, is being used increas
ingly as a diagnostic tool in studying neoplasms. In some cases, the 
chromosome karyotype is normal, but a genetic mutation can be 
identified. About 5% of patients with CML do not show the typical 
Philadelphia chromosome on karyotyping, but the BCR/ABL1 

A patient has 35% blasts in the bone marrow. They do 
not show any specific morphologic characteristics that 
will allow them to be classified according to cell lineage. 
What are the next steps that the clinical laboratory scien-
tist should take with this specimen?

checkpoint 23-7

PrOgNOSiS aND treatMeNt 
OF NeOPlaStiC DiSOrDerS
Studies of the hematopoietic neoplasms that have elucidated the 
pathogenesis of these disorders have led to new treatment modalities 
that significantly changed the prognosis for patients.

Prognosis
Before the 1960s, a patient diagnosed with acute leukemia could 
expect to die within a few months. With new treatment modalities, 
remission rates for both ALL and AML have improved dramatically. 
Remission was defined originally as a period of time in which there 
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Treatment
Chemotherapeutic drug and radiotherapy protocols have been devel
oped by cancer and leukemia groups (CALGs) and are used by coop
erative oncology groups (COGs) to access statistically valid data in a 
highly efficient fashion.

Chemotherapy
Chemotherapy remains the treatment of choice for many leukemias. 
The goal of this type of therapy is to eradicate all malignant cells within 
the bone marrow, allowing repopulation by residual normal hemato
poietic precursors. The problem with this type of therapy is that the 
drugs used in treatment are not specific for leukemic cells. Thus, treat
ment also kills many normal cells. Complications of traditional ther
apy include bleeding because of decreased platelet counts, infections 
from suppression of granulocytes, and anemia because of erythrocyte 
suppression in the marrow. Supplemental support with recombinant 
growth factors can sometimes be used to mitigate the cytopenias.

Most drugs used to treat leukemia are included in three groups: 
antimetabolites, alkylating agents, and antibiotics. The antimetabo
lites are purine or pyrimidine antagonists, which inhibit the synthesis 
of DNA. These drugs kill cells in cycle, affecting any rapidly dividing 
cell. In addition to leukemic cells, the antimetabolites also kill cells 
lining the gut, germinal epithelium of the hair follicles, and normal 
hematopoietic cells. This leads to complications of gastrointestinal 
disturbances, loss of hair, and lifethreatening cytopenias. The alkyl
ating agents (chemical compounds containing alkyl groups) are not 
specific for cells in cycle but kill both resting and proliferating cells. 
These drugs attach to DNA molecules, interfering with DNA synthe
sis. As a class they are mutagenic and carcinogenic; they fragment and 
clump chromosomes, inactivate DNA viruses, and inhibit mitosis but 
not protein function. The side effects of these compounds include 
myelosuppression, stomatitis, nausea, and vomiting. Antibiotics bind 
to both DNA and RNA molecules, interfering with cell replication. 
Toxic effects of this therapy are similar to those of alkylating agents.

Since the 1970s, various drug combinations have been found to 
be more effective than single drug administration. The drugs com
monly used and their modes of action are included in Table 238 ★.

Therapy for most leukemias is divided into several phases. The 
induction therapy phase is designed to induce the disease into com
plete remission (i.e., eradicating the leukemic blast population). Once 
a complete remission has been achieved, it is often followed by a con
tinuation of treatment, referred to as maintenance chemotherapy 
or consolidation therapy. The purpose of maintenance therapy is 
to eradicate any remaining leukemic cells.

The treatment regimen for AML and ALL is similar, although the 
combination of antileukemic agents differs. However, the purpose of 
chemotherapy is the same: to eradicate the leukemic blasts. Central 
nervous system (CNS) involvement is a common feature of ALL but 

were no clinical or hematologic signs of the disease. More recently 
with the various diagnostic and monitoring modalities available, sev
eral levels of remission can be defined. For treatment purposes, com
plete remission (response) is defined as the total absence of disease 
according to the test used (e.g., hematologic versus cytogenetic versus 
molecular). Hematologic remission refers to the absence of neo
plastic cells in the peripheral blood and bone marrow and the return 
to normal levels of hematologic parameters. Cytogenetic remission 
refers to the absence of recognized cytogenetic abnormalities asso
ciated with a given neoplastic disease. Molecular remission refers 
to the absence of detectable molecular abnormalities using PCR or 
related molecular technologies.

Sensitive molecular testing such as PCR can detect the presence 
of less than 1 in 106 tumor cells (Chapter 42), whereas the sensitivity of 
detection of malignant cells using cytogenetics is much lower. Thus, a 
complete molecular response is highly desirable and the most promis
ing evidence that the neoplasm has been eliminated. A combination 
of negative “traditional” tests (peripheral blood and bone marrow blast 
count and cytogenetics) and positive molecular tests (PCR/FISH) 
is sometimes referred to as a state of minimum residual disease 
(MRD). The designation “partial response” is used when the relevant 
laboratory values have a significant decrease without achieving a total 
absence of disease. A “major response” can include either a complete 
or partial response.

Therapeutic success rates differ by disease and the patient’s 
condition at diagnosis. Often a complete hematologic or cytoge
netic remission is achieved initially only to be followed by a return 
of the disease (relapse) after a period of time. Most currently used 
treatment regimens target the actively proliferating cancer cells 
and might not, in fact, be effective against the leukemic stem cells 
(LSC). Thus, the relapse seen in some patients following a complete 
remission is likely because of the reemergence of the disease from a 
quiescent LSC, which was not eliminated by the treatment regimen 
utilized.

Survival in acute leukemias varies with age and group—ALL 
or AML. Approximately 80% of children treated for ALL can be 
expected to enter a prolonged remission with an indefinite period 
of survival. The prognosis for ALL in adults is not as good as that 
for children. Two years is the median survival for adults after remis
sion has been achieved. Only 10–25% of patients typically achieve 
a 5year survival. The remission rate for AML is about 55–65%. 
Approximately 50% of these patients remain in remission for more 
than 3 years. Patients who receive bone marrow or stem cell trans
plants, especially younger patients, have a better prognosis. Patients 
who had a previous MDS or chronic MPN respond poorly to stan
dard chemotherapy.

Survival in the chronic neoplasms is longer. The International 
Randomized Study of Interferon and STI571 (IRIS) reported that for 
CML patients receiving imatinib as initial therapy, overall survival at 
60 months was 89%.48 After onset of blast crisis, survival is generally 
only 1–2 months. Survival in CLL depends on its severity at diagno
sis and ranges from 30 to more than 120 months. Patients with other 
MDS and MPN diseases usually survive without treatment for a year 
or more and even longer for some subtypes. Prognosis for the lym
phomas depends on the cell type and can range from 6 months to 
10 years or longer.

4. Would you expect Agnes to survive more than 3 years 
or succumb fairly quickly after treatment?

CaSe StuDy (continued from page 436)
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and irradiation are used to induce remission and eradicate any evi
dence of leukemic cells. Bone marrow from a suitable donor is then 
transplanted into the patient to supply a source of normal stem cells.

Autologous transplants have been used when a compatible 
donor cannot be found. This procedure involves removing some of 
the patient’s marrow while the patient is in complete remission. The 
marrow specimen is then treated in vitro with monoclonal antibodies 
or 4hydroperoxycyclophosphamide to remove any residual leukemic 
cells (purged) and cryopreserved. Chemotherapy and/or radiotherapy 
are administered to the patient to remove all traces of leukemia, and 
the treated marrow is given back to the patient.

Autologous bone marrow transplantation has been applied to 
patients in remission and to those in early relapse. Overall survival 
appears to be better in those transplanted during the first complete 
remission. Bone marrow transplantation appears to be successful in 
many cases; the number of patients who are undergoing this type of 
therapy is increasing.

Stem Cell transplants
Peripheral blood as well as bone marrow stem cells can be used to 
 reestablish hematopoiesis in the marrow after intensive chemother
apy or radiotherapy in a process called stem cell transplantation. In 
this procedure, apheresis is used to collect stem cells from the periph
eral circulation, usually after they have been mobilized (induced to 
exit the marrow) by cytokines such as GCSF. These stem cells can 
come from either the patient (autologous) or from a suitable donor 
(allogeneic). People who receive allogeneic stem cells are given drugs 
to prevent rejection. Production of new blood cells usually becomes 
established in 10–21 days following infusion of the stem cells. Stem 
cell transplantation is still a fairly new and complex treatment for leu
kemia. A more thorough discussion of hematopoietic stem cell trans
plantation can be found in Chapter 29.

not of AML. Therefore, CNS prophylactic treatment (cranial irradia
tion and/or intrathecal chemotherapy) is part of the therapy regimen 
for ALL.

Permanent remission in CLL is rare. Treatment is conservative 
and usually reserved for patients with more aggressive forms of the 
disease. Treatment for MPN and MDS also is primarily supportive and 
designed to improve the quality of the patient’s life. Drugs designed to 
reverse epigenetic alterations in MDS recently have been introduced 
(see “Epigenetic Therapy”).

Molecular-targeted therapy
As the genetic mysteries of hematologic neoplasms are being resolved, 
novel therapies that target genetic mutations are being developed to 
silence the gene’s expression or that of the mutated protein or to reac
tivate silenced genes. The therapies appear to be better tolerated than 
the traditional chemotherapy regimens. Two targeted therapies are 
in current use as firstline therapy: imatinib for CML and alltrans 
retinoic acid (ATRA) for acute promyelocytic leukemia.49 Although 
hematopoietic stem cell transplantation had been recommended as 
firstline therapy for CML because it was the only treatment with 
the potential for cure, recent studies reveal that survival is superior 
in patients receiving drug treatment (interferon and/or imatinib).50 
Rituximab, cytolytic monoclonal antiCD20 antibody, is a treatment 
directed against cells that have the CD20 protein (primarily B cells). 
These therapies are discussed in Chapters  24 and 26.

epigenetic therapy
With the recognition of the contribution of epigenetic alterations 
to the neoplastic process, a number of drugs have been developed 
and are in various stages of clinical trials. Both demethylating agents 
(e.g., azacitidine) and histone deacetylase inhibitors (HDACI) (e.g., 
 valproic acid, phenylbutyrate) are being evaluated with promising 
early results.51–53

Bone Marrow transplant
Bone marrow transplants have provided hope as a possible cure for 
hematopoietic disorders; the highest rate of success in transplant 
patients has occurred with those younger than 40 years of age in a 
first remission with a closely matched donor. In this procedure, drugs 

Drug Class action

Doxorubicin Anthracycline antibiotic Inhibits DNA and RNA synthesis

Daunorubicin Anthracycline antibiotic Inhibits DNA and RNA synthesis

Idarubicin Anthracycline antibiotic Inhibits DNA and RNA synthesis

5-Azacytidine Pyrimidine antimetabolite Inhibits DNA and RNA synthesis

6-Thioguanine Purine antimetabolite Inhibits purine synthesis

Methotrexate Folic acid antimetabolite Inhibits pyrimidine synthesis

6-Mercaptopurine Purine antimetabolite Inhibits pyrimidine synthesis

Cytosine arabinoside Pyrimidine antimetabolite Inhibits DNA synthesis

Prednisone Synthetic glucocorticoid Lyses lymphoblasts

Vincristine Plant alkaloid Inhibits RNA synthesis and assembly of mitotic spindles

Asparaginase Escherichia coli enzyme Depletes endogenous asparagines

Cyclophosphamide Synthetic alkylating agent Cross-links DNA strands

★ taBle 23-8 Chemotherapeutic Agents Usually Used in Acute Leukemia (AL) Treatment

5. Is Agnes a suitable candidate for a bone marrow trans-
plant? Why or why not?
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kidney. In excessive amounts, the uric acid precipitates in renal tubules, 
leading to renal failure (uric acid nephropathy). Lysed cells also can 
release procoagulants into the vascular system, precipitating dissemi
nated intravascular coagulation. In this case, the resulting decrease in 
platelets and coagulation factors can lead to hemorrhage. This com
plication is especially prevalent in acute promyelocytic  leukemia. 
The granules of the promyelocytes contain potent activators of the 
coagulation factors (Chapter 33).

Chemotherapeutics destroy normal as well as leukemic cells. The 
cytopenias that develop during aggressive chemotherapy can lead to 
death from infection, bleeding, or complications of anemia. To prevent 
these lifethreatening episodes, the patient can need supportive treat
ment including transfusions with blood components and/or cytokines 
as well as antimicrobial therapy.

Hematopoietic growth Factors
Recombinant hematopoietic growth factors are used in supportive 
care of acute leukemia patients. Erythropoietin was introduced in 
1989 and has been used in the treatment of chemotherapyrelated ane
mia.54 Since 1991, granulocyte colonystimulating factor (GCSF) and 
granulocytemacrophage colonystimulating factor (GMCSF) have 
been available to aid in decreasing the incidence of severe  neutropenia 
and infection in patients receiving myelosuppressive chemotherapy.54 
Interleukin11, introduced for use in 1997,55 promotes the maturation 
of megakaryocytes by stimulating stem cells and megakaryocyte pro
genitor cells. Research in the area of identifying additional hematopoi
etic growthstimulating factors continues in the hope of accelerating 
hematopoietic recovery in chemotherapy patients.

Complications of treatment
Treatment for leukemia actually can aggravate the patient’s clini
cal situation. Although uric acid levels are commonly elevated in 
 leukemia from an increase in cell turnover, the concentration of this 
constituent can increase manyfold during effective therapy because 
of the release of nucleic acids by lysed cells. Uric acid is a normal end 
product of nucleic acid degradation and is excreted mainly by the 

Summary
A neoplasm is an unregulated production of cells that can be 
either malignant or benign. The WHO classification of neoplas-
tic disorders of the bone marrow hematopoietic cells groups the 
disorders according to lineage of the neoplastic cells: myeloid, 
lymphoid, and histiocytic/dendritic. The myeloid and lymphoid 
neoplasms are subgrouped as precursor and mature neoplasms. 
Morphology, genetic abnormalities, immunophenotype, and 
clinical features define these major groups. The mature myeloid 
subgroups include myeloproliferative neoplasms, myelopro-
liferative/myelodysplastic neoplasms, and myelodysplastic 
syndromes. The precursor myeloid group includes the acute 
myeloid leukemias. The lymphoid group includes precursor 
B-cell, mature B-cell, precursor T-cell, and mature T-cell neo-
plasms. The mature lymphoid group includes CLL. The precur-
sor lymphoid group includes ALL.

Oncogenes are altered cellular proto-oncogenes known 
to contribute to tumorigenesis. Many proto-oncogene protein 
products are involved in regulating cell growth and include 
hematopoietic growth factors as well as their cellular receptors, 
signaling proteins, and transcription factors. Proto-oncogenes 
can be mutated to oncogenes by mutagens, viruses, or chromo-
some breaks and translocations. Oncogenes can cause produc-
tion of abnormal growth factors, abnormal amounts of growth 
factors, abnormal growth factor receptors, or other abnormali-
ties in the regulatory mechanisms of cell proliferation and 
differentiation. Epigenetic alterations also play an important 
role in silencing tumor suppressor genes in neoplastic cells.

Differentiation and classification of acute leukemias depend 
on accurately identifying the blast cell population. Because 

the lineage of blast cells is sometimes difficult to differentiate 
using only morphologic characteristics, immunologic phenotyp-
ing using monoclonal antibodies and cytochemical analysis are 
employed routinely to help identify blast phenotypes and stage 
of cell differentiation. Chromosome and molecular genetic anal-
yses are helpful because specific mutations often are associated 
with specific types of leukemias.

Hematologic findings of hematopoietic neoplasms 
include anemia, thrombocytopenia (in acute leukemia and 
MDS), and often leukocytosis. A leukocytic shift to the left is 
consistently found with a combination of blasts and mature 
cells in acute leukemia. In the chronic leukemias and other 
chronic neoplastic stem cell disorders, cells appear more on 
a continuum from immature to mature. Morphologic abnor-
malities of neoplastic cells are not unusual. Auer rods can be 
found in blasts of AML.

Historically, hematopoietic neoplasms have been treated 
using a combination of cytotoxic drugs (chemotherapy). The 
goal is to induce remission by eradicating the leukemic cells. 
Hematopoietic stem cell transplants are being used increasingly 
to restore the marrow after intense chemotherapy or radio-
therapy. New approaches include drugs to reverse epigenetic 
modifications characteristic of neoplastic cells and other drugs 
targeted at the exact molecular abnormality associated with the 
neoplastic cell. Treatment with hematopoietic growth factors is 
used in some cases to stimulate leukemic cells to proliferate, 
making them more susceptible to cytotoxic drugs. This therapy 
also has been used to decrease the neutropenic, anemic, and 
thrombocytopenic period after chemotherapy or radiotherapy.

6. What types of treatment are available for Agnes?

CaSe StuDy (continued from page 440)

M23_MCKE6011_03_SE_C23.indd   441 01/08/14   2:55 pm



442 SECTION V   •   NEOplaSTIC HEmaTOlOgIC DISOrDErS

Review Questions
Level i

 1. A gap in the normal maturation pyramid of cells with many 
blasts and some mature forms is known as: (Objectives 2, 5)

 A. leukemic hiatus

 B. chronic leukemia

 C. mixed cell lineage

 D. lineage restricted

 2. Auer rods are inclusions found in: (Objective 5)

 A. myeloblasts

 B. lymphoblasts

 C. erythrocytes

 D. prolymphocytes

 3. Chromosome changes in hematologic neoplasms are: 
(Objective 8)

 A. present in AL but not MPN or MDS

 B. nonrandom

 C. associated with a poor outcome

 D. not usually present

 4. Genes that can cause tumors if activated are: (Objective 6)

 A. cancer genes

 B. proto-oncogenes

 C. preleukemia genes

 D. tumor suppressor genes

 5. A common characteristic of acute lymphoblastic leukemia 
is: (Objective 2)

 A. BCR/ABL1 gene mutation

 B. bone pain

 C. many blast cells with Auer rods

 D. leukocytopenia

 6. Which of the following does the WHO classification use to 
subgroup the ALL into T- and B-cell neoplasms? (Objective 3)

 A. immunophenotype

 B. clinical presentation

 C. cytogenetics

 D. morphology

 7. A leukemia that shows a profusion of granulocytes at all 
stages of development from blasts to segmented neutro-
phils is: (Objectives 2, 5)

 A. AML

 B. CML

 C. ALL

 D. CLL

 8. Acute lymphoblastic leukemia occurs with greatest 
 frequency in which age group? (Objective 7)

 A. 2–5 years

 B. 10–15 years

 C. 20–30 years

 D. 750 years

 9. Chronic leukemias primarily affect: (Objectives 2, 7)

 A. all ages, progress rapidly, and have immature cells in 
peripheral circulation

 B. children, progress rapidly, and have mature cells in 
peripheral circulation

 C. young adults, progress slowly, and have immature cells 
in peripheral circulation

 D. adults, progress slowly, and have mature cells in 
circulation

 10. The WHO system classifies a 19-year-old patient’s bone 
marrow as a precursor B-cell leukemia. Which of the 
 following best describes this leukemia? (Objectives 2, 3, 5)

 A. CLL

 B. ALL

 C. AML

 D. CML

 11. Immunologic phenotyping of blast cells is important to: 
(Objective 8)

 A. help determine cell lineage

 B. identify the leukemia’s etiology

 C. determine whether cytogenetic analysis is necessary

 D. replace the need to do multiple cytochemical stains

 12. The minimum percentage of blast cells required for a diag-
nosis of acute myeloid leukemia using the WHO classifica-
tion is: (Objective 3)

 A. 50%

 B. 40%

 C. 30%

 D. 20%

 13. Proteins encoded by proto-oncogenes serve to: (Objective 10)

 A. provide signaling pathways for normal cell growth 
control

 B. inactivate tumor suppressor genes

 C. cause unregulated cell proliferation

 D. demethylate oncogenes
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 14. Which of these genes cause unregulated cell growth? 
(Objective 10)

 A. tumor suppressor genes

 B. antioncogenes

 C. proto-oncogenes

 D. oncogenes

Level ii

 1. The stain helpful in distinguishing myeloblasts from 
 lymphoblasts is: (Objective 8)

 A. myeloperoxidase

 B. TRAP

 C. LAP

 D. esterase

 2. If the cell of origin for a neoplastic tumor undergoes 
genetic mutations that gives the cell the ability to self-
renew and blocks terminal differentiation, the resulting 
malignancy will be: (Objective 11)

 A. chronic myelogenous leukemia

 B. chronic lymphocytic leukemia

 C. acute leukemia

 D. myeloproliferative neoplasm

 3. The PAS stain is helpful in diagnosing: (Objectives 3, 8)

 A. CLL

 B. CML

 C. MDS

 D. ALL

 4. Which of the following factors has not been proposed as 
playing a role in causing leukemia? (Objective 6)

 A. benzene

 B. therapeutic radiation for Hodgkin disease

 C. living at high altitudes

 D. chromosome translocations

 5. A 3-year-old child with Down syndrome presents with pallor, 
fatigue, lymphadenopathy, and hepatosplenomegaly. The 
initial CBC results were: (Objectives 3, 7)

WBC 18.7 * 109/L wBC Differential
RBC 2.34 * 1012/L 10% segs
Hb 5.8 g/dL (58 g/L) 27% lymphs
Hct 17.4% (0.174 L/L) 63% blasts
PLT 130 * 109/L

These findings are suggestive of:

 A. acute lymphoblastic leukemia

 B. chronic lymphocytic leukemia

 C. acute myeloid leukemia

 D. chronic myelogenous leukemia

 6. A patient with a hypercellular, dysplastic bone marrow; 
anemia; and neutropenia in peripheral blood most likely 
has which of the following neoplasms? (Objective 7)

 A. MPN

 B. MDS

 C. AML

 D. ALL

 7. A 52-year-old female was admitted to the hospital for 
minor elective surgery. Her pre-op CBC was:

WBC 49.4 * 109/L wBC Differential
RBC 4.50 * 1012/L 3% segs 
Hb 12.7 g/dL (127 g/L) 97% lymphs 
Hct 38% (0.38 L/L)
PLT 213 * 109/L

What is the best explanation for the cause of this patient’s 
leukocytosis and lymphocytosis? (Objectives 3, 7)

 A. ALL

 B. AML

 C. CLL

 D. CML

Use the following information to answer questions 8–10:

A 43-year-old male had been working with the Peace Corps 
in Mexico for the past 10 years. His primary responsibili-
ties were taking radiographs and doing laboratory work at 
the various clinics. He had been complaining of weakness 
and fatigue for about a month and had had several severe 
nosebleeds. His CBC upon admission to the hospital was:

WBC 25.6 * 109/L Differential
RBC 3.11 * 1012/L 75% blasts
Hb  8.9 g/dL (89 g/L) with Auer rods
Hct  26.7% (0.267 L/L) 20% lymphs
PLT  13 * 109/L 3% monos
    2% segs

 8. Which leukemia is this patient most likely to have? (Objec-
tives 3, 7)

 A. ALL

 B. AML

 C. CLL

 D. CML

 9. What would be the most likely causative agent of the 
 leukemia? (Objective 2)

 A. virus

 B. age

 C. hepatitis

 D. ionizing radiation
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Use this information to answer questions 12 and 13.

A pathologist is looking at the bone marrow aspirate of a 
26-year-old male. The marrow is packed with undifferenti-
ated blasts. After careful searching, she could not find any 
Auer rods. She thinks that the patient most probably has 
acute lymphoblastic leukemia but cannot rule out AML by 
using morphology.

 12. The pathologist is thinking of ordering a TdT stain on the 
slides. Is that going to be useful? (Objectives 8, 9)

 A. Yes, TdT is always positive in acute lymphoid leukemia 
but never in myeloid leukemia.

 B. Yes, TdT is always positive in acute myeloid leukemia 
but never in lymphoid leukemia.

 C. No, TdT is positive in the majority of acute lymphoid 
leukemias, but approximately 20% of acute myeloid 
leukemias can be positive.

 D. No, TdT is positive in the majority of acute myeloid 
leukemias, but approximately 20% of acute lymphoid 
leukemias can be positive.

 13. Which stain would you suggest the pathologist order? 
(Objectives 8, 9)

 A. PAS

 B. myeloperoxidase

 C. nonspecific esterase

 D. trichrome

 14. Heritable changes in gene expression not from changes in 
DNA are known as: (Objective 10)

 A. chromosomal mutations

 B. pseudo-mutations

 C. epigenetic changes

 D. cytogenetic mutations

 15. Mutations in tumor suppressor genes can result in: 
(Objective 1)

 A. inhibition of normal cell growth

 B. triggering growth-promoting signals in the absence of 
ligand binding

 C. activation of oncogenes

 D. tumor development

 10. What treatment would result in the best prognosis for this 
patient if there were no complicating factors? (Objective 5)

 A. hematopoietic growth factors

 B. stem cell transplantation

 C. radiation therapy

 D. chemotherapy

 11. You are doing several cytochemical stains on a bone 
 marrow from a patient who was recently diagnosed with 
acute leukemia. You are looking at the MPO, and the blasts 
are negative. However, the reagent is nearing its expira-
tion date, and you are not sure whether the stain worked 
properly. What cells found in the bone marrow normally 
express myeloperoxidase and could be used to assess the 
stain’s integrity? (Objectives 8, 9)

 A. neutrophils

 B. red cell precursors

 C. megakaryocytes

 D. lymphocytes

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Interpret the leukocyte alkaline phosphatase (LAP) activity found in 

patients with chronic myelogenous leukemia (CML).
 2. Identify the major lineages involved with the various myeloproliferative 

neoplasms (MPNs): chronic myelogenous leukemia (CML), polycythe-
mia vera (PV), essential thrombocythemia (ET), and primary myelofibro-
sis (PMF).

 3. Recognize abnormal complete blood count (CBC) results that suggest 
an MPN.

 4. Explain the diagnostic chromosome abnormality associated with CML 
and its significance in acute lymphoblastic leukemia (ALL).

 5. Identify the peak incidence of CML according to age and sex 
distribution.

 6. Describe and recognize the peripheral blood findings in CML patients 
and in those with blast crisis.

 7. List and recognize laboratory findings typically associated with PMF.
 8. Define criteria that indicate a transformation of an MPN into a blast 

crisis.
 9. Compare the lab findings in primary PV to those in secondary 

polycythemia.
 10. Describe and recognize the characteristic peripheral blood picture 

found in ET.
 11. Describe and recognize the peripheral blood findings in patients with 

clonal hypereosinophila and mastocytosis.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Differentiate the subgroups of myeloproliferative neoplasms (MPNs) 

from other reactive and neoplastic diseases based on laboratory find-
ings in the peripheral blood, bone marrow, and other diagnostic labo-
ratory tests.

 2. Contrast laboratory findings in MPNs and myelodysplastic syndromes 
(MDSs) as well as acute leukemia (AL).

(continued)
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oveRview
This chapter presents the group of neoplastic but not truly malignant 
disorders called myeloproliferative neoplasms (MPNs). MPNs must 
be distinguished from other neoplastic and benign hematologic dis-
orders for the physician to select appropriate therapy for the patient. 
The chapter begins with the classification, pathophysiology, and gen-
eral characteristics of MPNs, which provide the groundwork for a 
more detailed explanation and description of each subgroup. More 
specific pathophysiology, clinical findings, laboratory findings, and 
therapy are included for each subgroup. These are followed by an 
explanation of how to differentiate MPNs from diseases with simi-
lar laboratory findings. This is a lengthy chapter, so it is divided into 

 3. Describe molecular gene mutations in MPNs and hypothe-
size how these changes in the pluripotential stem cell lead 
to MPNs and blast crisis (Philadelphia chromosome; BCR/
ABL1 rearrangement; p53, p16 mutations; JAK2 (V617F), 
MPL (W515), FIP1L1/PDGFRA, ETV6-PDGFRB, and FGFR1 
mutations and expression of growth factor receptors).

 4. Differentiate CML from a benign leukemoid reaction 
using laboratory tests.

 5. Assess the role of platelet-derived growth factor (PDGF) in 
the fibrosis associated with primary myelofibrosis (PMF).

 6. Assess laboratory results including the evaluation of 
peripheral blood and bone marrow smears using the 
diagnostic criteria associated with PMF.

 7. Compare clinical and laboratory findings, and interpret 
laboratory findings in relative polycythemia and absolute 
polycythemia.

Key Terms
Blast crisis
Chronic eosinophilic leukemia, 

not otherwise specified 
(CEL-NOS)

Chronic myelogenous leukemia 
(CML)

Chronic neutrophilic leukemia 
(CNL)

Clonal hypereosinophilia
Essential thrombocythemia (ET)

Hypereosinophilic syndrome 
(HES)

Janus kinase 2 (JAK2) gene
Leukemic hiatus
Panmyelosis
Plethora
Polycythemia vera (PV)
Primary myelofibrosis (PMF)
Spent phase
Systemic mastocytosis

• Calculate red cell indices. (Chapters 10, 36)
• Use appropriate morphologic terms to describe size and chro-

mia of red cells in anemic states. (Chapters 10, 11)
• outline and explain the classification of hematopoietic neo-

plasms. (Chapter 23)
• summarize the relationship of oncogenes to the neoplastic pro-

cess (Chapter 23)

level ii
• Describe the influence of growth factors on hematopoietic cell 

proliferation. (Chapter 4)
• explain the evaluation of red cell mass based on changes in 

fluid volume. (Chapter 11)
• explain the hemoglobin–oxygen dissociation curve. (Chapter 6)
• explain how proto-oncogenes are activated and their role in 

the etiology of hematopoietic neoplasms. (Chapter 23)
• Describe how cell marker panels can be used to differentiate 

hematopoietic neoplasms. (Chapters 23, 40)
• Discuss the value of cytogenetic studies in suspected hemato-

poietic neoplasms. (Chapters 23, 41)
• explain how the utilization of molecular tests can assist in diag-

nosing hematopoietic neoplasms. (Chapters 23, 42)

We will refer to this case throughout the chapter.

Roger, a 52-year-old man with hyperuricemia, went to the 
clinic for a follow-up evaluation for splenomegaly. His pal-
pable spleen, noted 18 months earlier, had been gradually 
enlarging. He originally denied fatigue, fever, and dis-
comfort. He was examined, and a CBC was ordered. The 
results revealed leukocytosis, thrombocytosis, and anemia.

Consider how reflex laboratory testing can assist in 
diagnosing this patient.

Case sTudy

Objectives—Level II (continued)
 8. Use laboratory results and clinical findings to differentiate 

essential thrombocythemia from nonmalignant conditions 
that result in thrombocytosis.

 9. Use the criteria suggested for diagnosing variants of 
CML and chronic neutrophilic leukemia (CNL) to evaluate 
patients’ laboratory results.

 10. Differentiate unclassifiable myeloproliferative neoplasms 
from other subgroups of MPNs based on laboratory 
features.

 11. Differentiate eosinophilic disorders using laboratory 
results and genetic mutations.

 12. Describe systemic mastocytosis by giving the criteria for 
its diagnosis.

 13. Using peripheral blood, bone marrow findings, and 
patient medical history, determine the classification of 
MPNs.

Background Basics
The information in this chapter builds on concepts learned in pre-
vious chapters. To maximize your learning experience, you should 
review these related concepts before starting this unit of study:

level i
• outline the cell cycle; describe stem cell differentiation and 

maturation for the various myeloid lineages. (Chapters 2, 3)
• Describe and recognize morphology for the various stages of 

myeloid maturation. (Chapter 7)
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three sections to help the reader organize the study of this group of 
important disorders.

inTRoduCTion
Hematopoiesis is a highly regulated process whereby a normal 
steady-state production of hematopoietic cells in the bone marrow 
and destruction of senescent cells in the tissues maintain a constant 
peripheral blood cell concentration (Chapters 2, 3). Hematopoietic 
neoplasms result from acquired mutations in hematopoietic stem 
cells, allowing them to escape the regulatory controls for prolifera-
tion, natural cell death (apoptosis), and/or differentiation in the bone 
marrow (Chapter 23).

In the former French-American-British (FAB) classification sys-
tem, neoplastic disorders of hematopoietic cells typically are grouped 
into three main categories: myeloproliferative disorders (MPDs), 
myelodysplastic states or syndromes (MDSs), and acute leukemias 
(ALs), including both myeloid and lymphoid subtypes. This classifi-
cation system uses the blast count, lineage commitment, cell morphol-
ogy, level of differentiation of the neoplastic cells, cytochemistry, and 
immunophenotyping to classify the diseases.

The World Health Organization (WHO) proposed a newer 
classification system for hematopoietic neoplasms that integrates 
cytogenetics, DNA analysis, and clinical features with cytochemistry 
and immunophenotyping. The WHO classification of myeloid dis-
orders includes acute myeloid leukemia (AML), MPNs, MDSs, and 
the myelodysplastic/myeloproliferative neoplasms (MDS/MPN). The 
WHO’s proposed MDS/MPN category includes neoplasms that are 
proliferative like MPNs but have dysplastic features like MDS. MDS/
MPNs will be discussed in Chapter 25 with MDS. In addition, each 
group has subcategories based on clinical history, genetic, and various 
laboratory findings.

In the WHO classification, the percentage of blasts, degree of cell 
maturation, and dysplasia are critical assessments initially used to clas-
sify the hematopoietic neoplasms. A blast count Ú20% is necessary 
for an AL diagnosis, whereas the nonacute leukemia disorders have 
620% blasts. MPNs and MDS are characterized by an autonomous, 
neoplastic clonal proliferation of hematopoietic precursors. Increased 
numbers of erythrocytes, leukocytes, and/or platelets in both the bone 
marrow and peripheral blood generally distinguish MPNs from MDS. 
MDS, on the other hand, is most commonly characterized by a hyper-
proliferative bone marrow, dysplastic maturation, and increased apop-
tosis that result in peripheral blood cytopenias. Both MPNs and MDS 
have the potential of evolving into acute leukemia.

in the bone marrow.1 Under the WHO classification system, myelo-
proliferative neoplasms are generally characterized by panhy-
percellularity  (panmyelosis) of the bone marrow accompanied 
by erythrocytosis, granulocytosis, and/or thrombocytosis in the 
peripheral blood. Although trilineage cell involvement (erythrocytic, 
granulocytic, thrombocytic) is characteristic of MPNs, one cell line 
is usually more prominently affected than the others. Hematologic 
classification is based on the most affected cell line (Table 24-1 ★). 
In the WHO classification,2 the spectrum of myeloproliferative neo-
plasms includes:

•	 Chronic myelogenous leukemia (CML), Philadelphia (Ph) chro-
mosome positive with BCR-ABL1 fusion gene present, t(9;22) 
(q34;q12)

•	 Chronic neutrophilic leukemia (CNL), BCR-ABL1-negative
•	 Essential thrombocythemia (ET)
•	 Polycythemia vera (PV)
•	 Primary myelofibrosis (PMF, formerly known as myelofibrosis 

with myeloid metaplasia [MMM] and chronic idiopathic myelo-
fibrosis [CIMF])

•	 Myeloproliferative neoplasm, unclassifiable (MPN-U)
•	 Myeloid and lymphoid neoplasms associated with eosinophilia and 

PDGFRA, PDGFRB, or FGFR1 mutations
•	 Chronic eosinophilic leukemia, not otherwise specified 

(CEL-NOS)
•	 Mastocytosis

The most important changes from the FAB to the WHO classifi-
cation system of the MPNs are that (1) Ph chromosome must be pres-
ent or if not identified by routine cytogenetic analysis, the BCR/ABL1 
fusion gene must be detected by molecular techniques for a diagnosis 
of CML, (2) minimum bone marrow blast count to distinguish MPNs 
from AL is 20% (MPNs 620% blasts), and (3) eosinophil disorders 
have been reclassified. Because identification of Ph is required for 
a diagnosis of CML, Ph-negative cases with myelodysplastic and 

involved Cell line myeloproliferative neoplasm

Myeloid Chronic myelogenous leukemia (CML) and 
chronic neutrophilic leukemia (CNL), and 
sometimes primary myelofibrosis (PMF)

Megakaryocytic Essential thrombocythemia (ET)

Erythroid Polycythemia vera (PV)

Fibroblasta Primary myelofibrosis (PMF)

Eosinophil Chronic eosinophilic leukemia, not otherwise 
specified (CEL-NOS)

Mast cell Mastocytosis

Variable Myeloproliferative neoplasm, unclassifiable 
(MPN, U)

aThe fibroblast in PMF is not a part of the neoplastic process but is 
increased because of a reactive process.

★ Table 24-1 Classification of Myeloproliferative 
Neoplasms (MPNs) by Predominance of Cell Types

paRT i

oveRview of myelopRolifeRaTive 
neoplasms (mpns)

ClassifiCaTion
The term myeloproliferative syndrome, coined by William 
Dameshek in 1951, describes a group of disorders that result from 
an unchecked, autonomous clonal proliferation of cellular elements 
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of functioning bone marrow is derived from the abnormal clone. 
Excessive proliferation of hematopoietic cells occurs through various 
mechanisms that require multiple genetic mutations3 (Chapter 23). 
Commitment, differentiation, and maturation of the abnormal clone 
are generally preserved, leading to increased numbers of mature cells 
in the peripheral blood, usually with one lineage (erythroid, myeloid, 
or megakaryocytic) predominating.

Finding uniform biochemical, cytogenetic, or molecular 
genetic abnormalities in hematopoietic cells from the bone mar-
row or peripheral blood of patients with MPNs suggests that these 
cells were derived from a single mutant stem cell (i.e., clonal origin) 
(Chapter 23). The abnormalities are not present in other somatic 

myeloproliferative features are included in the WHO MDS/MPN 
group and are called atypical CML (aCML). The classification of 
these disorders is not always clear because of overlapping clinical and 
laboratory features between subgroups at different times during the 
disease course (Table 24-2 ★).

paThophysiology
The primary defect in MPNs appears to be in the pluripotential 
hematopoietic stem cell (HSC)3 (Figure 24-1 ■). A clone of abnor-
mal hematopoietic stem cells and their progeny preferentially expand 
until normal hematopoietic cell growth is inhibited and the majority 

parameter Cml Cnl eT pv pmf Cel-nos

Peripheral blood:

 Hematocrit N or c N or c N or T c c c T N or T
 Leukocyte c c c c N or c N or c c  or c c c
 Platelets c  or T N or c c c c c N,c , T N or T
 Immature granulocytes c c c Slight c (610%) Rare Absent or c c c Absent or c
 LAP T c N or c N or c N,c , T N

Philadelphia chromosome Present Absent Absent Absent Absent Absent

Spleen size N or c c N or c c c c c N

Bone marrow fibrosis Absent or c Absent Absent or c Absent or c c c c Absent or c

N = normal; T = decreased; c , c c , c c c = slight, moderate, marked increase, respectively; LAP = leukocyte alkaline phosphatase; CML = chronic myelogenous 
leukemia; CNL = chronic neutrophilic leukemia; ET = essential thrombocythemia; PV = polycythemia vera; PMF = primary myelofibrosis; CEL@NOS = chronic 
eosinophilic leukemia, not otherwise specified

★ Table 24-2 Differential Features of Myeloproliferative Neoplasms

■  figuRe 24-1 This schematic of hematopoietic cell development shows that a 
mutation in the pluripotential hematopoietic stem cell, HSC (CD34+ ), results in 
clonal proliferation of the progeny of that cell, all containing the mutation. Thus, 
all cell lines will be affected. The HSC is thought to be the original neoplastic cell 
in CML and other MPNs. Arrows indicate intermediate steps to mature cells that 
are not shown.
MPN = myeloproliferative neoplasm

MPN

Erythrocyte

Granulocytes

HSC

Monocyte Macrophage

Platelets

M24_MCKE6011_03_SE_C24.indd   449 01/08/14   2:35 pm



450 seCtioN v   •   NeoplastiC heMatologiC DisorDers

In essential thrombocythemia, all hematopoietic lines 
have increased cell proliferation. Which lineage has the 
greatest increase?

CheCkpoint 24-1

Reactive fibrosis can result from the intramedullary release 
of cytokines from platelets, megakaryocytes, and malignant cells 
that are mitogenic for fibroblasts. Human platelet-derived growth 
factor (PDGF) stimulates growth and cell division of fibroblasts as 
well as other cells. The platelet concentration of PDGF in patients 
with MPNs is significantly decreased, likely because of excessive 
release. The serum PDGF level is significantly higher in patients 
with PMF and ET than in other MPNs or in normal controls. Not 
surprisingly, PMF and ET are the two MPNs with the most signifi-
cant degree of fibrosis.5 Increased fibroblast proliferation and func-
tion leads to an increase in collagen, laminin, and fibronectin in the 
medullary cavity.

When marrow fibrosis supervenes over the course of the disease, 
the major sites of hematopoiesis become the extramedullary tissues, 
particularly the liver and spleen. Hepatosplenomegaly is a common 
clinical finding. Extramedullary hematopoiesis can also occur in 
benign diseases such as chronic hemolytic anemias, but the hemato-
poiesis in these disorders is confined to the erythrocyte lineage. In 
contrast, all cell lineages are present in the extramedullary masses that 
accompany the MPN. Marrow fibrosis likely causes distortion of mar-
row sinusoids, which permit HSCs to escape into the sinusoids and 
gain entry to the peripheral blood.7 The HSCs then lodge in extra-
medullary sites, such as the spleen, to proliferate and differentiate.

MPNs carry a significant risk of terminating in acute leukemia. 
This transition may result from chromosome instability in the 
original mutant stem cell8 or as the result of leukemogenic chemo-
therapy and radiotherapy for the original myeloproliferative neoplasm 
(Chapter 23).

cells, indicating that the mutations are acquired rather than inher-
ited. The most consistent chromosome abnormality, the Ph chro-
mosome, is found in all hematopoietic blood cells in patients with 
CML. Recently, the Janus kinase 2 (JAK2) gene, which codes for a 
tyrosine kinase involved in cell signaling, was found to be mutated in 
almost all cases of PV and some cases of ET and PMF. These muta-
tions are discussed in more detail later in the chapter. The applica-
tion of molecular biology in the study of hematopoietic neoplasms 
has been useful in identifying the specific genetic abnormality at the 
DNA, mRNA, and protein levels. These studies support the clonality 
hypothesis of MPNs.

geneRal feaTuRes
Myeloproliferative neoplasms usually occur in middle-aged and 
older adults (peak frequency in the fifth to seventh decades of life). 
They are rare in children. The onset of the disease is gradual, evolv-
ing over months or even years. The clinical, laboratory, and morpho-
logic findings frequently overlap among the specific MPN disorders. 
Clinical findings can include hemorrhage, thrombosis, infection, pal-
lor, and weakness. Anemia or polycythemia, leukoerythroblastosis, 
leukocytosis,thrombocytosis with bizarre platelet morphology, and 
bone marrow fibrosis are common laboratory findings that can occur 
in almost any of the MPN subtypes.

When present, anemia is caused by ineffective erythropoiesis, 
marrow fibrosis, and/or a shortened red cell survival because of splenic 
sequestration resulting in splenomegaly. While decreased bone mar-
row iron can be observed, it does not reflect true iron deficiency.4 For 
this reason, serum ferritin and serum iron are more reliable estimates 
of iron deficiency in the presence of MPNs than is the evaluation of 
bone marrow iron.

Thrombocytosis can be present, and if it is classified as the 
primary disorder, it is believed to result from an autonomous, 
unregulated proliferation of megakaryocytes. The level of interleu-
kin-6 (IL-6) and thrombopoietin (TPO), cytokines that promote 
megakaryopoiesis, is normal in MPNs, whereas the level is usually 
increased in secondary or reactive thrombocytosis.5 Platelet mem-
brane proteins (glycoprotein IIb/IIIa, von Willebrand factor [VWF], 
fibrinogen, fibronectin, and vitronectin) are significantly decreased 
in many patients with MPNs.5 Genetic changes altering growth fac-
tor receptors, including the thrombopoietin receptor (myelopro-
liferative leukemia virus oncogene [MPL]), and mutations in the 
Janus kinase (JAK) signaling pathways result in increased mega-
karyopoiesis and enhanced activation and aggregation of platelets.6

The bone marrow is usually hypercellular at onset of the MPN 
but often becomes fibrotic during the course of the disease. Fibroblasts 
are a part of the bone marrow stroma, which provides a suitable micro-
environment for developing hematopoietic cells (Chapters  3, 38). 
Fibroblasts produce reticular fibers that form a three-dimensional 
supporting network for vascular sinuses and hematopoietic elements. 
Fibrosis refers to an increase in fibroblasts and reticular fibers. Fibro-
sis in MPNs is thought to be a reactive process that is secondary to 
the increased production of cytokines from the abnormal hemato-
poietic cells (primarily megakaryocytes). As evidence of their benign 
 proliferation, fibroblasts exhibit normal karyotypes. Although often 
considered the hallmark of PMF, fibrosis can be seen in the other 
MPNs as well.

paRT ii

subgRoups of mpns

ChRoniC myelogenous 
leukemia (Cml)
Chronic myelogenous leukemia (CML), also known as chronic 
granulocytic leukemia (CGL), chronic myeloid leukemia, and 
chronic myelocytic leukemia, is the best-defined MPN. It is charac-
terized by a neoplastic growth of primarily myeloid cells in the bone 
marrow with an extreme elevation of these cells in the peripheral 
blood. Erythrocytic and megakaryocytic lineages can also expand 
and extramedullary granulocytic proliferation in the spleen and liver 
reflects progression of the disease.

The natural course of the disease occurs in three phases: chronic, 
accelerated, and blast crisis. The initial chronic phase responds well 
to therapy. Use of traditional chemotherapy can usually restore and 
maintain normal health for months or years. CML can eventually 
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head (exons 1-13 or 1-14) from chromosome 22 and a 3′ ABL1 tail 
(exons 2–11) from chromosome 9 (Figure 24-4 ■). This hybrid gene 
is then transcribed into an 8.5-kb fusion mRNA, in contrast to the 
normal ABL1, which is transcribed to a 6- or 7-kb mRNA.9

transform into an accelerated phase and then into blast phase or acute 
leukemia. The acute leukemic phase can be either acute myeloid leu-
kemia (AML) or lymphoblastic leukemia (LL, also called acute LL 
[ALL]). After progression to the blast crisis phase, the prognosis is 
poor with a survival of 66 months using traditional chemotherapy. 
However, 70–90% of patients who are treated in the chronic phase 
with tyrosine kinase inhibitors (imatinib mesylate) experience a 
5-year progression-free survival.

Etiology and Pathophysiology
The Ph chromosome (Ph) is an acquired chromosomal translocation 
that results in a fusion gene called BCR/ABL1. This fusion gene is 
present in all neoplastic hematopoietic cells in CML except T lympho-
cytes and sometimes B lymphocytes and is necessary for the diagnosis 
of CML (Figure 24-2 ■) (Chapters 41, 42). The Ph chromosome was 
the first chromosome abnormality found consistently associated with 
a malignant disease. It is not found in other somatic cells or fibroblasts.

In some cases, the Ph chromosome can be detected months 
before the diagnosis of CML. Once the chromosome is identified, it 
will rise and fall as a reflection of tumor burden and can be used as 
a measure of disease progression, remission, and relapse. Because all 
hematopoietic cells are involved in the neoplastic process (evidenced 
by the presence of Ph in those cells), the original neoplastic cell (cell of 
origin) is most likely a pluripotential HSC (Figure 24-1).

Molecular biology has dramatically increased our understanding 
of the role of the Ph in this disease. The Ph results from a balanced 
reciprocal translocation between the long arms of chromosomes 9 
and 22, t(9;22)(q34;q11.2) (Figure 24-3 ■). On chromosome 9, the 
breakpoint is spread across a 90 kb region within the first exon of 
ABL1, translocating the 3′ end of exon 1 and exons 2–11 (in which 
the tyrosine kinase domains reside) to chromosome 22. The break-
point in chromosome 22 occurs within the BCR gene, a large 70-kb 
gene with 25 exons. The breakpoint usually occurs in an area known as 
the major breakpoint cluster region (M-BCR). When the breakpoint 
occurs in the M-BCR, two different fusion genes are formed. Both 
fusion genes join the translocated portion of the ABL1 gene (exons 
2–11) with either exon 13 or 14 of BCR. The resulting Ph has a 5′ BCR 

■  figuRe 24-2 Karyotype from a patient with CML 
showing the Ph chromosome translocation, t(9:22)
(q34;q11.2). The Ph chromosome is chromosome 22.

■  figuRe 24-3 The Philadelphia translocation in CML. 
Arrows indicate the chromosome breakpoints at 9q34 
(ABL1 gene) and 22q11.2 (BCR gene) in the genes directly 
involved in the translocation. The translocation results in 
a lengthened 9q+  chromosome and a shortened 22q-  
chromosome (Ph chromosome).

Chrs 9 Chrs 22

q34 ABL1

Philadelphia chromosome translocation

CMLNormal

q11.2 BCR

Chrs 22q�
BCR/ABL1

(Ph+chromosome)

Chrs 9q�
ABL1/BCR

■  figuRe 24-4 Exon maps of the normal BCR and ABL1 
genes, and the BCR/ABL1 fusion gene formed by the Ph 
chromosome translocation found in CML and de novo 
acute leukemias. Breakpoints in the ABL1 gene occur 
upstream of exon 2 (a2, downward arrow). Breakpoints in 
the major breakpoint cluster region (M-BCR) of the BCR 
gene occur in exon 13 (e13) and exon 14 (e14) in CML; 
breakpoints can also occur in the minor breakpoint clus-
ter region (m-BCR, 3′ of exon1 [e1]) in acute leukemias. 
Following BCR/ABL1 fusion, the resulting protein of 210 
(p210; e13a2 or e14a2) or 190 (p190; e1a2) kD is formed.

BCR ABL1

5' 3'
e1 e1e2 e6 e13 e14 e19

5' 3'

ABL1 gene (Chromosome 9)

1b 1a a2 a11

BCR gene (Chromosome 22)

e14a2

BCR ABL1
p210

e13a2

BCR ABL1 p190e1a2

M-BCRm-BCR micro-BCR
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• Differential diagnosis of CMl
• Diagnosis of CMl when ph1 is absent
• Differentiation of CMl in blast crisis from de novo all when ph1 is 

present
• Confirmation of a diagnosis of CMl when the patient presents in the 

blast crisis phase of CML
• Monitoring of CMl patients on tyrosine kinase inhibitor (tKi) therapy 

to determine response, resistance, or relapse
• Detection of minimal residual disease in post-bone marrow trans-

plant patients

★ Table 24-4 Clinical Uses of Molecular Analysis 
for the BCR/ABL1 Gene Rearrangement10

chronic myelomonocytic leukemia (CMML) if absolute monocytosis 
and leukocytosis are present. The last two disorders are now consid-
ered MDS/MPN but all have high proliferative rates.11

disease progression and additional  
Chromosome/molecular mutations
Historically, or in untreated cases, progression of chronic CML is 
marked by an accelerated phase followed by an acute phase (blast cri-
sis). In about 80% of patients, this progression is preceded or accom-
panied by the development of additional chromosomal abnormalities 
(Table 24-6 ★).9 Thus, repeated chromosome analysis in patients with 
CML can be helpful in predicting disease progression.

At the molecular level, mutations in the p53 gene, a tumor sup-
pressor gene, are found in at least 25% of patients in blast crisis, espe-
cially in those with myeloid blast crisis,9 while mutations/alterations 
of p53 in the chronic state of CML are rare. Other tumor suppressor 
genes such as p16 and RB and oncogenes such as BCL-2 and AML1 
can also acquire mutations that contribute to the development of blast 
crisis (Chapter 23).9

philadelphia (ph) Chromosome in acute leukemias
About 2–5% of childhood ALL, 25% of adult ALL, and some cases of 
AML have the Ph chromosome at diagnosis (Chapters 25, 26). Ph-
positive AML cases can actually be CML in blast crisis that were not 
diagnosed in the chronic (CML) stage. In about 50% of the Ph-pos-
itive ALLs, the BCR/ABL1 protein, p210, is present and these cases 

Translation of the 8.5-kb fusion mRNA creates a new, abnormal 
fusion protein, with a molecular mass of 210 kD (p210, normal ABL1 
is a 145-kD protein, Figure 24-4). This fusion protein produces consti-
tutive tyrosine kinase activity, increasing autophosphorylation within 
the cell that activates intracellular signal transduction pathways, and 
results in abnormal gene expression (Chapters 2, 23). Tyrosine kinase 
enzymes regulate metabolic pathways by transferring phosphate 
groups from phosphate donors (ATP and GTP) to target proteins at 
tyrosine residues, activating the protein. Some serve as receptors for 
growth factors (RTK [receptor tyrosine kinase]). The oncogenic role 
of p210 is found in association with increased granulocyte colony–
stimulating factor (G-CSF) and PDGF and suppression of apoptosis 
in hematopoietic cells.9 Over a period of several years, the t(9;22) cell 
line replaces the normal marrow cells, and the clinical presentation of 
CML is observed. The reciprocal fusion gene, ABL1/BCR1, is tran-
scribed in approximately two-thirds of CML patients, although its 
significance is not clear. Characteristics of the ABL1 and BCR proto-
oncogenes, as well as the BCR/ABL1 fusion oncogene, are described 
in Table 24-3 ★.

Detection of the BCR gene rearrangement has several clini-
cal uses in the diagnosis and prognosis of CML (Table 24-4 ★).9,10 
About 5–10% of patients with the CML phenotype lack Ph. In these 
cases, the translocation is not detected at the karyotypic level by 
cytogenetic studies but is detected at the molecular level by reverse 
transcriptase polymerase chain reaction (RT-PCR) or fluorescent in 
situ hybridization (FISH), verifying that the molecular BCR/ABL1 
fusion has occurred (Chapters 41, 42). The malignant cells in these 
cases also express the 8.5-kb chimeric mRNA and the p210 protein 
(Table 24-5 ★).

Cases of phenotypic CML that are both Ph chromosome negative 
and BCR/ABL1-negative are usually CNL, aCML, or possibly cases of 

gene size no. exons breakpoint Transcript(s) protein location activity

ABL1 7230 kb 11 5′ of exon ii (100–200 kb) 6 kb; 7 kb p145 Nucleus Tyrosine kinase (normal)

BCR 7100 kb 25 BCR (5.8 kb) 4.5 kb; 6.7 kb p160 Cytoplasm Serine/Threonine kinase

BCR/ABL1 fusion Varies Varies Fusion hybrid 8.5 kb p210 Plasma membrane Tyrosine kinase (increased)

★ Table 24-3 Characteristics of the Proto-Oncogenes and Oncogenes Involved in the BCR/ABL1  
Gene Rearrangements in CML

Clinical  
Condition involvement of ph/bCR size of Tk

Normal Ph- , BCR- 145 kD

CML Ph+ , BCR+ 210 kD

Ph- , BCR+ 210 kD

Other MPNs Ph- , BCR- 145 kD

ALL Ph+ , BCR+ 210 kD (CML blast crisis)

Ph+ , BCR-  (minor BCR+ ) 190 kD (? de novo ALL)

Ph- , BCR- 145 kD (? de novo ALL)

Ph+ , BCR-  (micro BCR+ ) 230 kD (variant CML)

TK = tyrosine kinase; CML = chronic; ALL = acute; Ph+ = Philadelphia; 
Ph- = Philadelphia; BCR+ = rearrangement, BCR- = no rearrangement 
within the M-BCR region

★ Table 24-5 Genetic Rearrangements and Related 
Proteins Found in Philadelphia Chromosome Positive 
CML, ALL, and Philadelphia Chromosome Negative 
MPN, or ALL
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splenomegaly, and occasionally hepatomegaly. Lymphadenopathy 
is not typical but when present, it suggests an onset of the acute 
phase of the disease. Petechiae and ecchymoses reflect the presence 
of quantitative and/or qualitative platelet abnormalities. Some indi-
viduals are asymptomatic, and CML is found incidentally during 
examination for other medical problems or during a routine physi-
cal examination.

Any organ eventually can be infiltrated with myeloid elements, 
but extramedullary masses in areas other than the spleen and liver are 
uncommon findings in the chronic phase. On fresh incision, extra-
medullary masses appear green, presumably because of the presence 
of the myeloid enzyme myeloperoxidase. These greenish tumors have 
been called chloromas. The green color fades to a dirty yellow when 
the tissue is exposed to air.

Without intervention, symptoms worsen over the next 3–5 years, 
and increased debilitation heralds the onset of the blast phase. With 
the onset of blast crisis, response to therapy is poor and survival is 
66 months using traditional chemotherapy. Treatment with tyrosine 
kinase inhibitors has dramatically improved patient outcomes.

Laboratory Findings
peripheral blood
The most striking abnormality in the peripheral blood is the extreme 
leukocytosis. The white count is usually 7100 * 109/L with a median 
of about 170 * 109/L Patients diagnosed early may have a leuko-
cyte count of 25975 * 109/L Thrombocytosis, which can exceed 
1000 * 109/L, and variation in platelet shape are found in more than 
half of the patients. If thrombocytosis is a new observation, blast crisis 
is probably imminent; however, during blast crisis, thrombocytopenia 
is a common finding. Platelet function also is frequently abnormal. 
Megakaryocyte fragments and micromegakaryocytes can be found 
(Figure 24-5 ■).

At the time of diagnosis, a mild to moderate normocytic, nor-
mochromic anemia is typical with a hemoglobin concentration in 
the range of 9–13 g/dL. The severity of anemia is proportional to the 
increase in leukocytes. Erythrocyte morphology is generally normal, 
but nucleated erythrocytes can be found. Reticulocytes are normal or 
slightly increased.

Clinical Findings
CML is the most common MPN, accounting for 15–20% of all 
leukemia cases. It can occur at any age, but the incidence increases dra-
matically among those 55 years of age and older. It is most prevalent 
in the seventh, eighth, and ninth decades of life and is almost equally 
distributed between sexes. CML can occur in young adults more so 
than other MPNs. Although rare, CML can occur in childhood. The 
incidence of CML is highest in countries that are more economically 
advanced. The question arises, however, as to whether the higher inci-
dences reflect the ability to detect and diagnose the disease because of 
increased availability of advanced medicine and diagnostic tools in 
these countries versus a higher mutagen exposure.

The disease has an insidious onset with the most common 
symptoms being increased weakness, loss of stamina, unexplained 
fever, night sweats, weight loss, and feelings of fullness in the abdo-
men (hepatosplenomegaly). Gastrointestinal tract bleeding or retinal 
hemorrhages are occasionally the first signs of the disease. Physi-
cal examination reveals pallor, tenderness over the lower sternum, 

A patient has the CML phenotype, but the genetic karyo-
type does not show the Ph chromosome. If this is truly a 
CML, what should molecular analysis show?

CheCkpoint 24-2

probably represent the blast crisis phase of CML. In the remaining 
50% of Ph-positive ALL, the breakpoints on chromosome 22 fall 5′ to 
the M-BCR within the first intron of the BCR gene (minor breakpoint 
cluster region, m-BCR). These leukemias express a distinct transla-
tion product from the mRNA hybrid termed the p190 kD protein9  
(Figure 24-4). These Ph-positive ALLs may actually be de novo acute 
leukemia cases (Table 24-5). Like p210, the p190 protein also shows 
an increased tyrosine kinase activity, but its role in the development 
of the ALL phenotype is unclear.

■  figuRe 24-5 Arrow points to a micromegakaryocyte 
in the peripheral blood of a patient with CML (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).

Rate of occurrence Chromosomal Change

Frequent Duplication of Ph chromosome
Trisomy 8
Isochromosome 17
loss of y chromosome

Rare Translocation (15;17)
Translocation (3;21)(q26;q22)
Translocation (3;3)/inversion (3)

Very rare Deletion of chromosome 5(-5) or the long  
arm (5q- )
Deletion of chromosome 7(-7) or the long  
arm (7q- )

★ Table 24-6 Additional Chromosomal Changes 
in Blast Crisis of CML
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■  figuRe 24-6 CML with leukocytosis and a shift to 
the left (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

Describe the peripheral blood differential of a CML 
patient.

CheCkpoint 24-3

turnover. The histiocytes in CML have normal to increased amounts 
of b@glucocerebrosidase, but the cells cannot process the excess cere-
brosides fast enough to prevent them from accumulating.

The marrow can become fibrotic late in the course of the disease. 
If the patient does not see a physician until the fibrosis is prominent, 
an inappropriate diagnosis of PMF could be considered. At this point, 
chromosomal (Ph) or molecular (BCR/ABL1) analysis can establish 
the correct diagnosis.

Other nonspecific findings related to the increased proliferation 
of cells can be present. Total serum cobalamin and the unsaturated 
cobalamin binding capacity are increased. Serum haptocorrins are 
often elevated (Chapter 15). These findings are probably related to 
the increased number of granulocytes that are thought to synthesize 
these proteins. Uric acid and lactic dehydrogenase (LD) are elevated, 
secondarily to increased cell turnover. Muramidase is normal or only 
slightly increased.

Blood smears exhibit a shift to the left with all stages of granu-
locyte maturation present (Figure 24-6 ■). The predominant cells 
are the segmented neutrophils and myelocytes. Promyelocytes and 
blasts do not usually exceed 20% of the leukocytes in the peripheral 
blood. Eosinophils and basophils are often increased in both relative 
and absolute terms. Increasing blast or basophil numbers herald blast 
crisis. Monocytes are moderately increased. Signs of myeloid dyspla-
sia including pseudo–Pelger-Huët anomaly (hyposegmentation of the 
neutrophil nucleus [Chapter 21]) and decreased leukocyte alkaline 
phosphatase (LAP) are frequent (Chapters 23, 37). Low or absent LAP 
is characteristic but not specific for CML. Monocytosis, myeloid dys-
plasia, and micromegakaryocytes are overlapping features found in 
both CML and chronic myelomonocytic leukemia (CMML), but the 
presence of the Ph will differentiate the two disorders.

bone marrow
The bone marrow is 90–100% cellular with a striking increase in the 
myeloid-to-erythroid ratio (10:1 to 50:1) reflective of the myelopoiesis. 
The active red marrow can extend into the long bones. Cortical thin-
ning and erosion of the trabeculae can be present. The hematopoietic 
marrow cells are primarily immature granulocytes with 620% blasts 
by WHO classification, an important characteristic that distinguishes 
CML from all forms of acute leukemia (AL).2 The marrow differential 
count of leukocyte precursors often is within the reference interval. 
The typical leukemic hiatus (lack of developing cells between imma-
ture cells [blasts] and mature cells [segmented neutrophils]) that is 
characteristic of AL is not present in CML. Auer rods can be found 
in the myeloblasts during blast crisis, but this is an unusual finding. 
Erythropoiesis is normoblastic because the increased tyrosine kinase 
activity does not directly affect erythropoiesis, but normoblasts can 
be decreased. Megakaryocytes are usually increased with frequent 
immature and atypical forms. In contrast to the large megakaryo-
cytes found in other subgroups of MPNs, CML typically reveals small 
megakaryocytes.

Gaucher-like cells (histiocytes exhibiting a wrinkled tissue paper 
appearance of the cytoplasm) have been observed in the bone marrow 
(Chapter 21). However, these Gaucher-like cells do not occur because 
of the lack of the b@glucocerebrosidase enzyme as in Gaucher’s disease 
but because of the overload of cerebrosides caused by increased cell 

Physical examination revealed a slightly enlarged liver 
and palpable spleen. Roger had hyperuricemia. Blood 
counts showed:

Hb 11.6 g/dL

Hct 0.35 L/L (35%)

RBC  3.6 * 1012/L

WBC 26.2 * 109/L

Platelets 853 * 109/L

The blood cell differential showed marked anisocytosis, 
poikilocytosis with many teardrops, and numerous nucle-
ated red blood cells (NRBCs). Immature myeloid cells 
were found along with basophilia and large platelets.

1. What are Roger’s MCV and MCHC?

2. How would you classify his anemia morphologically?

3. Based on Roger’s history and current laboratory data, 
what other tests should be performed?

Case sTudy (continued from page 447)

Terminal Phase
If untreated, the typical CML course progresses to the accelerated 
stage approximately 3–5 years after diagnosis (Figure 24-7 ■). Transi-
tion to the accelerated phase is heralded by one or more of the changes 
listed in Table 24-7 ★, can occur at any time after the initial diagno-
sis, and often precedes the final stage of blast transformation (blast 
crisis). Clinical features reflect an increase in debilitation including 
pyrexia (fever), night sweats, weight loss, increased weakness, malaise, 
bone pain, and lymphadenopathy. About 30% of those patients in the 
accelerated phase die before developing blast crisis.
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mass when excessive numbers of cells result in a significant increase 
in blood viscosity. Supportive measures during therapeutic regimens 
include transfusion to treat severe anemia and antibiotics to treat 
infections.

Before the discovery of molecularly targeted therapy for 
malignant diseases, the use of interferon@a, plus cytarabine was 
considered standard therapy for patients with CML who were not 
candidates for an allogeneic HSC transplant. Interferon@a, a glyco-
protein, has a myelosuppressive effect directly inhibiting myeloid 
progenitor cells. It induces a remission in 55–75% of CML patients 
and, in some cases, eliminates the Ph clone. A cytogenetic response 
is more favorable in patients who are treated early in the chronic 
phase of the disease.9

imatinib
Currently, the tyrosine kinase inhibitor (TKI) imatinib mesylate 
(Gleevec®), is considered the first treatment option except in preg-
nant patients. It is a molecular-targeted therapy. Imatinib competi-
tively binds to the ATP binding site of the tyrosine kinase of ABL1 
(BCR/ABL1 and TEL/ABL1), stem cell factor receptor (c-Kit), and 
platelet-derived growth factor receptor (PDGFR), thus inhibiting 
kinase activity and preventing cell signal transduction. Imatinib is well 
tolerated with mild to moderate side effects, primarily involving the 
gastrointestinal tract and skin. However, it is teratogenic in laboratory 
animals. Results of a 12-year study using imatinib indicate that 83% 
of patients have a complete hematologic response by 12 months and 
96% at 60 months.12 Imatinib also has been shown to be effective in 

Although blast crisis typically develops after a short accelerated 
phase, about one-third of cases abruptly develop a blast transforma-
tion. After onset of blast crisis, survival is about 1–2 months using 
classical chemotherapy and is dramatically improved for most patients 
receiving TKI therapy. The clinical features in blast crisis are similar to 
those of acute leukemia (Chapters 26, 27).

The hematologic criteria for identifying blast crisis is made by 
finding moderate to marked diffuse bone marrow fibrosis and Ú20% 
blasts2 in the peripheral blood or bone marrow of a patient previously 
diagnosed as having CML (Table 24-8 ★ and Figure 24-8 ■). Any 
type of blast involvement is possible including myeloid, lymphoid, 
erythroid, or megakaryocytic cells. Because blast morphology alone 
is often not sufficient to identify the type of blast involved, cytochemi-
cal, enzymatic, ultrastructural, and immunophenotyping studies are 
necessary (Chapters 23, 37, 40).

About 65–75% of blast crises are myeloblastic, and 25–35% of 
blast crises are lymphoblastic. The lymphoblasts in blast crisis are 
immunologically typed as common acute lymphocytic leukemia 
antigen positive (CALLA+ /CD10+ ) (Chapters 8, 27, 40) and dem-
onstrate an elevated terminal deoxynucleotidyl transferase (TdT) sug-
gesting that these cells belong to the B lymphocyte lineage (Chapter 8). 
Erythroblastic and megakaryoblastic crises are uncommon.

Therapy
The purpose of CML therapy is to reduce the leukocyte mass, restore 
bone marrow function, reduce splenomegaly, and abolish symptoms. 
Leukapheresis is sometimes used initially to reduce the leukocyte 

■  figuRe 24-7 Peripheral blood film from a patient 
with CML in accelerated phase. There is an increase in 
blasts. Arrows point to blasts (Wright-Giemsa stain, 1000*  
magnification).

■  figuRe 24-8 Peripheral blood from a patient with CML 
in blast crisis. Note the cluster of blasts with vacuoles 
(Wright-Giemsa stain, 1000*  magnification).

Characterized by the presence of one or more of the following:

• Ú20% blasts in the bone marrow or nucleated cells in the peripheral 
blood

• Extramedullary blast proliferation

• Presence of large clusters of blasts in the bone marrow biopsy 
 specimen

★ Table 24-8 Blast Crisis Phase of CML

Characterized by the presence of one or more of the following:

• 710% myeloblasts in peripheral blood or bone marrow
• Ú20% basophils in peripheral blood
• Persistent thrombocytopenia 6100 * 109/L (unrelated to therapy)
• Persistent thrombocytosis 71000 * 109/L (unresponsive to therapy)
• Increasing WBC count and/or spleen size (unresponsive to therapy)
• Additional clonal genetic aberrations not present in the chronic phase

★ Table 24-7 Accelerated Phase of CML
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Resistance definition

Primary resistance • Complete hematologic response is not 
achieved by 3–6 months

• Cytogenetic response is not achieved by 
6 months (795% Ph+  metaphases persist)

• partial cytogenetic response is not achieved by 
12 months (735% Ph+  metaphases persist)

Secondary resistance • loss of a complete hematologic response
• loss of a partial or complete cytogenetic 

response
• increasing levels of BCR/ABL1 as assessed by 

real-time PCR

★ Table 24-9 Resistance to Imatinib in Patients  
with CML

In September 2012, the U.S. Food and Drug Administration 
approved bosutinib for the treatment of chronic, accelerated, or blast 
phase Philadelphia chromosome positive (Ph+ ) chronic myeloge-
nous leukemia (CML) in adult patients with resistance or intolerance 
to prior therapy. Like dasatinib and nilotinib, it is effective against most 
imatinib-resistant mutants except the T315I mutation. Preliminary 
results suggest that second generation TKIs could be superior first-line 
therapies over imatinib for new CML patients.16

Baseline assessment for CML patients prior to starting imatinib 
therapy should include bone marrow morphologic analysis, cytoge-
netics, and RT-PCR to determine baseline level of BCR/ABL1 tran-
scripts. Measuring BCR/ABL1 mRNA levels in plasma has been found 
to correspond with patient tumor burden and is suggested as a moni-
toring standard for patients.17 The RT-PCR assay of blood should be 
performed at least every 3 months after therapy begins, or a single 
assay at 6 months can be performed if the patient is  responding.18 
Bone marrow cytogenetics should be performed every 6 months 
until a major cytogenetic response (MCyR, 635% Ph+ ), is achieved. 
A complete cytogenetic response (0% Ph+ ) and BCR/ABL1-
negative results (complete molecular response) in treated patients pre-
dict a favorable outcome. Incomplete response (primary resistance) 
indicates the presence of minimal residual disease, and increasinging 
BCR/ABL1 results indicate the potential for disease relapse (second-
ary resistance).

hsC Transplantation
Allogenic HSC transplantation can be an option for patients who 
meet the bone marrow transplant criteria. Limitations are based 
on patient age (665 years) and availability of a compatible donor.9 
High-dose chemoradiotherapy or imatinib therapy is followed by 
HSC transplantation from syngeneic or allogenenic donors. Stem cell 
transplantation is most successful when administered during the first 
chronic phase of CML. Of patients receiving HLA-matched sibling 
stem cells, 86% have survival rates that exceed 3 years.9

Differential Diagnosis
Many infectious, inflammatory, or malignant disorders and severe 
hemorrhage or hemolysis can cause a leukemoid reaction (Chapter 21) 
that resembles CML (Table 24-10 ★). At times, the clinical findings of 
a leukemoid reaction permit an accurate diagnosis, but in some cases, 
differential diagnosis requires further investigation. In a leukemoid 
reaction, leukocytosis is generally accompanied by a predominance 
of segmented neutrophils and bands on the blood smear (myelocytes, 
metamyelocytes, promyelocytes, and blasts are few in number com-
pared with CML). Toxic granulation, cytoplasmic vacuoles, and Döhle 
bodies in granulocytes often accompany benign toxic leukocytosis 
in leukemoid reactions and are not common in CML. Monocytes, 
eosinophils, and basophils are generally not elevated in a leukemoid 
reaction in contrast to CML.

Other diagnostic tests (elevated LAP score and absence of Ph) 
are helpful in differentiating a leukemoid reaction from CML. Sple-
nomegaly is uncommon in a leukemoid reaction. Although a bone 
marrow examination is rarely necessary to make a differential diag-
nosis, the marrow in a leukemoid reaction can be hypercellular, but in 
contrast to CML, the maturation of granulocytic cells is orderly.

improving molecular and cytogenetic markers and delaying progres-
sion of disease in patients in blast crisis.12,13

Patients initially responsive to imatinib therapy can develop 
resistance (secondary resistance or loss of response), whereas other 
patients might not respond to initial therapy (primary resistance; 
Table 24-9 ★).14 The majority of patients in the advanced stages of 
CML show a measurable response to imatinib although fewer of them 
reach remission compared with those treated in the chronic phase.

imatinib Resistance
In the majority of cases, loss of response (secondary resistance, 
Table 24-9) is related to development of additional mutations in the 
kinase domain of BCR/ABL1.9 A particular ABL1 protein mutant, 
T315I, in which threonine is mutated to isoleucine at the gatekeeper 
position of the kinase domain does not respond to any of the TKIs 
currently used in CML therapy and represents about 15% of imatinib 
resistant patients.15 Mutation screening is suggested for those who 
do not have an adequate initial response or who experience a loss of 
response to imatinib because the position of the mutation within the 
kinase domain can be clinically relevant. Some mutations have infe-
rior survival (P-loop of BCR/ABL1 protein kinase mutations) com-
pared with mutations at other sites.16

Several therapeutic approaches for patients who experience ima-
tinib resistance exist. Dose escalation is often the first course of action. 
Remission can be recovered by imatinib dose escalation when the loss 
of remission is caused by the development of a second Ph in the HSC 
or BCR/ABL1 gene duplication. Occasionally, relapse because of 
certain mutations in the ATP binding site can be overcome through 
imatinib dose escalation.16

When dose escalation fails, switching to an alternative tyrosine 
kinase inhibitor is the treatment of choice. Dasatinib (BMS354825) 
is a tyrosine kinase inhibitor that, like imatinib, attaches to the ATP 
binding site of the ABL1 portion of the BCR/ABL1 protein. It is effec-
tive against all imatinib resistant mutants currently identified except 
the T315I mutation.

Nilotinib (AMN107) is a structural derivative of imatinib that 
binds to and stabilizes the ABL protein ATP binding site with 30-times 
greater potency than imatinib. Like dasatinib, nilotinib is effective 
against all imatinib resistant mutants currently identified except the 
T315I mutation.
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cell with limited myeloid lineage potential. Normal apoptotic signaling 
is likely disrupted.

Cytogenetics are normal in most patients, but up to 25% have 
mutations including 20q- , 21+ , 11q- , and +8, +9. Ph and BCR/
ABL1 fusion gene are absent. If plasma cell proliferation is present, 
clonality of the neutrophils should be established by cytogenetic or 
molecular studies for a diagnosis of CNL.

Clinical Findings
CNL is a rare MPN, with approximately 150 reported cases. The 
median age at diagnosis is 65 years. The male-to-female ratio is 
about 1:1. Most patients are asymptomatic at the time of diagnosis, 
but fatigue, weight loss, easy bruising, bone pain, and night sweats can 
occur. Hepatosplenomegaly is usually present.

ChRoniC neuTRophiliC 
leukemia (Cnl)
Chronic neutrophilic leukemia (CNL) is an MPN characterized 
by a sustained increase in neutrophils in the peripheral blood with 
a slight shift to the left and no Ph or BCR/ABL1 mutation. Mono-
cytosis and basophilia are absent, which helps to distinguish CNL 
from myelodysplasia and CML, respectively. The bone marrow is 
hypercellular because of increased neutrophilic granulocyte prolif-
eration, but dysplasia is absent. All causes of a reactive neutrophilia 
and other MPNs must be ruled out for a diagnosis of CNL, so it is a 
diagnosis of exclusion. The diagnostic criteria for CNL19 are defined 
in Table 24-11 ★.

Etiology and Pathophysiology
The cause of CNL has not been identified. About 20% of cases are asso-
ciated with an underlying neoplasm, particularly multiple myeloma. 
However, clonality of the neutrophils when neutrophilia is associated 
with multiple myeloma has not been demonstrated. Thus, neutrophil 
proliferation may be related to abnormal cytokine production in this 
setting. The CNL cell of origin cells is probably a bone marrow stem 

laboratory parameter Cml leukemoid Reaction

Leukocytes Moderate to marked leukocytosis, blasts and promyelocytes 
in peripheral blood (deep left shift), toxic changes usu-
ally absent, eosinophilia and basophilia, neutrophils with 
 single-lobed nuclei and hypogranular forms can be present

Mild to moderate leukocytosis, toxic granulation, Döhle 
bodies and vacuoles present, blasts absent, promyelocytes 
rare, no absolute basophilia or eosinophilia

Platelets Often increased with abnormal morphological forms present, 
occasional micromegakaryocytes

Usually normal

Erythrocytes Anemia usually present, variable anisocytosis, poikilocytosis, 
NRBC present

Anemia rarely, NRBC not typical

LAP Low Increased
Chromosome karyotype Ph or BCR/ABL1 translocation present Normal

★ Table 24-10 Comparison of Peripheral Blood Features of CML and Leukemoid Reactions

Peripheral blood leukocytosis Ú25 * 109/L
• Bands and segmented neutrophils 780% white blood count (WBC)
• Immature granulocytes 610% WBC
• Myeloblasts 61% WBC

Hypercellular BM with increased percent of neutrophilic granulocytes,
 • 65% myeloblasts

• Normal neutrophil maturation pattern
• Normal or left shift of megakaryocytes

Hepatosplenomegaly
No cause identified for physiologic neutrophilia

• Absence of infection/inflammation
• No underlying tumor

Absence of Ph chromosome or BCR/ABL1 mutation
Absence of mutations of PDGFRA, PDGFRB, or FGFR1
No evidence of other MPNs
No evidence of an MDS or MDS/MPN disorder; monocytes 
61 * 109/L; no dysplastic changes in granulocytes or other myeloid 
cells

Adapted from: Bain BJ, Brunning RD, Vardiman JW, Thiele J. Chronic 
 neutrophilic leukemia. In: Swerdlow SH, Campo E, Harris NL et al., eds. 
WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues. 
Lyon, France: IARC Press; 2008:38.

★ Table 24-11 Diagnostic Criteria for Chronic 
 Neutrophilic Leukemia

CML occasionally resembles PMF. Distinguishing features of 
PMF include markedly abnormal erythrocyte morphology with 
nucleated erythrocytes and immature leukocytes (leukoerythroblas-
tic reaction), an increased LAP score, bone marrow fibrosis, and the 
absence of the Ph.

CNL is another MPN that may resemble CML but does not 
have the BCR/ABL1 mutation. It must be distinguished from CML 
because in the absence of the BCR/ABL1 mutation, imatinib is not 
an effective treatment. Because of the similarity of CNL to CML, it 
is discussed next.

What clinical, peripheral blood, and genetic features dif-
ferentiate CML from an infectious process?

CheCkpoint 24-4
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■  figuRe 24-9 Peripheral blood from a patient with 
CNL. Note the increased numbers of mature neutrophils 
(Wright-Giemsa stain, 1000*  magnification).

What is the most important feature that separates all 
other forms of MPNs from CML?

CheCkpoint 24-5

essenTial ThRomboCyThemia (eT)
Essential thrombocythemia (ET) is a myeloproliferative neo-
plasm affecting primarily the megakaryocytic lineage. Sustained 
proliferation of megakaryocytes in the marrow and extreme throm-
bocytosis in the peripheral blood with thrombocytopathy (a qualita-
tive disorder of platelets) occurs. Previously, considerable controversy 
existed concerning the inclusion of ET as a specific entity in the 
myeloproliferative disorders because thrombocytosis is often a com-
ponent of CML, PMF, and PV. However, ET is now firmly established 
as a hematologic neoplasm with distinct clinical manifestations and 
complications.20

Synonyms of ET include primary thrombocythemia, hemor-
rhagic thrombocythemia, primary thrombocytosis, and idiopathic 
thrombocytosis.

Etiology and Pathophysiology
ET is a neoplastic disorder of the HSCs usually resulting in clonal 
hematopoiesis affecting all three lineages, but in some cases, involv-
ing only the megakaryocytes.20 The clonal population of cells appears 
hypersensitive to some cytokines, including IL-3 and IL-6, but the 
clones are not hypersensitive to GM-CSF. Sensitivity to the inhibitory 
effects of TGF@b is decreased, minimizing inhibition of thrombopoi-
esis. Thus, a combination of increased sensitivity to some cytokines 
that promote platelet production coupled with a decreased sensitivity 
to negative regulators could account for the increased megakaryocyte 
proliferation characteristic of ET.

TPO and/or its receptor MPL are not commonly associated with 
the underlying pathology of ET. Expression of MPL and its mRNA are 
generally decreased in ET, serum levels of thrombopoietin are normal 
or slightly elevated in most patients, yet proliferation of progenitor 
cells ensues.20

JAK2(v617f)
The normal JAK2 protein is a cytoplasmic protein kinase closely 
associated with cytokine receptors and thus is distributed almost 
exclusively near the cell membrane. When a receptor binds cytokines, 
the JAK2 protein is transphosphorylated and activated. In turn, JAK2 
phosphorylates signal transducers and activators of transcription 
(STAT) 5 proteins. The JAK–receptor complex also activates other 
signaling pathways. Several inhibitory control mechanisms constrain 
the normal JAK2/STAT5 activation pathway. The JAK2 protein has 
two homologous domains: JH1, which has functional (kinase domain) 
activity, and JH2, which lacks kinase activity (pseudo-kinase domain). 
The JK2 domain normally interacts with the JH1 domain to inhibit 
kinase activity and to modulate or regulate receptor signaling.20

In 2005, a gain-of-function mutation in the JAK2 tyrosine kinase 
gene, JAK2(V617F), was identified in patients with PV and later in 
ET and PMF.20 JAK2(V617F) is found on chromosome band 9p24 
and encodes a mutated tyrosine kinase activator of cell signal trans-
duction. The single nucleotide somatic mutation in exon 14 (sub-
stitution of thymine for guanine) results in the substitution of the 
amino acid valine for phenylalanine at position 617. The amino acid 
substitution occurs in the pseudo-kinase JK2 domain of the JAK2 
protein. This reduces the JH2 inhibitory function and results in con-
stitutive activation. Furthermore, the mutation allows for downstream 

Laboratory Findings
The most notable feature is neutrophilia (725 * 109/L) 
(Figure 24-9 ■). Mature segmented forms and bands predominate, 
and more immature cells account for 610% of the leukocytes. Neu-
trophils can appear toxic but not dysplastic. Both the RBC count and 
platelet morphology are normal. Platelets are usually present in nor-
mal concentration, but thrombocytopenia can develop as the disease 
progresses and the spleen enlarges. Bone marrow is hypercellular with 
an M:E ratio that can reach 20:1 or higher. Granulocytic hyperplasia 
is present, but dysplasia, Auer rods in blasts, and increased blasts are 
absent. Excessive erythroid and megakaroycytic proliferation can be 
present. The LAP score is usually increased.

Therapy
Hydroxyurea is a first-line therapy for CNL. Response lasts for about 
12 months. Second-line therapy is interferon@a. Allogeneic stem cell 
transplantation is a potentially curative treatment for those patients 
who are eligible.

Median survival is 2.5 years. CNL also has an accelerated phase 
that is marked by progressive neutrophilia unresponsive to treatment, 
anemia, thrombocytopenia, and splenomegaly.9 Blasts and other 
immature cells can be present in the peripheral blood.

Differential Diagnosis
CNL must be differentiated from CML and physiologic causes of 
neutrophilia such as infection or inflammation. Differential diagno-
sis from other myeloid neoplasms requires an absence of circulating 
blasts, absolute monocytosis, eosinophilia, and basophilia.
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Laboratory Findings
peripheral blood
The most striking finding in the peripheral blood is extreme and 
consistent thrombocytosis (Figure 24-10 ■). Platelet counts are 
7450 * 109/L and often range from 100095000 * 109/L. The 
peripheral blood smear can show giant bizarre platelets, and platelets 
can appear in aggregates. Megakaryocytes and megakaryocyte frag-
ments also can be found. However, in many cases, platelet morphology 
appears normal. Abnormalities in platelet aggregation and adhesion 
suggest defects in platelet function (Chapter 36).

Anemia, if present, is generally proportional to the severity of 
bleeding and is usually normocytic; however, long-standing or recur-
rent hemorrhagic episodes can lead to iron deficiency and a micro-
cytic, hypochromic anemia. In about one-third of the patients, slight 
erythrocytosis is present and can cause confusion with polycythemia 
vera. Aggregated platelets can lead to an erroneous increase in the 
erythrocyte count on automated cell counters. Therefore, hemoglo-
bin determinations are better to assess the patient’s anemic status. The 
reticulocyte count can be increased if bleeding is present in which case 
mild polychromatophilia may be noted. Peripheral blood abnormali-
ties secondary to autosplenectomy can occur if the spleen has been 
infarcted (Chapter 3). These abnormalities include Howell-Jolly bod-
ies, nucleated erythrocytes, and poikilocytosis.

A leukocytosis from 22–40 * 109/L is almost always present. 
Occasional metamyelocytes and myelocytes can be found with ET. 
Mild eosinophilia and basophilia also are observed. The LAP score 
can be normal or increased; it is rarely low. Nucleated erythrocytes are 
found in 25% of patients.

bone marrow
The bone marrow exhibits marked hyperplasia with a striking increase 
in megakaryocytes often with clustering of megakaryocytes along the 
sinusoidal borders. The background of stained slides shows many 
platelets. The megakaryocytes are large with abundant mature cyto-
plasm and frequently increased nuclear lobulation. Mitotic forms are 

phosphorylatation of STAT5 molecules independent of cytokine 
interaction with the receptor (i.e., autonomous signaling; Chapter 3). 
This JAK2(V617F) gain-of-function mutation gives the cells a prolif-
eration advantage.

Presence of the JAK2(V617F) mutation appears to increase the 
risk of thrombosis proportional to the degree of leukocytosis with no 
correlation to platelet count.21 The connection between leukocyto-
sis and thrombosis may be the result of tissue factor expression by 
neutrophils, platelet P-selectin expression, and aggregate formation 
between platelets and leukocytes that lead to interaction with the 
endothelium in areas of inflammation and injury.22,23

A single JAK2(V617F) mutation is more commonly encoun-
tered in ET, whereas two JAK2(V617F) mutations are associated with 
PV.24–27 This dosage effect is associated with disease transformation 
from ET to PV and with disease progression in patients with PV. 
Therefore, JAK2(V617F) burden is implicated as having a dominant 
role in the pathophysiology of Ph negative MPNs.28,29 The mutation 
also results in increased responsiveness to erythropoietin (EPO) and 
IL-3. JAK2(V617F) is found in ∼50% of patients with PMF and most 
patients (795%) with polycythemia vera.20,30,31

Mutations in cytokine receptors for EPO, TPO, and G-CSF may 
activate JAK2 in those cases that are JAK2(V617F) negative.

mpl mutations
Two mutations in the thrombopoietin receptor MPL (MPLW515L 
and MPLW515K) occur in approximately 4% of patients with 
JAK2(V617F)-negative ET and 10% with PMF. This mutation results 
in cytokine-independent growth and constitutive downstream signal-
ing pathways.20

Clinical Findings
Although a relatively rare disorder, the incidence of ET peaks pri-
marily from 50–60 years of age and secondarily from 20–30 years of 
age. The older group of patients has no gender predilection, but the 
younger age group predominantly involves women. The overall inci-
dence is ∼1.592.4/100,000 people annually.20

The presenting symptoms of patients with ET are variable. 
Extreme thrombocytosis is frequently detected. Many of these 
patients are asymptomatic, and their diagnosis is made inciden-
tally.20 Symptomatic patients most commonly present with throm-
bosis (primarily involving the microvasculature) or minor bleeding. 
Neurologic complications are common (e.g., headache, paresthe-
sias of the extremities) and are associated with platelet-mediated 
ischemia and thrombosis. Circulatory insufficiency involving the 
microvasculature of the toes and fingers is frequent and associated 
with pain and occasionally gangrene. Hemorrhagic episodes can 
occur, primarily involving the gastrointestinal tract, skin, urinary 
tract, and oral mucosal membranes. These problems appear to be 
more frequent in patients older than 59 years of age with throm-
bosis occurring more frequently than bleeding at the lower platelet 
concentrations.20,32

About half of the patients have a palpable spleen, but spleno-
megaly is usually slight. Occasionally, splenic atrophy resulting from 
repeated splenic thrombosis and silent infarctions is seen. When this 
occurs, it is associated with typical morphologic alterations on the 
peripheral blood smear as discussed in the next section.

■  figuRe 24-10 Essential thrombocythemia.  Platelets 
are markedly increased, and a giant form (arrow) is 
 present (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).
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• Decreased or mutated Mpl receptors for thrombopoietin (tpo)
• shortened platelet survival
• increased plasma b-thromboglobulin (b@TG)
• increased urinary thromboxane B2 (T * B2)
• acquired von Willebrand disease
• Defective epinephrine, collagen, aDp-induced platelet aggregation
• Decreased atp secretion
• acquired storage pool deficiency because of abnormal in vivo plate-

let activation

★ Table 24-12 Platelet Abnormalities Found 
in Essential Thrombocythemia

and acid phosphatase to be elevated. Serum potassium can be elevated 
as a result of in vitro release of potassium from platelets (pseudohy-
perkalemia). The spurious nature of this hyperkalemia can be veri-
fied by performing a simultaneous potassium assay on plasma, which 
should be normal. Arterial blood gases can reveal a pseudohypoxia if 
the sample is not tested promptly because of the in vitro consumption 
of oxygen by the increased numbers of platelets.

Prognosis and Therapy
About 76–89% of the patients with ET survive 10 years. The prognosis 
appears to be better in younger patients. The most common causes of 
death are thrombosis and bleeding. Occasionally, the disease trans-
forms to AML or PMF.

Controversy exists as to which patients with ET require ther-
apy. It is generally agreed that patients with a history of thrombosis 
or cardiovascular risk factors require therapy to reduce the platelet 
count. Plateletpheresis can quickly reduce the platelet count below 
1000 * 109/L for control of vascular accidents. Anticoagulants 
and drugs to inhibit platelet function are used to control thrombo-
sis, and aspirin therapy is recommended for all ET patients unless 
contraindicated.20

Chemotherapy
Cytoreductive therapy frequently includes use of hydroxyurea 
and anagrelide. Hydroxyurea is an effective form of cytoreductive 
therapy in patients to lower both the leukocyte and platelet counts 
and lower the risk of thrombosis. Although anagrelide (inhibitor 
of megakaryocyte differentiation) can be used to reduce only the 
platelet count, its side effects are not well tolerated.20 The leuke-
mogenic potential of these therapeutic agents is of concern. The 
benefit of specific therapy in asymptomatic patients has not been 
established. Therapeutic trials with b@interferon show improvement 
in both hematologic parameters and clinical symptoms on nearly all 
patients.24 Withdrawal of interferon, however, leads to recurrence of 
thrombocytosis.

molecular Targets
Use of JAK inhibitors is being investigated primarily in PMF but is 
beginning to be studied in patients with advanced ET and PV. These 
include ICNB018424 (ruxolitinib) and CEP-701 (lestaurtinib).34,35 
Patient response to lestaurtinib is not as promising as that for 
ruxolitinib.36

Differential Diagnosis
Although the other MPNs have certain diagnostic markers, ET is 
largely a diagnosis of exclusion. Essential thrombocytosis must be dif-
ferentiated from a secondary, reactive thrombocytosis (Table 24-13 ★) 
associated with many acute and chronic infections, inflammatory 
diseases, carcinomas, and Hodgkin’s disease. The platelet count in 
ET often exceeds 1000 * 109/L and is persistent over a period of 
months or years. Secondary or reactive thrombocytosis rarely reaches 
1000 * 109/L and is transitory. In addition, platelet function in sec-
ondary thrombocytosis is normal as are leukocytes and erythrocytes, 
and splenomegaly is absent.

increased. Erythroid and myeloid hyperplasia also are evident. Stains 
for iron reveal normal or decreased stores in the context of normal 
serum ferritin levels. In ∼25% of cases, reticulin is increased, but sig-
nificant fibrosis is generally not seen.20

Tests of hemostasis
Laboratory tests alone are unreliable in predicting bleeding or throm-
botic complications in ET. The prothrombin time (PT) and activated 
partial thromboplastin time (APTT) are usually normal, but evidence 
of low-grade disseminated intravascular coagulation (DIC) can be 
present. Platelet aggregation studies are frequently abnormal with 
the most common findings including defective platelet aggregation 
with epinephrine, ADP, and collagen. A loss of platelet a@adrenergic 
receptors associated with reduced epinephrine-induced aggregation 
is characteristic of an MPN and is useful in differentiating ET from 
secondary thrombocytosis. Spontaneous in vitro platelet aggrega-
tion, or hyperaggregability, is a common finding. In vivo platelet 
aggregation is likely if increased plasma b@thromboglobulin and 
platelet factor 4 (released from platelet a@granules) levels are found. 
Other platelet abnormalities that have been described in association 
with ET are included in Table 24-12 ★.33 A form of acquired von 
Willebrand disease (VWD) has been described in association with 
excessively high platelet counts and ET. The increase in number of 
circulating platelets is associated with adsorption of larger VWF 
multimers and their removal from the circulation. The laboratory 
features are characteristic of Type 2 VWD with a decrease or absence 
of large VWF multimers and reduced levels of ristocetin cofactor 
activity (Chapters 34, 36).

molecular genetics
A low incidence of clonal chromosomal cytogenetic abnormalities 
(about 5%) is found in ET. The JAK2(V617F) gene mutation confers 
a polycythemia-like phenotype often producing higher hemoglobin 
values, leukocytosis, and lower erythropoietin levels, increasing the 
risk of transformation to PV.22,23 A small percentage of patients carry 
an MPL gene with mutations in exon 10, the most common of which 
is the MPL(W515L).

other laboratory findings
Other laboratory tests can be abnormal. Serum cobalamin and the 
unsaturated cobalamin binding capacity are increased. An increase in 
cell turnover can cause serum uric acid, lactate dehydrogenase (LD), 
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polyCyThemia veRa (pv)
The term polycythemia literally means an increase in the cellular ele-
ments of the blood. However, it is most commonly used to describe 
an increase in erythrocytes exclusive of leukocytes and platelets. 
 Polycythemia vera (PV) is a myeloproliferative neoplasm char-
acterized by an unregulated proliferation of primarily the erythroid 
elements in the bone marrow and an increase in erythrocyte concen-
tration in the peripheral blood. In addition to autonomous prolifera-
tion of erythroid cells, leukocytes and platelets can also proliferate 
uncontrolled, resulting in a pancytosis (an increase in all hematopoi-
etic cells in the blood). PV has several synonyms, including polycy-
themia rubra vera, primary polycythemia, erythremia, and Osler’s 
disease.

Classification
Polycythemia is a general term used to describe erythrocytosis result-
ing in an increase in both hemoglobin concentration and red cell mass 
(RCM) or hematocrit (Chapter 10). When evaluating a patient for 
polycythemia, it is important to determine whether these parameters 
are elevated because of an absolute increase in total erythrocyte mass 
(absolute erythrocytosis) or from a decrease in plasma volume (rela-
tive erythrocytosis) (Figure 24-11 ■). Although an absolute eryth-
rocytosis suggests a PV diagnosis, polycythemia that is secondary to 
tissue hypoxia, cardiac or pulmonary disease, and abnormal hemoglo-
bins should also be considered.

In an attempt to clarify the pathogenesis of the disorder, poly-
cythemia is classified into three different groups: PV, secondary 

Differentiating ET from PV can be difficult. However, marked 
erythrocytosis with clinical findings suggestive of hypervolemia is 
more typical of PV. The Polycythemia Vera Study Group (PVSG) 
proposed a set of diagnostic criteria for ET, which were adopted as 
diagnostic criteria in the WHO classification (Table 24-14 ★). The 
first criterion, a platelet count of 7600 * 109/L, later reduced by 
the WHO group to 450 * 109/L, excludes many cases of secondary 
thrombocytosis. The second criterion, increased megakaryocytes 
in the bone marrow, is necessary to confirm the diagnosis of ET 
and rule out other causes of clonal thrombocythemia. The third, 
a hemoglobin of 618.5 g/dL in males and 616.5 g/dL in females 
excludes cases of PV as does the fourth criterion, presence of iron 
in the bone marrow or failure of response to iron therapy. The 
fifth criterion, absence of the Ph, rules out CML, and the sixth, 
absence of collagen fibrosis, rules out PMF. The seventh criterion, 
absence of dysplasia and related genetic mutations, rules out MDS. 
The eighth criterion excludes conditions associated with reactive 
thrombocytosis.37

Essential thrombocythemia (ET)
Polycythemia vera (PV)
Chronic myelogenous leukemia (CML)
Primary myelofibrosis (PMF)
Secondary thrombocytosis

• Chronic inflammatory disorders
• Acute hemorrhage
• Hemolytic anemia
• Hodgkin’s disease
• Metastatic carcinoma
• Lymphoma
• Postsplenectomy
• Postoperative
• Iron deficiency

★ Table 24-13 Conditions Associated 
with Thrombocytosis

Diagnosis requires meeting all four criteria:

1. Sustained platelet count Ú450 * 109/L

2.  Megakaryocyte proliferation with large and mature megakaryocytes 
without an increase or left-shift in neutrophil granulopoiesis or 
erythropoiesis

3.  WHO criteria for CML, polycythemia vera, primary myelofibrosis, 
MDS or other myeloid neoplasm are not met

4.  Presence of an acquired pathogenic mutation such as JAK2(V617F) 
or other clonal marker

5.  No evidence of reactive thrombocytosis and normal iron stores

★ Table 24-14 Essential Thrombocythemia Diagnos-
tic Criteria (all criteria must be met)37,38,39

Is a patient who has a platelet count of 846 * 109/L, 
splenomegaly, and abnormal platelet function tests of 
hyperaggregation likely to have reactive or essential 
thrombocytosis? Explain.

CheCkpoint 24-6

■  figuRe 24-11 The hematocrit can be increased 
because of an absolute increase in erythrocyte mass, a 
condition known as absolute polycythemia (center) or a 
decrease in plasma volume, a condition known as relative 
polycythemia (right).

45% Hct

Normal

60% Hct

Absolute
polycythemia

55% Hct

Relative
polycythemia
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is found on chromosome band 9p24 and encodes a mutated tyrosine 
kinase activator of cell signal transduction.40 In addition, about 5% 
of PV cases carry other mutations in exon 12 of JAK2 that disrupt 
normal JAK2 function.44

Since the JAK2(V617F) is not found in all PV patients, it is 
hypothesized that JAK2(V617F) is not the sole transforming muta-
tion, and many suspect it is not even the initiating event.45,46 This the-
ory is supported by evidence that in some patients with JAK2 mutated 
myeloproliferative neoplasms that evolved into AML, the resulting 
myeloblasts do not bear the JAK2 mutation.47 Therefore, one or 
more mutations are likely to precede the JAK2(V617F) mutation and 
are necessary to predispose patients to developing the JAK2(V617F) 
mutation and the resulting MPN.

Two mutations that may precede the JAK2(V617F) mutation 
include TET2 (ten-eleven translocation) and a germline single nucle-
otide polymorphism (SNP) in the JAK2 locus (rs10974944).48 The 
TET2 protein functions as a catalyst in the hydroxylation of 5-meth-
ylcytosine (5-mC), converting 5-mC to 5-hydroxylmethylcytosine 
(5-hmC).49 It is thought that 5-hmC is an intermediate base in the 
demethylation of DNA and therefore serves as an epigenetic regula-
tor that participates in driving myeloid proliferation (Chapter 23).50 
Mutations that delete or lead to loss of function in TET2 are thought 
to occur in the HSC and contribute to myeloid rather than lymphoid 
neoplasms.40 Clonal analysis of immature progenitor cells in patients 
with JAK2 and TET2 mutations suggest that TET2 precedes JAK2 
with the exception of one report of familial MPN for which the oppo-
site is suspected.51

A germline polymorphism in the JAK2 gene (rs10974944) is 
found between exons 12 and 13. This polymorphism increases the 
likelihood of developing the JAK2(V617F) mutation and the resulting 
MPN by three- to fourfold.52

other mutations
In the absence of the JAK2(V617F) mutation, other mutations have 
been identified that disrupt the normal function of the JAK/STAT 
pathway resulting in myeloid proliferation. These include MPL,40 the 
lymphocyte-specific adapter protein LNK,53 and an anti-apoptotic 
protein member of the Bcl-2 family called Bcl@xL.43

MPL mutations promote thrombopoietin independent activa-
tion of the MPL protein and the resulting thrombocytosis associated 
with ET and PV. Furthermore, the protein LNK functions to down-
regulate JAK/STAT signaling following normal erythropoietin and 
thrombopoietin stimulation to return cell production to the steady 
state. Loss of LNK function results in continued erythroid and 
thrombocytic production.54 Finally, increased expression of Bcl@XL 

polycythemia, and relative polycythemia (Table 24-15 ★). Both PV 
and secondary polycythemia result from an absolute increase in the 
total body RCM. Secondary polycythemia can be distinguished from 
PV by a distinct, although not always apparent, physiologic stimulus 
of erythrocytosis—hence, the name secondary polycythemia—and is 
associated with elevated plasma EPO levels. PV results from a primary, 
unregulated, or dysregulated increase in erythrocyte production. Rel-
ative polycythemia is characterized by a normal or even decreased 
RCM and occurs as a result of a decreased plasma volume. It is gener-
ally a mild polycythemia resulting from dehydration, hemoconcentra-
tion, or a condition known as Gaisböck’s syndrome.

Etiology and Pathophysiology
The panhyperplasia often associated with PV suggests a clonal stem 
cell defect, and cytogenetic studies have confirmed its clonal nature.40 
Evidence of clonality persists in cells even during complete remission.

Although all lineages in the peripheral blood can be increased 
in PV, an increase in erythropoiesis is the outstanding feature. Pos-
sible mechanisms for this increase are suggested in Table 24-16 ★.41 
In vitro studies using cell culture systems show that PV bone marrow 
cells can form erythroid colonies without the addition of erythropoi-
etin, suggesting that increased proliferation results from an unregu-
lated neoplastic proliferation of stem cells.40 Other patients’ bone 
marrow cells show increased sensitivity to EPO, insulin-like growth 
factor I, and IL-3, forming in vitro colonies at significantly reduced 
cytokine concentrations and likely giving PV progenitor cells a growth 
 advantage.42,43 The erythroid maturation is morphologically normal 
and the erythrocytes function normally and have a normal lifespan.

JAK2
Several mutations, most affecting the Janus kinase–STAT signal 
transduction pathway, have been identified in patients with PV. The 
JAK2(V617F) mutation seen in almost all patients (795%) with PV 

Classification associated Conditions

Polycythemia vera (primary) Normal or decreased erythropoietin 
 levels; autonomous cell proliferation

Secondary polycythemia 
(erythropoietin driven)

High altitude

Chronic obstructive pulmonary disease

Obesity (Pickwickian syndrome)

Inappropriate erythropoietin production

Tumors (e.g., hepatoma, uterine 
fibroma, renal carcinoma)

Renal ischemia

Familial erythrocytosis

Hemoglobins with high oxygen affinity

Congenital decrease in erythrocyte 
2,3-BPG

Relative polycythemia Gaisböck’s syndrome (stress poly-
cythemia, spurious polycythemia, 
pseudopolycythemia)

Dehydration

★ Table 24-15 Classification of Polycythemia

• erythropoietin-independent proliferation of neoplastic progenitor  
cells

• hypersensitivity of erythroid progenitor cells to erythropoietin
• hypersensitivity of erythroid progenitor cells to growth factors other 

than erythropoietin
• inhibition of apoptosis in progenitor cells

★ Table 24-16 Possible Mechanisms for Increased 
Erythropoiesis in Polycythemia Vera
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to occur in several members of the same family, suggesting a familial 
predisposition may exist.

The disease onset is usually gradual with a history of mild symp-
toms for several years. In some cases, PV is found in asymptomatic 
individuals. When symptoms are present, they are typically related to 
the increased erythrocyte mass and the associated cardiovascular dis-
ease because of the hyperviscosity of the blood. Headache, weakness, 
pruritus, weight loss, and fatigue are the most common symptoms. 
Pruritus is attributed to hyperhistaminemia that can be spontaneous 
or induced by hot showers or baths. Itching is generalized with absence 
of a rash.

About one-third of the patients experience thrombotic or hem-
orrhagic episodes. Myocardial infarctions, retinal vein thrombosis, 
thrombophlebitis, and cerebral ischemia can occur at any stage of the 
disease and occasionally can be the first indication of the disease.

When the hematocrit exceeds 60%, the blood viscosity 
increases steeply, decreasing blood flow and increasing peripheral 
vascular resistance. These interactions produce hypertension in 
about 50% of the patients with PV. Plethora (a florid complexion 
resulting from an excessive amount of blood), especially on the face 
but also on the hands, feet, and ears, is a common finding on physi-
cal examination.

After 2–10 years, the patient may develop bone marrow failure 
accompanied by clinical findings that include an increase in spleno-
megaly, anemia, and bleeding. Laboratory results are likely to reveal 
a decreased platelet count and decreasing hematocrit. Together, 
these findings are known as the spent phase and often herald the 
transition to AML. Postpolycythemic myelofibrosis develops in 
about 30% of PV cases and splenomegaly is a characteristic finding 
at the spent phase. Acute leukemia develops as an abrupt transition 
in 5–10% of patients. Leukemia appears to develop at a higher rate in 
patients treated with myelosuppressive drugs than in those treated 
with phlebotomy alone. Overall median survival exceeds 10–20 
years.56

Laboratory Findings
peripheral blood
The most striking peripheral blood finding in PV is an absolute 
erythrocytosis in the range of 6910 * 1012/L, with a hemoglobin 
concentration 718.5 g/dL in males and 716.5 g/dL in females. The 
hematocrit in females is usually 70.48 L/L (48%) and in males is 
70.52 L/L (52%). The total RCM is increased 725% of mean nor-
mal; the plasma volume can be normal, elevated, or decreased. Early 
in the disease, the erythrocytes are normocytic, normochromic; how-
ever, after repeated therapeutic phlebotomy, iron-deficient eryth-
ropoiesis can result in microcytic hypochromic cells. Patients with 
PV occasionally present with iron deficiency secondary to occult 
blood loss resulting from abnormal platelet function. This can cre-
ate a confusing peripheral blood picture because the concentration 
of erythrocytes is normal to increased with significant microcytosis, 
simulating a thalassemia (Chapter 14). Nucleated erythrocytes can be 
found. On the blood smear, the erythrocytes typically appear crowded 
even at the feathered edge. The reticulocyte count is normal or slightly 
elevated. The erythrocyte sedimentation rate (ESR) does not exceed 
2–3 mm/hour.

leads to inhibition of apoptosis in progenitor cells43 (Chapter 2). The 
defect in programmed cell death creates an accumulation of altered, 
hypersensitive stem and progenitor cells. Thrombopoietin receptor 
hyperresponsiveness and resistance to apoptosis are also found in the 
megakaryocytic lineage, resulting in the common finding of throm-
bocytosis associated with PV.6,43

epigenetics
Epigenetic changes contribute to the malignant transformation of 
PV. In addition to the TET2 mutation described earlier, somatic 
mutations in the gene for the isocitrate dehydrogenase (IDH) 1 
enzyme that functions in the citric acid cycle manifest epigenetic 
modifications. IDH1 normally functions to convert isocitrate to 
a@ketoglutarate with the associated production of NADPH. Muta-
tions have also been identified in IDH2 in patients with MPNs. 
Epigenetic analysis of IDH1/2 mutations in AML patients has dem-
onstrated hypermethylation. Mutations in these two enzymes occur 
in PV, ET, and PMF at a rate of 1–5% and are much more frequent 
(26%) in the later stages of an MPN and after transformation to acute 
leukemia.53 It has been speculated that mutational analysis of IDH1 
and IDH2 might be useful as a marker for disease progression in 
patients with MPNs.

genes and presentation of phenotype
Because the JAK2(V617F) mutation is found in nearly all patients with 
PV and in about half of the patients with ET and PMF, it is unclear as 
to how one mutation can result in three different conditions. It is pos-
sible that a dosage effect of the JAK2 mutation may play an important 
role in determining disease phenotype since most patients with ET are 
heterozygous for JAK2, whereas PV patients tend to be homozygous. 
Given the suspicion of a pre-JAK2 mutation in the MPNs and the 
discovery of mutated MPL, the following mutational sequence has 
been proposed54:

•	 A pre-JAK2 mutation produces a hyperproliferative clone with 
increased susceptibility to additional mutations. Either the MPL 
or JAK2 mutation occurs, triggering the ET phenotype. The JAK2 
mutation may produce preferential triggering of the MPL receptor 
over the EPO receptor because MPL receptors have a higher density 
on the HSC surface.

•	 When a second JAK2 mutation occurs, sufficient JAK2 proteins 
exist to trigger the EPO receptors converting the disease phenotype 
to PV.

•	 Additional mutations evolve the phenotype to that of PMF, but 
thrombocytosis remains because of chemokines released in 
response to the fibrosis.

Clinical Findings
The annual incidence of PV varies geographically from 2 cases per 
million in Japan to 13 per million in Australia and Europe. The annual 
incidence in the United States averages 8–10 per million and occurs 
most often between the ages of 40–60 years with a peak incidence in 
the sixth decade of life. The disease is rare in children. It occurs more 
frequently in males than females and is more common in whites than 
blacks, particularly in those of Jewish descent.40 PV has been reported 
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■  figuRe 24-12 Peripheral blood from a patient with PV 
showing thrombocytosis and large platelets. A reactive 
lymphocyte and segmented neutrophil are in the center 
(Wright-Giemsa stain, 600*  original magnification).

number of myeloblasts is not increased, one of the most significant 
findings is an increase in megakaryocytes. Eosinophils are also often 
increased. Sometimes bone marrow biopsies reveal a slight to marked 
increase in fibrotic material or reticulin, but it is generally directly pro-
portional to the degree of cellularity (e.g., more cellular marrows dem-
onstrating more reticulin). Iron stores are usually absent, presumably 
because of a diversion of iron from storage sites to the large numbers 
of developing erythroblasts.

In the postpolycythemic stage, the bone marrow reveals reticulin 
and collagen fibrosis. Cellularity varies but is often hypocellular with 
prominent clusters of megakaryocytes. Erythropoiesis and granulo-
poiesis decrease. A shift to the left can be present, but blasts are usually 
610%, and dysplasia is unusual.

other laboratory findings
EPO levels are normal or low in PV, and arterial oxygen saturation 
levels are normal. In secondary polycythemia resulting from tis-
sue hypoxia, EPO levels are elevated, and arterial oxygen saturation 
levels are decreased. When secondary polycythemia occurs from an 
inappropriate increase in EPO, oxygen saturation levels are usually 
normal.

Other laboratory tests also can be abnormal. Serum uric acid 
is 77 mg/dL in two-thirds of the patients and can cause symptoms 
of gout. The increase probably reflects an increase in the turnover 
of nucleic acids from the increased number of blood cells. Serum 
cobalamin-binding capacity in most of the untreated PV patients is 
increased, primarily because of the increase in haptocorrins derived 
from granulocytes. Serum cobalamin also is increased but not in pro-
portion to the unsaturated binding capacity.

molecular genetics
Because of the high frequency of the JAK2(V617F) mutation in PV, 
peripheral blood screening for JAK2(V617F) in the initial evaluation 
of patients suspected of having PV has been recommended. Cytoge-
netic abnormalities including chromosomal aneuploidy and partial 
deletions can be found. The most consistent abnormality is a trisomy 8 
or 9, an abnormally long chromosome 1, and partial deletions of chro-
mosome 13 and 20. The frequency of multiple karyotypic abnormali-
ties increases after years of treatment and occurs in 780% of patients 
who develop acute leukemia. Thus, progression from a normal to an 
abnormal karyotype is an adverse prognostic indicator.

Prognosis and Therapy
There is no known cure for PV, but treatment usually prolongs sur-
vival. Without treatment, 50% of the patients survive about 18 months. 
With only phlebotomy as the palliative treatment, survival extends to 
about 14 years. Thrombosis is the most frequent complication, and 
often patients are given antiplatelet therapy.44

phlebotomy
Two types of therapy, phlebotomy and myelosuppressive therapy, 
have been used historically. Therapeutic phlebotomy is performed to 
keep the hematocrit below 0.45 L/L (45%) in men and 0.42 L/L (42%) 
in women and to intentionally reduce iron supplies. Lack of iron is 
expected to slow the production of erythrocytes, reducing erythrocy-
tosis and the accompanying symptoms.

Leukocytosis in the range of 12920 * 109/L occurs in about 
two-thirds of the cases because of an increase in granulocyte produc-
tion. Early in the disease, there can be a relative granulocytosis and a 
relative lymphopenia with a normal total leukocyte count. A shift to 
the left can be found with the presence of myelocytes and metamy-
elocytes, but finding promyelocytes, blasts, or excessive numbers of 
immature myeloid cells is unusual. Relative and absolute basophilia is 
common. The LAP score is usually higher than 100.

Megakaryocytic hyperplasia in the bone marrow accompanied 
by an increase in platelet production is a consistent finding in PV. In 
some patients, the megakaryocytes proliferate without overexpression 
of the receptor for thrombopoietin (those patients with a mutation 
in the MPL gene) and have decreased apoptosis as do the erythroid 
progenitor cells.40,43 The platelet count is 7400 * 109/L in 20% of 
PV patients and occasionally exceeds 1000 * 109/L. Giant platelets 
can be found on the blood smear. Qualitative platelet abnormalities 
are reflected by abnormal aggregation to one or more aggregating 
agents—epinephrine, collagen, adenosine diphosphate (ADP), or 
thrombin (Chapters 33, 36). Lack of aggregation with epinephrine is 
the most common abnormality. The PT and APTT are usually normal 
(Chapters 34, 36). Abnormal multimeric forms of von Willebrand fac-
tor (VWF) are found in about half of PV patients and can lead to a 
diagnosis of acquired VWD42 (Chapter 34).

Advanced disease is accompanied by striking morphologic 
changes in erythrocytes (Figure 24-12 ■). The peripheral blood pic-
ture can resemble that of myelofibrosis with a leukoerythroblastic ane-
mia, poikilocytosis with dacryocytes, and thrombocytopenia. In cases 
that advance to acute leukemia, the blood picture exhibits anemia with 
marked erythrocyte abnormalities, thrombocytopenia, and blast cells.

bone marrow
Most patients with PV have a moderate to marked increase in bone 
marrow cellularity. The hypercellularity is greater than is seen in sec-
ondary polycythemia, and hematopoietic marrow can extend into the 
long bones. Granulopoiesis as well as erythropoiesis is often increased; 
consequently, the M:E ratio is usually normal. Although the relative 
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hyperventilation partially compensates for the reduced pO2 in the 
lungs. Compensation at the cellular level involves an increase in 2,3-
BPG, facilitating the transfer of oxygen to the tissues. Tissue hypoxia 
secondary to a decrease in arterial blood oxygen saturation can also 
occur in severe obstructive lung disease and in obesity. The hematocrit 
is generally not higher than 0.57 L/L (57%) in these cases.

inappropriate increase in erythropoietin
A nonphysiologic increase in EPO (inappropriate) has been 
described in association with certain tumors that appear to secrete 
EPO or an EPO-like substance. About 50% of patients who experi-
ence this have renal tumors. Other tumors that have been associated 
with erythrocytosis include those of the liver, cerebellum, uterus, 
adrenals, ovaries, lung, and thymus. In almost all cases, EPO levels 
return to normal and the erythrocytosis disappears after resection of 
the tumor. Renal cysts are also associated with polycythemia, possi-
bly because of localized pressure and hypoxia to the juxtaglomerular 
apparatus, resulting in increased EPO secretion. In some patients 
with hypertension, renal artery disease, and renal transplants, 
renal ischemia can occur, resulting in erythrocytosis secondary to 
increased EPO production.

familial polycythemia
Inherited hemoglobin variants with increased oxygen affinity cause 
tissue hypoxia and are associated with a secondary erythrocytosis. 
Because of the increased oxygen affinity, less oxygen is released to the 
tissues, stimulating erythropoietin production. Inherited deficiency 
of 2,3-BPG also results in decreased oxygen release to tissues. These 
inherited conditions are usually found in young children and in other 
family members as well.

neonatal polycythemia
In neonates, hematocrits 70.48 L/L (48%) are common. The etiology 
is attributed to placental transfusion that occurs as a result of late cord 
clamping (7–10 seconds after delivery) and/or increased erythropoi-
esis stimulated by intrauterine hypoxia.40

Chemotherapy
Myelosuppressive or cytoreductive therapy utilizing hydroxyurea, 
alkylators, interferon, radioactive phosphorus (32P), and anagrelide 
have been used to reduce the amount of proliferating hematopoi-
etic cells and for patients at risk for vascular events.40 Hydroxyurea 
inhibits ribonucleotide reductase and carries less risk of second-
ary leukemia than does busulphan, an alkylating agent. Younger 
patients who are intolerant or resistant to hydroxyurea can be 
treated with a@interferon; busulfan is used for older patients.57 
Low-dose pegylated interferon a@2a has been shown to normalize 
blood counts in patients with PV and ET, and on sustained therapy, 
a 30–40% chance that patients could develop a significant molecu-
lar response and a significant decrease in the JAK2(V617F) allele 
burden. Pegylated interferon a@2a can retard the progression of ET 
and PV toward PMF.58 Patients receiving 32P therapy have a mean 
survival of 12 years, yet these patients show a progressive incidence 
of malignant complications.

molecular Targets
Research to find a molecularly targeted therapy specific for the 
abnormal JAK2 kinase similar to the use of imatinib in CML is 
ongoing. The JAK2 inhibitor, INCB018424 (ruxolitinib), showed 
promising results in clinical trials. In PV patients, 97% achieved 
phlebotomy independence and many showed complete remis-
sion.59,60 CEP-701 (lestauritinib, a JAK inhibitor) therapy also 
revealed a decreased need for phlebotomy and a reduction in 
JAK2(V617F) allele burden.61

Differential Diagnosis
It is essential that PV be differentiated from the more benign causes of 
secondary erythrocytosis and relative polycythemia so that effective 
therapy can be initiated.

secondary polycythemia
Secondary polycythemia can be classified into the following groups:

1. Polycythemia caused by an increase in EPO as a normal physiologic 
response to tissue hypoxia

2. Polycythemia caused by an inappropriate, nonphysiologic increase 
in erythropoietin production

3. Familial polycythemia associated with high oxygen-affinity hemo-
globin variants

4. Neonatal polycythemia associated with intrauterine hypoxia or 
late cord clamping

Tissue hypoxia
A decreased arterial oxygen saturation and subsequent tissue hypoxia 
are the most common cause of secondary polycythemia. The poly-
cythemia disappears when the underlying cause is identified and 
effectively treated. Residents of high-altitude areas demonstrate a 
significant increase in hemoglobin and hematocrit that is progres-
sively elevated at high altitudes. The decrease in barometric pressure 
at high altitudes decreases the inspired oxygen tension. As a result, 
less oxygen enters the erythrocytes in the pulmonary alveoli, and the 
arterial blood oxygen saturation decreases (Chapters 6, 11). Chronic 

Renal tumors can produce an inappropriate amount of 
EPO, resulting in what type of polycythemia?

CheCkpoint 24-7

Relative Polycythemia
Relative polycythemia is a mild polycythemia resulting from dehy-
dration, hemoconcentration, or a condition known as Gaisböck’s 
syndrome, which has several synonyms, including spurious poly-
cythemia, pseudopolycythemia, and stress erythrocytosis. Patients 
with these conditions have a relative polycythemia and hypertension 
with nephropathy or relative polycythemia associated with emotional 
stress.43 RCM is essentially normal. High hematocrit and hemoglobin 
concentrations appear to result from a combination of high-normal 
erythrocyte concentrations with a low-normal plasma volume. The 
most common symptoms are light-headedness, headaches, and 
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Which of these conditions—iron deficiency, smoking, 
emphysema, pregnancy, dehydration—are associated 
with an absolute increase in RCM?

CheCkpoint 24-8

erythropoietin measurement
EPO is critical in differentiating PV from secondary polycythemias. 
With the JAK2(V617F) mutation, erythropoiesis occurs without 
the need for EPO stimulation. Serum EPO levels are usually very 
low or not detectable in PV. Secondary causes of polycythemia 
are related to elevated EPO levels either because of hypoxia or an 
inappropriate release of EPO from the kidneys (tumors and renal 
carcinomas).

genetic studies
Studies should include molecular analysis for the JAK2(V617F) 
mutation found in exon 14. In addition, 10 different mutations 
have been identified in exon 12 of JAK2 that are associated with 
erythrocytosis. Karyotype screening for trisomies of chromosome 
8 and 9 as well as deletions of 13 or 20 may also be performed.40

bone marrow Changes
A bone marrow assessment can be helpful in patients in whom 
EPO is not low and JAK2(V617F) is not detected, but an elevated 
RCM and clinical symptoms suggest PV. Histologic changes for 
PV include hypercellularity with increased erythroid precursors, 
increased granulocytic and megakaryocytic cells with megakaryo-
cyte clusters, and reticulin fibrosis.40

In any classification scheme, recognizing the possibility of two 
coexisting disease states is imperative. For instance, a patient can 
have both PV and a secondary polycythemia as occurs in chronic 
obstructive pulmonary disease. Refer to Table 24-18 ★ for differen-
tiating features of polycythemia vera from secondary and relative 
polycythemia.

dizziness. Plethora is common but splenomegaly is rare. These patients 
have a high incidence of thromboembolic complications and cardio-
vascular disease. Although the hemoglobin, hematocrit, and erythro-
cyte counts are increased, leukocytes and platelets are normal. Bone 
marrow cellularity is normal with no increase in megakaryocytes or 
reticulin. Bone marrow iron stores are absent in 50% of the patients, 
but serum iron studies are normal. Chromosome karyotypes are 
almost always normal.

laboratory differentiation of polycythemia
The WHO-defined diagnostic criteria for PV include initial deter-
mination of total RCM or hemoglobin to establish the presence 
of an absolute polycythemia62 (Table 24-17 ★). However, it has 
been shown that in some cases with hemoglobin levels below the 
value used for a diagnosis of PV and thrombocytosis, the RCM 
was higher than that required, thus revealing an occult erythro-
cytosis.65 Without the RCM, these cases would have been diag-
nosed as essential thrombocythemia. This suggests that RCM is 
an important test to perform when PV is suspected. Determination 
of serum EPO levels is important because it helps to distinguish 
between primary and secondary polycythemia. If EPO levels are 
low, screening for the JAK2(V617F) mutation and bone marrow 
histology should be performed.40 An elevated EPO indicates sec-
ondary polycythemia.

PV diagnosis requires major criteria (1) and (2) and one minor criterion 
or major criterion (1) and two minor criteria

Major criteria  1.  Hb 718.5 g/dL in men or 716.5 g/dL in 
women or 799th percentile of method-specific 
reference intervala

 2.  Presence of JAK2(V617) mutation or other similar 
mutation such as JAK2 exon 12 mutation

Minor criteria  1.  Bone marrow biopsy shows panmyelosis with 
 proliferation of myeloid elements (erythroid, 
myeloid, and  megakaryocytic cells)

 2.  Decreased serum erythropoietin (below the refer-
ence interval or 64 mU/mL)

 3.  Demonstration of endogenous erythroid colony 
formation in vitro

aIf there is an increase of Ú2 g/dL from the patient’s baseline level, then a 
hemoglobin 717 g/dL in men or 715 g/dL in women.

★ Table 24-17 Polycythemia Vera Diagnostic 
Criteria62,63,64 

feature pv secondary Relative

Spleen size c N N

RCM Ú36 mL/kg (males) c N

Ú32 mL/kg (females)

Leukocyte count c N N

Platelet count c N N

Serum cobalamin c N N

Arterial O2 
saturation

N T N

Bone marrow Panhyperplasia, reticulin 
deposits

Erythroid 
hyperplasia

N

LAP N to c N N

Iron stores T N N

EPO N, T N, c N

Chromosome 
studies

Abnormal,  
790% JAK2(V617F)+

N N

N = normal; c = increased; T = decreased; LAP = leukocyte alkaline 
phosphatase; EPO = erythropoietin.

★ Table 24-18 Differential Features  
of Polycythemia
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necrosis, fibroblast proliferation and collagen deposition often are 
prominent. This stromal reaction is a cytokine-mediated process.67 
PDGF, epidermal growth factor (EGF), and transforming growth fac-
tor beta (TGF@b) are contained in the a@granules of megakaryocytes 
and platelets, and all stimulate the growth and proliferation of fibro-
blasts. Reduced platelet concentrations of PDGF and increased levels 
of serum PDGF are characteristic of PMF. This condition is thought 
to represent the abnormal release or leakage of the growth factor from 
the platelet. PDGF does not stimulate synthesis of collagen, laminin, or 
fibronectin, but TGF@b stimulates increased expression of genes for 
fibronectin and collagen while it decreases synthesis of collagenase-
like enzymes. Thus, the net effect is the accumulation of bone marrow 
stromal elements.67

gene mutations
About 50% patients can have a somatic mutation in either the JAK2  
or  MPL genes in a hematopoietic stem cell. The proto-oncogene 
CBL is mutated primarily in juvenile myelomomocytic leukemia 
(JMML) or chronic myelomonocytic leukemia (CMML) and has 
been identified in 6% of patients with PMF.68 Chromosome aberra-
tions, when present, are restricted to cells derived from the mutated 
HSCs. Some of these cells are highly sensitive to or independent 
from regulation by their respective stimulatory factors. The disor-
der has been reported to terminate in ALL as well as AML in some 
patients.

JAK2(V617F) is found in approximately 50% of patients with 
PMF, and the JAK2(V617F) allele burden has been associated with 
disease progression based on several observations. First, JAK2 homo-
zygosity is identified more often in PV and PMF than in ET. Second, 
increased JAK2 allele burden has been associated with increased 
symptoms to include cardiovascular events. Third, JAK2 allele burden 
might increase the risk of transformation into PMF. In contrast, PMF 
patients negative for JAK2 and with lower JAK2 burden experience 
shorter survivals.69–73

pRimaRy myelofibRosis (pmf)
Primary myelofibrosis (PMF) is a clonal hematopoietic stem cell 
disorder with splenomegaly, leukoerythroblastosis, extramedullary 
hematopoiesis (myeloid metaplasia), and progressive bone marrow 
fibrosis.66 The proliferation of hematopoietic cells in the early stages of 
the disease is neoplastic and presents either as a de novo condition or 
as an evolutionary consequence of PV or ET. The fibroblast (collagen-
producing cell) is an important component of normal bone marrow 
in which the fibroblasts provide a support structure for hematopoietic 
cells. Fibroblast proliferation in PMF is reactive and secondary to the 
underlying disorder. Fibrotic tissue eventually disrupts the normal 
architecture and replaces hematopoietic tissue in the bone marrow. 
Excessive marrow fibrosis inhibits normal hematopoiesis, producing 
marrow hypoplasia and stimulates myeloid metaplasia. Myeloid meta-
plasia usually occurs in both the spleen and the liver. These organs can 
become massive in size as the result of islands of proliferating erythroid, 
myeloid, and megakaryocytic elements. The extramedullary hemato-
poiesis is similar to that occurring during embryonic hematopoiesis.

PMF has been known by many synonyms. Most of the differ-
ent names were attempts to describe the typical blood, bone marrow, 
and spleen abnormalities. Some of the terms that have been used 
include agnogenic myeloid metaplasia, myelofibrosis with myeloid 
metaplasia, chronic idiopathic myelofibrosis, aleukemic myelosis, 
myelosclerosis, splenomegalic myelophthisis, and leukoerythroblas-
tic anemia.

Etiology and Pathophysiology
PMF is associated with a profound hyperplasia of morphologically 
abnormal megakaryocytes (dysplastic and necrotic). In most cases, 
only megakaryocytes and granulocytes are involved, but all three lin-
eages, including erythrocytes, can be involved in the disease process. 
PMF is often preceded by a hypercellular phase of variable duration. 
The disease evolves from this prefibrotic stage with minimal reticulin 
fibrosis to a fibrotic stage with marked reticulin or collagen fibrosis. 
Thus, at diagnosis, the bone marrow can exhibit varying degrees of 
fibrosis. The fibrosis is not considered part of the primary abnormal 
clonal proliferation but is a secondary reactive event occurring in 
response to the progeny of the clonal hematopoietic cells and, in fact, 
fibroblasts do not contain the chromosome abnormalities found in 
the hematopoietic cells.

Understanding of this disease has increased considerably with 
a better understanding of normal bone marrow structure and the 
changes that occur in myelofibrotic marrow associated with mega-
karyocyte growth factors that mediate fibrogenesis.67 The bone mar-
row extracellular matrix or microenvironment (stroma) supports 
hematopoietic cell proliferation (Chapter 3). Myelofibrotic stroma 
is characterized by an increase in total collagen, fibroblasts, vitronec-
tin (a cytoadhesion molecule), fibronectin (a cytoadhesion molecule 
normally limited to megakaryocytes and walls of blood vessels), and 
laminin (a glycoprotein that supports adhesion and growth of cells).

Cytokine involvement
Megakaryocytes play an important role in the pathogenic develop-
ment of the abnormal PMF marrow. In areas of megakaryocyte 

What growth factors are primarily responsible for stimu-
lating fibrogenesis in the bone marrow?

CheCkpoint 24-9

Clinical Findings
PMF generally affects individuals older than 50 years of age and 
seems to occur equally between sexes. It rarely occurs in child-
hood. Its onset is gradual, and the disease is chronic. Early in the 
disease process, the patient might not have symptoms, making the 
time of onset difficult to determine. If symptoms are present, they 
are usually related to anemia or pressure from an enlarged spleen. 
Bleeding occasionally is a presenting symptom. Patients complain 
of weakness, weight loss, loss of appetite, night sweats, pruritus, pain 
in the extremities, bone pain, discomfort in the upper left quadrant, 
and fever. The major physical findings are splenomegaly (in 90%), 
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anemia. Anemia uncomplicated by iron deficiency or folic acid defi-
ciency correlates directly with the extent of bone marrow fibrosis 
and the effectiveness of extramedullary hematopoiesis. The anemia 
becomes more severe with the progression of the disease and is aggra-
vated in some patients by the combination of splenomegaly, which 
causes sequestration of erythrocytes, and expanded plasma volume 
(dilutional anemia).

The presence of abnormal erythrocyte morphology is an impor-
tant feature of PMF. The most typical poikilocyte is the dacryocyte, 
although elliptocytes and ovalocytes are also present (Figure 24-13). 
A few nucleated erythrocytes are usually found and sometimes can be 
numerous. Basophilic stippling is a common finding. Reticulocytosis 
is typical, ranging from 2–15%. The majority of patients have an abso-
lute reticulocyte 7  60 * 109/L.

The leukocyte count is usually elevated but can be normal or, less 
often, decreased upon initial presentation. The count generally ranges 
from 15 to 30 * 109/L. A leukocyte count above 60970 * 109/L 
prior to splenectomy is rare. As the disease progresses, the leukocyte 
concentration does not decrease as quickly as the erythrocytes and 
platelets. An orderly progression of immature granulocytes is char-
acteristically found. Blasts generally compose 65% of circulating 
leukocytes. Other common findings include basophilia, eosinophilia, 
and pseudo–Pelger-Huët anomaly. The LAP is elevated or normal but 
occasionally is decreased. Low LAP scores correlate with leukopenia. 
When elevated, the LAP score helps to differentiate this disease from 
CML. The Ph chromosome is not present.

Platelets can be decreased, normal, or increased. Higher counts 
are associated with early disease stages; thrombocytopenia is usu-
ally found in the later stages. Thrombocytopenia is often attributed 
to excessive splenic pooling. The platelets can appear dysplastic: 
typically giant, bizarre, and frequently hypogranular. Circulating 
megakaryocyte fragments, mononuclear micromegakaryocytes, 
and naked megakaryocyte nuclei can exist. The micromegakaryo-
cytes can present an identification problem because they frequently 
resemble lymphocytes. However, important differentiating features 
of micromegakaryocytes are the presence of demarcation mem-
branes with bull’s-eye granules in the cytoplasm and cytoplasmic 
blebbing. Qualitative platelet abnormalities including abnormal 
aggregation, adhesiveness, and defective platelet procoagulant activ-
ity on exposure to collagen are consistent findings.

Among patients with PMF, 15% have major hemolytic episodes 
during the course of their disease.66 Hemosiderinuria and decreased 
haptoglobin are found in about 10% of patients, suggesting intravascu-
lar hemolysis. The cause of hemolysis can be hypersplenism, PNH-like 
defective erythrocytes, and antierythrocyte antibodies.

A bleeding diathesis ranging from petechiae and ecchymo-
ses to life-threatening hemorrhage can be found in some patients, 
likely resulting from a combination of thrombocytopenia and/or 
abnormal platelet function. Defective platelet aggregation is a com-
mon finding. Hemostatic abnormalities suggestive of chronic DIC, 
including decreased platelet count, decreased concentration of fac-
tors V and VIII, and increased fibrin degradation products, can be 
present.66

Other laboratory tests for PMF are frequently abnormal. Serum 
uric acid and LD are elevated in most patients. Serum cobalamin can 
be slightly increased but is usually normal.

hepatomegaly (in 50%), pallor, and petechiae.74,75 Myeloid meta-
plasia is found in the spleen and frequently in the liver and can be 
found in the kidney, adrenal glands, peritoneal and extraperitoneal 
surfaces, skin, lymph nodes, and spinal cord. Osteosclerosis is a fre-
quent finding and, when found in association with splenomegaly, 
suggests a diagnosis of myelofibrosis.

An atypical acute form of the disease has been described with 
a rapid and progressive course of a few months to 1 year. Anemia 
develops rapidly, and the leukocyte count is decreased. The bone 
marrow in these cases exhibits a proliferation of reticular and col-
lagen fibers.

Patients with systemic lupus erythrematosus (SLE) can present 
with myelofibrosis that is morphologically indistinguishable from 
the myelofibrosis of PMF. These patients also have various peripheral 
blood cytopenias similar to those found in PMF but not splenomegaly. 
The myelofibrosis in SLE has been referred to as autoimmune myelo-
fibrosis. It has been suggested that all patients with myelofibrosis and 
an absence of splenomegaly should have an antinuclear antibody 
(ANA) test to rule out SLE.76

Laboratory Findings
peripheral blood
The typical peripheral blood findings for PMF reflect both qualita-
tive and quantitative cellular abnormalities. At diagnosis, there may 
be anemia, leukocytosis with a left shift, and thrombocytosis. Pancy-
topenia and leukoerythroblastosis with striking anisocytosis and poi-
kilocytosis is typical at later stages of the disease (Figure 24-13 ■). The 
anemia is usually normocytic, normochromic, but hypochromia can 
be found if the individual has a history of hemorrhage or hemolysis. 
Between 35–54% of patients with PMF have a hemoglobin level of 
610 g/dL.77 Folic acid deficiency can develop as a result of increased 
utilization by the neoplastic clone and is associated with a macrocytic 

■  figuRe 24-13 Peripheral blood from a patient with 
PMF. Leukoerythroblastic picture with an erythroblast and 
a myeloblast below it. The arrow points to a large platelet. 
Other abnormal platelets are present. Note the poikilo-
cytosis with dacryocytes (Wright-Giemsa stain, 1000*  
magnification).
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molecular genetics
Cytogenetic analysis is important to differentiate myelofibrosis from 
other myeloproliferative disorders, particularly CML, which also can 
have some degree of fibrosis. The Ph chromosome is not present in 
PMF. Although no specific cytogenetic abnormality is diagnostic for 
PMF, JAK2(V617F) is found in about 50% of patients, and a tri-
somy or deletion of group C chromosomes (chromosomes 6–12) is 
also associated with myelofibrosis. Complete or partial loss of chro-
mosomes 5, 7, and 20 is associated with PMF patients treated with 
chemotherapy.

Prognosis and Therapy
The average survival time after diagnosis is 4–5 years. The main causes 
of death are infection, hemorrhage, thrombosis, and cardiac failure. 
About 10–15% of patients progress to an acute myelogenous leukemia 
and some to acute lymphoblastic leukemia.

Therapy is selected to achieve two particular outcomes: improve 
cytopenia and reduce massive splenomegaly. Corticosteroids, andro-
gens, and recombinant erythropoietin are used to stimulate eryth-
ropoiesis to reduce anemia, but patients may still require periodic 
transfusions.67 When anemia cannot be controlled, splenectomy can 
be considered.

Irradiation has been suggested to decrease spleen size in an 
attempt to relieve symptoms or to decrease excessive erythrocyte 
destruction. Hydroxyurea has been used, but it can cause severe 
pancytopenia. Thalidomide and lenalidomide also have been used 
to treat splenomegaly as well as chemotherapeutic agents such as 
2- chlorodeoxyadenosine (2-CdA or Leustatin) when the splenomeg-
aly is advanced.67 Neuropathy has been reported with thalidomide, 
and myelosuppression can occur with lenalidomide. A similar agent, 
pomalidomide, has produced anemia and symptom relief without 
neuropathy and myelosuppression.78 Allogeneic stem cell transplan-
tation is the only curative therapy for PMF, but the advanced age of 
many patients is a factor in the high mortality rate.

JAK inhibitors are being investigated with varying success. 
Ruxolitinib, a JAK1/2 inhibitor that when administered to patients 
with advanced PMF at maximum tolerated doses daily, resulted in 
clinical improvement for some patients.79 However, ruxolitinib did 
not impact JAK2(V617F) allele burden. CYT387, another JAK1/2 
inhibitor, is associated with splenic reduction and some degree of 
symptom relief.36 Clinical trials with drugs that are JAK2/FLT3 inhibi-
tors have variable clinical effects.57

Differential Diagnosis
Differentiating PMF from other conditions associated with fibrosis is 
essential to ensure appropriate therapeutic regimens (Table 24-19 ★). 
Splenomegaly, anemia, and a leukoerythroblastic blood picture are 
significant findings in both myelofibrosis and CML. In myelofibrosis, 
the leukocyte count is generally 650 * 109/L, whereas in CML, the 
count is expected to be higher. In myelofibrosis, the granulocyte left 
shift is less pronounced and poikilocytosis is striking. The bone mar-
row in myelofibrosis is fibrous with large numbers of megakaryocytes. 
In CML, the bone marrow can also exhibit some fibrosis, but the most 
abnormal finding is the myeloid hyperplasia. The serum cobalamin 
level is not as elevated in myelofibrosis as it is in CML. The LAP score 

bone marrow
The bone marrow is difficult to penetrate and frequently yields a dry 
tap. If aspiration is successful, smears may show no abnormalities; 
biopsy specimens are needed to reveal the extent of fibrosis. In most 
PMF cases, the marrow is hypercellular with varying degrees of dif-
fuse fibrosis and focal aggregates of megakaryocytes (Figure 24-14 ■).

Three bone marrow histologic patterns have been described: 
(1) panhyperplasia with absence of myelofibrosis but a slight increase 
in connective tissue reticulin, (2) myeloid atrophy with fibrosis, 
prominent collagen and reticulin fibers, and cellularity 630%, and 
(3) myelofibrosis and myelosclerosis with bony trabeculae occupying 
30% of the biopsy and extensive fibrosis.

What erythrocyte morphologic feature is a hallmark for 
myelofibrosis?

CheCkpoint 24-10

■  figuRe 24-14 Bone marrow stained with reticulin 
stain shows increased collagen (black-staining fibers) 
in a patient with PMF (BM biopsy, reticulin stain, 100*  
magnification).

During the office visit, Roger stated his symptoms of 
fatigue, weakness, dyspnea, bone pain, and abdominal 
discomfort. A bone marrow biopsy was ordered. The aspi-
ration was unsuccessful, but the marrow biopsy showed 
moderate to marked hyperplasia, clusters of platelets, 
abnormal megakaryocyte morphology, and fibrotic mar-
row spaces.

4. What diagnoses do these results suggest?

5. Give a reason for the unsuccessful, dry-tap bone mar-
row aspiration.

6. What characteristic peripheral blood morphologies 
correlate with the bone marrow picture and physical 
exam?

Case sTudy (continued from page 454)
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The incidence of MPN, U is unknown but can be as high as 20% 
of MPNs. Clinical features are similar to those found in other MPNs, 
including splenomegaly and hepatomegaly.

Laboratory Findings
Leukocytes and platelets can be increased. Hemoglobin is vari-
able. The bone marrow is hypercellular and often shows mega-
karyocytic hyperplasia and variable granulocytic and erythroid 
proliferation. In advanced stages, the bone marrow is fibrotic or 
osteomyelosclerotic. If there are 10–19% blasts in the peripheral 
blood, the disease is diagnosed as an accelerated stage. No specific 
cytogenetic or molecular abnormalities are identified with this 
disorder.

Clonal HypereosinopHilia
Eosinophils are derived from the colony-forming units generat-
ing granulocytes, erythroblasts, macrophages, and megakaryocytes 
(CFU-GEMM and CMP) through the action of eosinophilic cyto-
kines, GM-CSF, IL-3, and IL-5. IL-5 is relatively lineage specific for 
eosinophils (Chapters 4, 7). The cells are released into the peripheral 
blood and rapidly migrate to tissues where they perform their physi-
ologic function. Diagnosis of disorders associated with eosinophilia 
may be urgent because of potential damage to organs infiltrated with 
eosinophils and subsequent release of cytokines, enzymes, and other 
proteins.

The term hypereosinophilic syndrome (HES) describes a 
group of disorders that demonstrate an absolute eosinophil count 
of 71.5 * 109/L that persists for 74 weeks.80 The eosinophilia can 
result from a clonal (neoplastic) disorder or a nonclonal (benign or 
reactive) disorder or can be of unknown origin (idiopathic-hypereo-
sinophilic syndrome, I-HES) (Table 24-20 ★).

Reactive, nonclonal (benign) hypereosinophilic disorders 
result from increased production of eosinophil cytokines secondary 
to or associated with another diagnosis (Chapters 7, 21). Diseases 
typically associated with benign eosinophilia must be ruled out 
before considering a neoplastic diagnosis (Table 24-20). See Table 
24-21 ★ for tests to exclude diseases associated with reactive (sec-
ondary) eosinophilia.81 It is especially important to perform sero-
logical testing to rule out infection with Strongyloides sp. because 
patients with this infection who are given corticosteroids (common 
treatment for I-HES) can experience dissemination of the disease, 
which can be fatal.82 Once it is found that the hypereosinophilic 
condition is not clonal, testing to identify reactive conditions such 
as allergies, parasitic infections, and asthma, must be performed. 
In some cases, no underlying cause for the eosinophilia can be 
found and clonality cannot be proven. This disorder is known as 
I-HES (Table 24-20). Many disorders that were previously consid-
ered as I-HES are now included in subgroups with specific genetic 
abnormalities.

Clonal hypereosinophilia is considered a progenitor cell dis-
order (primary) that includes a new myeloid/lymphoid neoplasm 
group added by the WHO in 2008 termed myeloid and lymphoid neo-
plasms with eosinophilia and abnormalities of platelet-derived growth 
factor receptor a (PDGFRA), PDGFR b (PDGFRB), or fibroblast 

in myelofibrosis is variable, but when elevated, it is strong evidence 
against CML. The most reliable test to differentiate CML and PMF is 
cytogenetic analysis for the Ph chromosome.

Differentiating PMF from polycythemia vera, especially in the 
later stages, is more difficult. The later stages of PV can be accompa-
nied by increased marrow fibrosis and actual transformation to PMF 
can occur. When thrombocytosis is the principal initial hematologic 
finding, PMF can be confused with ET. A bone marrow biopsy aids in 
the differentiation, revealing fibrosis in PMF.

neoplasms other

primary myelofibrosis miliary tuberculosis

Chronic myelogenous leukemia Fungal infection

polycythemia vera granulomas

Essential thrombocythemia

megakaryocytic leukemia

metastatic carcinoma

Hairy cell leukemia

lymphoma

Hodgkin’s disease

acute megakaryocytic leukemia

marrow damage by radiation or 
chemicals

★ Table 24-19 Conditions Associated with Marrow 
Fibrosis

Over the next several months, roger experienced increas-
ing splenomegaly and abdominal discomfort. Cytogenetic 
studies revealed a trisomy 8.

7. What is the most likely explanation for the increased 
splenomegaly?

8. What are possible outcomes of this disorder?

Case sTudy (continued from page 469)

MyeloproliferaTive neoplasM, 
unClassifiable (Mpn, u)
Myeloproliferative neoplasm, unclassified (MPN, U) is the diagnosis 
for cases that have the characteristic clinical, laboratory, and mor-
phologic features of an MPN but do not meet the specific criteria for 
one of the other MPN categories or have features that overlap two or 
more categories. The Ph chromosome and BCR/ABL1 fusion gene 
are absent, and the cell of origin is most likely the pluripotent HSC.

Most cases of MPN, U are either very early stages of PV, PMF, 
or ET or are at a late stage of advanced MPN in which extensive 
myelofibrosis, osteosclerosis, or transformation to an aggressive 
stage obscures the true disorder. Follow-up at intervals can permit 
an accurate diagnosis. A specific diagnosis should be made as soon 
as possible because of the therapeutic implications for each of the 
neoplastic disorders.
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and ALL. Cytogenetics or molecular analysis can help clarify the origin 
of eosinophils in these neoplasms.

Myeloid and Lymphoid Neoplasms 
Associated with Eosinophilia and PDGFRA, 
PDGFRB, or FGFR1 Mutations
These are a group of neoplastic eosinophil disorders caused by muta-
tions in genes that encode the a- or b-chains of the protein tyrosine 
kinases platelet-derived growth factor receptors (PDGFRA, PDG-
FRB) or in the fibroblast growth factor receptor 1 (FGFR1). These 
gene mutations result in constitutive activation of intrinsic tyrosine 
kinase activity (Chapter 4). All three disorders can present as a chronic 
myeloproliferative disorder. Less frequently, they can present as AML 
or precursor T lymphoblastic leukemia/lymphoma. Recognition of 
these disorders is important because the mutations result in abnormal 
tyrosine kinases that may respond to treatment with imatinib or other 
TKIs. Eosinophilia is variable but present in most cases.

myeloid and lymphoid neoplasms 
with PDGFRA Rearrangement
A gain of function tyrosine kinase fusion gene was discovered when 
some HES patients who were unresponsive to corticosteroid therapy 
were found to respond to imatinib therapy. The gene fusion was found 
to occur between the FIP1L1 gene and the PDGFRA gene. The muta-
tion results from a small interstitial deletion in chromosome 4, del(4)
(q12q12), resulting in the FIP1L1/PDGFRA (F/P) gene80 and 
an abnormal, constitutively activated tyrosine kinase protein. The cell 
of origin is the pluripotential hematopoietic stem cell. The detection 
of a fusion gene in a particular lineage does not always correlate with 
the morphological presentation.

Clinical findings
Most of the cases involving the F/P mutation are found in males (17:1 
male-to-female ratio), and age at onset is 25–55 years.82 There is evi-
dence of  eosinophil-related tissue damage and tissue fibrosis. Spleno-
megaly is present.

laboratory findings
The initial laboratory finding is usually hypereosinophilia but can 
be AML or T lymphoblastic leukemia/lymphoma. Eosinophils are 
mature with few myelocytes or promyelocytes. Eosinophil granulation 
may be sparse with vacuoles present. Hyper- or hyposegmentation 
of the nucleus can be seen. A few patients have an increase in blasts, 
but the peripheral blood and/or bone marrow contain 620% blasts. 
Anemia and thrombocytopenia may be present. Increased serum 
tryptase and cobalamin are typical. The bone marrow is hypercel-
lular with increased eosinophil precursors. Charcot-Leyden crystals 
may be seen. Many cases show an increase in spindle-shaped atypical 
mast cells with a CD25+  immunophenotype. These findings also are 
present in a significant number of patients who have systemic mas-
tocytosis with increased atypical (spindle-shaped) mast cells in the 
bone marrow and a mutation in the stem cell factor receptor c-Kit. 
The F/P gene can be demonstrated by RT-PCR or FISH techniques 
(Chapters 41, 42).

Conditions examples

Neoplastic conditions 
(clonal)

Myeloproliferative neoplasms

•  Chronic eosinophilic leukemia, not  otherwise 
specified (CEL-NOS)

• Chronic myeloid leukemia (CML)

•  Myelodysplastic/myeloproliferative 
 neoplasms (MDS/MPN)

• Chronic myelomonocytic leukemia (CMML)

• Myelodysplastic syndromes

• Systemic mastocytosis (SM)

Myeloid and lymphoid neoplasms  associated 
with eosinophilia and abnormalities of 
 PDGFRA, PDGFRB, or FGFR1

•  Myeloid and lymphoid neoplasms 
 associated with PDGFRA rearrangement

•  Myeloid neoplasms associated with PDGFRB 
rearrangement

•  Myeloid and lymphoid neoplasms 
 associated with FGFR1 abnormalities

Acute leukemias (AML or ALL)

Benign, reactive 
 conditions (nonclonal)

Parasitic infection

Asthma

Allergies

Skin diseases

Loeffler’s syndrome

Vasculitis

Drug hypersensitivity

Idiopathic-
hypereosinophilic 
syndrome

★ Table 24-20 Conditions of Hypereosinophilia

Clinical Patient history

Physical examination

Laboratory tests Complete blood count and differential

Bone marrow aspiration and biopsy

Routine chemistries

Serum IgE

Cobalamin

HIV serology

Serology testing and stool analysis for 
parasites

Other tests Pulmonary function tests

Chest and abdominal CT scan

★ Table 24-21 Suggested Information and  Testing 
to Exclude Diseases Associated with Reactive 
 (secondary) Eosinophilia

growth factor receptor 1 (FGFR1)80 and chronic eosinophilic leu-
kemia, not otherwise specified (CEL-NOS), a subgroup of MPNs 
(Table 24-20). The eosinophil may also be a part of the neoplastic 
clone of cells found in other neoplasms such as MPNs, MDS, AML, 
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In patients who are diagnosed in acute transformation, the  myeloblasts, 
lymphoblasts, and eosinophils belong to the neoplastic clone. The 
chronic phase usually has eosinophilia, neutrophilia, and occasion-
ally monocytosis.

Therapy
Prognosis is poor. Tyrosine kinase inhibitors are not currently effective 
although second- and third-line TKIs are showing promising results.80 
Bone marrow transplant can be indicated in the chronic phase.

Chronic Eosinophilic Leukemia, Not 
Otherwise Specified (CEL-NOS)
CEL-NOS is a clonal myeloproliferative neoplasm that presents with 
eosinophilia not classified as another neoplastic condition and does 
not have the PDGFRA, PDGFRB, or FGFR1 mutations. In addition, 
reactive eosinophilia, diseases associated with abnormal release of 
cytokines (IL-2, IL-3, IL-5, or GM-CSF), or presence of aberrant T 
cells must be ruled out. The diagnostic criteria for CEL-NOS63,83 are 
listed in Table 24-22 ★.

The cell of origin for this leukemia may be the hematopoietic 
stem cell (HSC), multipotential progenitor cell (MPP), or a commit-
ted eosinophilic progenitor cell (CFU-Eo). In some cases, cytogenetic 
abnormalities such as trisomy 8 can be identified.80

Clinical findings
CEL-NOS is most often diagnosed in middle-aged men (male-to-
female ratio is 9:1). Presenting symptoms include fever and significant 
weight loss. Clinical features include central nervous system (CNS) 
irregularities, hepatosplenomegaly, congestive heart failure, pulmo-
nary fibrosis, and occasionally lymphadenopathy. Release of excessive 
eosinophilic granules in the blood causes fibrosis of the endothelial 
cells resulting in peripheral vasculitis, gangrene of digits, and organ 
damage, particularly of the heart and lungs.80

laboratory findings
CEL-NOS is characterized by a peripheral blood eosinophilia of 
1.5 * 109/L or more. There is evidence of clonality and/or 72% 
blasts in the peripheral blood or 5–19% blasts in the bone marrow. 
The leukocyte count is usually 730 * 109/L with 30–70% eosino-
phils. Anemia and thrombocytopenia can be present. The LAP score 
is normal, but the serum cobalamin, uric acid, and muramidase are 
frequently elevated. The bone marrow shows a left shift with many 
eosinophilic myelocytes. Marrow fibrosis is a common finding, and 
Charcot-Leyden crystals are often seen.

Therapy
When therapy is ineffective, the prognosis for patients with CEL-NOS 
is poor. Few live beyond 1 year after diagnosis. The major cause of 
death is congestive heart failure from tissue injury.

differential diagnosis
Ruling out conditions associated with reactive eosinophilia is impor-
tant. CEL-NOS also should be differentiated from clonal eosinophilia 
found in other hematologic disorders (Table 24-20). If there is no evi-
dence of a reactive eosinophilia, clonality, or increase in blasts, the 
diagnosis should be I-HES.

Therapy
Although most patients who harbor the F/P mutation respond to ima-
tinib therapy, variations within the F/P mutation have recently been 
identified as resistant to imatinib. The second generation nilotinib and 
the third generation ponatinib TKIs have shown promising results in 
imatinib-resistant patients.80

myeloid neoplasms with PDGFRB Rearrangement
The myeloid neoplasms with PDGFRB rearrangement are charac-
terized by a t(5;12) (q33;p13) rearrangement (most commonly) to 
form the ETV6-PDGFRB fusion gene. Other translocations with a 
5q31–33 breakpoint can occur and lead to other fusion genes, but 
they are not included in this subgroup and are not likely to respond to 
imatinib therapy. The postulated cell of origin is a multipotential HSC 
that is able to differentiate to neutrophils, monocytes, eosinophils, and 
probably mast cells.

Clinical findings
Myeloid neoplasms with PDGFRB rearrangement can present as 
CMML with eosinophilia, aCML, or as MPN with eosinophilia. Acute 
(blast) transformation can occur. There is a 2:1 male predominance 
and a wide variability in age (8–72 years) at onset.

laboratory findings
The leukocytes are increased with a variable increase in eosinophils, 
neutrophils, monocytes, and precursor cells. Anemia and thrombo-
cytopenia may be present. The bone marrow is hypercellular with 
an increase in mast cells that can be spindle shaped. Reticulin can be 
increased. The peripheral blood and bone marrow have 620% blasts. 
Molecular analysis using primers for all known breakpoints to con-
firm ETV6-PDGFRB is recommended. Cytogenetic analysis usually 
reveals the t(5;12).

Therapy
Before imatinib therapy, survival with myeloid neoplasms with PDG-
FRB rearrangement was 62 years. Patients usually respond to ima-
tinib treatment.80 Survival is expected to improve with early diagnosis 
and treatment before organ damage occurs.

myeloid and lymphoid neoplasms with FGFR1 
abnormalities
The myeloid and lymphoid neoplasms with FGFR1 abnormalities 
subgroup of eosinophilic neoplasms are characterized by an 8p11 
breakpoint, which, depending on the chromosome partner, results 
in a variety of fusion genes that incorporate part of the FGFR1 
gene. All fusion genes encode a tyrosine kinase that has constitu-
tive activity. Other cytogenetic abnormalities can occur. The pos-
tulated cell of origin is the pluripotential hematopoietic stem cell.

Clinical findings
There is a male predominance with the myeloid and lymphoid neo-
plasms in the FGFR1 abnormalities subgroup (1.5:1), and a wide age 
range at onset (3–84 years) is observed.

laboratory findings
This neoplasm presents as a hypereosinophilia, or if transformed to 
an acute neoplasm, as an AML or precursor T or B  lymphoblastic 
 leukemia/lymphoma or as a mixed phenotype acute leukemia. 
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One subgroup of systemic mast cell disease is mast cell leukemia 
(MCL), an aggressive disease with a short survival. The criteria for its 
diagnosis are the fulfillment of the criteria for systemic mastocytosis, 
circulating mast cells in the peripheral blood (Ú10%), mast cells com-
prising 720% of the nucleated cells in bone marrow, and multiorgan 
failure (Table 24-24 ★). The aleukemic mast cell leukemia variant has 
610% mast cells in the peripheral blood. The bone marrow mast cells 
can be immature and blast-like. Mast cells with bilobed or polylobed 
nuclei can be found. Signs of myeloproliferation and dysplasia can be 
present, but the criteria for another hematologic disorder are not. The 
mast cells are tryptase positive and express c-Kit. Serum tryptase lev-
els are elevated. Pancytopenia characterizes later stages of the disease 
when bone marrow failure occurs.

Most patients are adults with symptoms related to proteins or 
mediators released from mast cells, which include hypotension, flush-
ing, and diarrhea. Weight loss, bone pain, and organomegaly occur 
later in the disease. No standard therapy or long-term cure exists. 
Antimediator drugs such as aspirin and antihistamines are used to 
relieve symptoms. Experience with chemotherapy and bone marrow 
transplant is lacking.85

Idiopathic Hypereosinophilic 
Syndrome (I-HES)
I-HES is a diagnosis of exclusion. If the patient has persistent eosino-
philia (eosinophil count Ú1.5 * 109/L for at least 6 months) and does 
not meet the criteria for CEL (Table 24-22) or a familial eosinophilia 
(autosomal dominant disorder), the diagnosis may be I-HES. I-HES 
usually has organ-associated involvement and no evidence of clonality 
or T-cell abnormality (T cells secrete eosinophil cytokines). Pathogenesis 
is unknown. As more molecular genetic mutations have been found and 
more diagnostic techniques have become available, this diagnosis has been 
made less frequently. First-line therapy for most patients with I-HES is the 
use of corticosteroids.81 Patients with I-HES should be monitored regu-
larly because follow-up evidence may show that the condition is leukemic.

masT Cell disease (masToCyTosis)
Mast cell disorders are heterogeneous and are characterized by the 
abnormal proliferation of mast cells in one or more organ systems. 
Mast cells share a common progenitor cell with myelomonocytic cells. 
See the 2008 WHO classification in Table 24-23 ★.

The two major groups of mast cell disorders are cutaneous and 
systemic. Cutaneous disease is based on the presence of histological 
skin lesions and typical clinical signs but no systemic involvement. It 
is typically found in children.

Systemic disease or systemic mastocytosis (SM) involves 
multifocal histological lesions in the bone marrow and other organs. 
There may be anemia and an increase or decrease in leukocytes and 
platelets,and eosinophilia can be marked.

Genetic studies reveal that SM is a clonal disorder characterized 
by a somatic mutation of the c-Kit proto-oncogene. Stem cell factor 
receptor is encoded for by c-Kit (tyrosine kinase receptor) and is a 
major regulator of mast cell development, and hematopoietic stem 
cells. When mutated, the receptor is constitutively activated, giving 
the cell a proliferative advantage.84

• 620% blasts in blood and bone marrow; no inv(16)(p13.1q22) or t(16;16)(p13.1:q22) or other diagnostic feature of AML

• exclude eosinophilic disorders that bear the PDGFRA, PDGFRB, or FGFR1 mutations

• No BCR/ABL1 fusion gene; absence of other MPNs, MDS/MPN

• exclude all secondary causes of eosinophilia

• exclude neoplastic disorders with secondary eosinophilia

• exclude neoplastic disorders when eosinophils are a part of the neoplastic clone (e.g., aMl)

• exclude presence of an aberrant phenotypic t-cell population

• With all of the preceding conditions and evidence of clonality or 72% blasts in the peripheral blood and 75% blasts in the bone marrow, diagnosis 
is CEL

If a patient has persistent eosinophilia but does not meet these criteria, the diagnosis can be reactive eosinophilia, idiopathic hypereosinophilia, or idiopathic 
hypereosinophilic syndrome.

Gotlib J. World Health Organization-defined eosinophilic disorders: 2012 update on diagnosis, risk stratification and management. Am J Hematol. 2012;87(9):903–14; 
Vardiman JW, Thiele J, Arber DA et al. The 2008 revision of the World Health Organization (WHO) classification of the myeloid neoplasms and acute leukemia: 
rationale and important changes. Blood. 2009;114:937–51. Bain BJ, gilliland Dg, vardiman JW et al. Chronic eosinophilic leukemia, not otherwise specified. 
In: Swerdlow SH, Campo E, Harris NL et al. eds. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed. Lyon, France: IARC Press;  
2008.

★ Table 24-22 Diagnostic Criteria for Chronic Eosinophilic Leukemia, Not Otherwise Specified  
(CEL-NOS)—Persistent Eosinophilia Ú1.5 * 109/L in Blood

• Cutaneous mastocytosis
• indolent systemic mastocytosis
• systemic mastocytosis associated with other clonal, nonmast cell 

 lineage disease
• aggressive systemic mastocytosis
• Mast cell leukemia
• Mast cell sarcoma
• extracutaneous mastocytoma

★ Table 24-23 WHO Classification of Mast Cell 
 Disorders (Mastocytosis)84,85
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sm requires the major criteria and one minor criteria or three minor criteria. mCl requires criteria for sm plus those listed for mCl in this table.

Major criteria •  Bone marrow or other organs that show multifocal, dense infiltrates of tryptase positive mast cells (715 cells 
in aggregates)

Minor criteria •  Biopsy of bone marrow or other organs shows spindle-shaped or atypical morphology in 725% of mast cells 
or 725% of all mast cells in the bone marrow are immature or atypical

• Presence of c-Kit point mutation (codon 816) in mast cells from bone marrow or other organ

•  Mast cells in peripheral blood, bone marrow, or other tissue coexpress CD2 and/or CD25 in addition to nor-
mal mast cell markers

•  In absence of associated clonal myeloid disorder, total serum tryptase is 720 ng/mL 

Mast cell leukemia criteria • Criteria for SM fulfilled

• Diffuse infiltration by atypical immature mast cells shown in bone marrow biopsy

• Bone marrow aspirate with Ú20% mast cells

Peripheral blood with Ú10% mast cells

★ Table 24-24 Criteria for Diagnosis of Systemic Mastocytosis (SM) and Mast Cell Leukemia (MCL)

Summary
The myeloproliferative neoplasms (MPNs) are characterized as a 
group of clonal stem cell disorders differentiated by neoplastic 
production of one or more of the hematopoietic lineages in 
bone marrow and peripheral blood. The WHO classification of 
MPN includes the subgroups chronic myelogenous leukemia 
(CML); chronic neutrophilic leukemia (CNL); essential throm-
bocythemia (ET); polycythemia vera (PV); primary myelofibro-
sis (PMF); myeloproliferative neoplasm, unclassifiable (MPN, 
U); myeloid and lymphoid neoplasms associated with eosino-
philia and PDGFRA, PDGFRB, or FGFR1 mutations; chronic 
eosinophilic leukemia, not otherwise specified (CEL-NOS); and 
mastocytosis.

Although all hematopoietic cell lineages can be involved 
in the unregulated proliferation in MPNs, one lineage is usually 
involved more than the others. The myeloid cells are primar-
ily affected in CML, CNL, and eosinophil disorders; the eryth-
rocytes are affected in PV; the platelets/megakaryocytes are 
affected in ET; and mast cells are elevated in mastocytosis. The 
most characteristic finding of PMF is a nonmalignant prolifera-
tion of fibroblasts in the bone marrow. Splenomegaly, bone 
marrow fibrosis, and megakaryocytic hyperplasia are findings 
common to all subgroups.

The underlying pathophysiology appears to be chro-
mosomal rearrangements that occur in the regions of 

proto-oncogenes leading to qualitative or quantitative altera-
tions in gene expression and abnormal control of cell growth. 
Abnormal karyotypes in hematopoietic cells can be found in 
any of the subgroups. The best-characterized abnormality is the 
Philadelphia (Ph) chromosome found in all individuals with CML. 
The Ph chromosome is the result of a translocation of genetic 
material between chromosomes 9 and 22 [t(9;22) (q34;q11.2)]. 
Results of molecular testing of CML patients, whether positive 
or negative for the Ph chromosome, reveals a BCR/ABL1 fusion 
gene encoding an abnormal tyrosine kinase protein, p210. The 
function of the abnormal tyrosine kinase results in the patho-
genesis of CML. JAK2(V617F) and MPL(W515) are common 
mutations in other MPNs that lead to constitutive phosphory-
lation, signal transduction, DNA transcription, and decreased 
apoptosis.

The survival of patients with MPNs varies according to 
the subgroup and complications of thrombosis. Patients with 
PV and ET appear to survive longer than patients with CML 
or PMF. Any of the subgroups can evolve into acute leukemia 
with or without specific therapy. Currently, stem cell transplanta-
tion is the only cure, but few patients qualify for the procedure. 
However, molecular-targeted therapy and antiplatelet drugs 
give favorable outcomes and improve prognosis, with imatinib 
mesylate leading the way.

Review Questions
Level i

 1. The most prominent cell line in CML is the: (Objective 2)

 A. erythroid

 B. myeloid

 C. megakaryocyte

 D. fibroblast

 2. The most prominent cell line found in polycythemia vera 
(PV) is: (Objective 2)

 A. erythroid

 B. myeloid

 C. megakaryocyte

 D. fibroblast
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Use this case study to answer questions 1–5

A 45-year-old Caucasian female was admitted to the hos-
pital from the emergency room. She had experienced pain 
in the upper quadrant and bloating for the past several 
weeks. She had multiple bruises on her legs and arms. She 
also stated that her gums bled easily when she brushed her 
teeth. She had been unusually tired and lost about 10 lb in 
the last 2 months. Results of physical examination showed a 
massive spleen. The following laboratory results were noted 
on admission.

Hb 7.4 g/dL (74 g/L) wbC differential
Erythrocyte count 2.9 * 1012/L 31% segmented 

neutrophils
Hct 0.22 L/L (22%) 26% bands
RDW 18.0 8% metamyelocytes
Leukocyte count 520 * 109/L 11% myelocytes
Platelet count 960 * 109/L 4% promyelocytes

2% blasts
4% lymphocytes
3% monocytes
5% eosinophils
6% basophils
4 nucleated erythro-
cytes/100 leukocytes
Occasional 
micromegakaryocytes

 3. The Philadelphia chromosome (Ph) results from a transloca-
tion of chromosomes: (Objective 4)

 A. 8 and 14

 B. 9 and 22

 C. 12 and 17

 D. 15 and 17

 4. The peak age for CML is: (Objective 5)

 A. 65 years

 B. 15–30 years

 C. 40–59 years

 D. Ú60 years

 5. The Philadelphia chromosome (Ph) can be found in patients 
with: (Objective 4)

 A. CML

 B. ALL

 C. ET

 D. PV

 6. Which of the following represent a characteristic periph-
eral blood finding in patients with PMF? (Objective 7)

 A. elliptocytes

 B. dacrocytes

 C. target cells

 D. schistocytes

 7. PV can be distinguished from secondary polycythemia by 
measuring: (Objective 9)

 A. hematocrit

 B. plasma volume

 C. hemoglobin concentration

 D. erythropoietin

 8. A 50-year-old man was admitted to the emergency room 
for chest pain and a blood count was ordered. The results 
showed erythrocyte count 6.5 * 1012/L; hematocrit 0.60 
L/L (60%); leukocyte count 15 * 109/L; and platelet count 
500 * 109/L. These results indicate: (Objective 3)

 A. the need for further investigation of a possible diag-
nosis of MPN

 B. normal findings for an adult male

 C. the patient has experienced a thrombotic episode

 D. a malfunction of the cell-counting instrument

 9. A patient previously diagnosed with CML now has a 
platelet count of 540 * 109/L and a leukocyte count of 
350 * 109/L with a peripheral blood differential showing 
15% segmented neutrophils, 23% bands, 2% metamyelo-
cytes, 35% blasts, 6% lymphocytes, 4% monocytes, 6% 
eosinophils, and 8% basophils. These results are most con-
sistent with: (Objective 6)

 A. CML

 B. ET

 C. CML in blast crisis

 D. PMF

 10. A patient presenting in the ER with a platelet count of 
71000 * 109/L and a leukocyte count of 25 * 109/L with 
a normochromic, normocytic anemia should be evaluated 
for: (Objective 10)

 A. Ph chromosome

 B. essential thrombocythemia

 C. PMF

 D. primary polycythemia

Level ii
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 6. Extensive bone marrow fibrosis, leukoerythroblastic 
peripheral blood, and the presence of anisocytosis with 
dacryocytes are most characteristic of which MPN? (Objec-
tive 6)

 A. CML

 B. PV

 C. ET

 D. PMF

 7. A 68-year-old man was seen in the clinic for lethargy, dys-
pnea, and light-headedness. Results of his blood counts 
were erythrocyte count 5.0 * 1012/L; hematocrit 0.55 
L/L (55%); leukocyte count 60 * 109/L; platelet count 
70 * 109/L. His differential showed a shift to the left in 
myeloid elements with 40% eosinophils. The bone marrow 
revealed 10% blasts. Ph chromosome was negative. He 
most likely has: (Objective 10)

 A. PV

 B. CML in blast crisis

 C. essential thrombocythemia

 D. chronic eosinophilic leukemia

 8. A molecular test should be performed on the patient in 
question 7 for which mutation? (Objective 3)

 A. JAK2(V617F)

 B. BCR/ABL1

 C. FIP1L1/PDGFRA

 D. MPL(W515)

 9. Which of the following does not cause secondary polycy-
themia? (Objective 7)

 A. chronic obstructive pulmonary disease

 B. smoking

 C. emphysema

 D. dehydration

 10. Which of the following gene mutations are uniquely associ-
ated with clonal hypereosinophilia? (Objective 11)

 A. JAK2(V617F)

 B. F1P1L1/PDGFRA

 C. MPL(W515)

 D. BCR/ABL1

 1. What findings suggest that this patient has a defect in the 
pluripotential stem cell rather than a benign proliferation 
of hematopoietic cells? (Objective 4)

 A. the presence of a leukoerythroblastic blood picture

 B. the involvement of several cell lineages in the prolifer-
ative process including neutrophilic cells and platelets

 C. the shift to the left in the neutrophilic cell line

 D. an increase in the RDW

 2. Molecular analysis (RT-PCR) revealed the presence of a 
BCR/ABL1 fusion product. Based on this information, what 
myeloproliferative disorder is present? (Objectives 1, 3)

 A. CML

 B. PV

 C. ET

 D. PMF

 3. What cytochemical stain is used to help differentiate a leu-
kemoid reaction from CML? (Objectives 1, 4)

 A. myeloperoxidase

 B. new methylene blue

 C. leukocyte alkaline phosphatase

 D. Perl’s Prussian blue

 4. Which of the following terms most accurately describes 
this patient’s peripheral blood picture? (Objectives 10, 13)

 A. leukemoid reaction

 B. leukoerythroblastic

 C. leukopenia

 D. myelodysplastic

 5. What is the best description of the bone marrow? (Objec-
tive 1)

 A. decreased M:E ratio and increased cellularity

 B. increased M:E ratio and decreased cellularity

 C. increased M:E ratio and increased cellularity

 D. decreased M:E ratio and decreased cellularity

Anisocytosis and poikilocytosis were moderate.
A bone marrow aspiration was performed. The mar-

row was 90% cellular with a myeloid-to-erythroid ratio of 
10:1. The majority of the cells were neutrophilic precursors. 
Eosinophils and basophils were increased. Myeloblasts 
accounted for 10% of the nucleated cells. Megakaryocytes 
were increased.
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

References
 1. Dameshek W. Some speculations on the myeloproliferative syndromes. 

Blood. 1951;6:372–75.

 2. Gaman M, Vladareanu AM, Radesi S. The implications of revised WHO 
classification (2008) of chronic myeloid neoplasms. Rom J Intern Med. 
2011;49(1):25–30.

 3. Them NC, Kralovics R. Genetic basis of MPN: beyond JAK2-V617F. Curr 
Hematol Malig Rep. 2013;8:299-306.

 4. Cervantes F, Salgado C, Rozman C. Assessment of iron stores in 
 hospitalized patients. Am J Clin Pathol. 1991;1:105–6.

 5. Bleeker JS, Hogan WJ. Thrombocytosis: diagnostic evaluation, thrombotic 
risk stratification, and risk-based management strategies. Thrombosis. 
2011;2011:1–16.

 6. Kaushansky K. Hematopoietic growth factors, signaling and the chronic 
myeloproliferative disorders. Cytokine Growth Factor Rev.  
2006;17:423–30.

 7. Dickstein JI, Vardiman JW. Issues in the pathology and diagnosis of the 
chronic myeloproliferative disorders and the myelodysplastic syndromes. 
Am J Clin Pathol. 1993;99:513–25.

 8. Brazma D, Grace C, Howard J et al. Genomic profile of chronic myelog-
enous leukemia: imbalances associated with disease progression. Genes 
Chromosomes Cancer. 2007;46:1039–50.

 9. Liesveld JL, Lichtman MA. Chronic myelogenous leukemia and related 
 disorders. In: Prchal JT, Kaushansky K, Lichtman MA et al, eds. Williams 
Hematology, 8th ed. New york: Mcgraw-hill; 2010: 1331–80.

 10. Foroni L, Gerrar G, Nna E, et al. Technical aspects and clinical applications 
of measuring BCR-ABL1 transcripts number in chronic myeloid leukemia. 
am J hematol. 2009; 84:517–22.

 11. Vakil, E, Tefferi A. BCR-ABL1—negative myeloproliferative neoplasms: a 
review of molecular biology, diagnosis, and treatment. Clin Lymphoma 
Myeloma Leuk. 2011;(suppl 1)1:37–45.

 12. yilmaz M, Kantarjian h, Jabbour e et al. similar outcome of patients with 
chronic myeloid leukemia treated with imatinib in or out of clinical trials. 
Clin Lymphoma Myeloma Leuk. 2013;13:693–9.

 13. Nadal E, Olavarria E. Imatinib mesylate (Gleevec/Glivec) a molecular- 
targeted therapy for chronic myeloid leukaemia and other malignancies.  
Int J Clin Pract. 2004;58:511–16.

 14. Milojkovic D, Apperley J. Mechanisms of resistance to imatinib and second-
generation tyrosine inhibitors in chronic myeloid leukemia. Clin Cancer Res. 
2009;15:7519–27.

 15. Zhou T, Parillon L, Li F et al. T315I ABL mutant-threonine mutated to iso-
leucine at gatekeeper position of kinase domain. Chem Biol Drug Des. 
2007;70:171–81.

 16. Guihot F, Roy L, Tomowiak C. Current treatment strategies in chronic 
myeloid leukemia. Curr Opin Hematol. 2012;19:102–9.

 17. Ma W, Tseng R, Gorre M et al. Plasma RNA as an alternative to cells for 
monitoring molecular response in patients with chronic myeloid leukemia. 
Haematologica. 2007;92:170–75.

 18. Hughes T, Deininger M, Hochhaus A et al. Monitoring CML patients 
responding to treatment with tyrosine kinase inhibitors: review and recom-
mendations for harmonizing current methodology for detecting BCR-ABL 
transcripts and kinase domain mutations and for expressing results. Blood. 
2006;108:28–37.

 19. Bain BJ, Brunning RD, Vardiman JW et al. Chronic neutrophilic leukemia. 
In: Swerdlow SH, Campo E, Harris NL et al., eds. WHO Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. Lyon, France: IARC 
press; 2008: 38–39.

 20. Beer PA, Green AR. Essential thrombocythemia. In: Prchal JT, Kaushansky K, 
Lichtman MA et al., eds. Williams Hematology, 8th ed. New york: Mcgraw-
hill; 2010; 1237–48.

 21. Arellano-Rodrigo E, Alvarez-Larran A, Reverter JC et al. Increased platelet 
and leukocyte activation as contributing mechanisms for thrombosis in 
essential thrombocythemia and correlation with JAK2 mutational status. 
Haematologica. 2006;91:169–75.

 22. Darbousset R, Thomas GM, Mezouar S et al. Tissue factor-positive neu-
trophils bind to injured endothelial wall and initiate thrombus formation. 
Blood. 2012;120:2133–43.

 23. Tefferi A, Elliott M. Thrombosis in myeloproliferative disorders: prevalence, 
prognostic factors, and the role of leukocytes and JAK2V617F. Semin 
Thromb Hemost. 2007;33:313–20.

 24. Campbell PJ, Scott LM, Buck G et al. Definition of subtypes of essential 
thrombocythaemia and relation to polycythemia vera based on JAK2 V617F 
mutation status: a prospective study. Lancet. 2005;366:1945–53.

 25. Vainchenker W, Delhommeau F, Constantinescu SN et al. New muta-
tions and pathogenesis of myeloproliferative neoplasms. Blood. 
2011;118:1723–35.

 26. Kittur J, Knudson RA, Lasho TL et al. Clinical correlations of JAK2V617F 
allele burden in essential thrombocythemia. Cancer. 2007;109:2279–84.

 27. Dahabreh IJ, Zoi K, Giannouli S et al. Is JAK2 V617F mutation more than a 
diagnostic index? a meta-analysis of clinical outcomes in essential thrombo-
cythemia. Leuk Res. 2009;33:67–73.

 28. Vannucchi AM, Antonioli E, Guglielmelli P et al. Clinical profile of homozy-
gous JAK2 617V 7 F mutation in patients with polycythemia vera or essen-
tial thrombocythemia. Blood. 2007;110:840–46.

 29. Vannucchi AM, Antonioli E, Guglielmelli P et al. Prospective identification of 
high-risk polycythemia vera patients based on JAK2(V617F) allele burden. 
Leukemia. 2007;21:1952–59.

 30. Levine RL, Wenig G. Role of JAK-STAT signaling in the pathogenesis of 
myeloproliferative disorder. Hematology Am Soc Hematol Educ Program. 
2006;233–39, 510.

 31. Tefferi A. Novel mutations and their functional and clinical relevance in 
myeloproliferative neoplasms: JAK2, MPL, TET2, ASXL1, CBL, IDH, and 
IKZF1. Leukemia. 2010;24:1128–38.

 32. Michiels JJ, Berneman Z, Schroyens W et al. Platelet-mediated erythrome-
lalgic, cerebral, ocular and coronary microvascular ischemic and thrombotic 
manifestations in patients with essential thrombocythemia and polycy-
themia vera: a distinct aspirin-responsive and coumadin-resistant arterial 
thrombophilia. Platelets. 2006;17:528–44.

 33. Imbert M, Vardiman JW, Pierre RV et al. Essential thrombocythaemia. In: 
Jaffe ES, Harris NL, Stein H et al. eds. World Health Organization classifi-
cation of tumours: Tumours of the haematopoietic and lymphoid tissues. 
Lyon, France: IARC Press; 2001:27.

 34. Barosi G, Birgrgard G, Finazzi G et al. Response criteria for essential throm-
bocythemia and polycythemia vera: result of European LeukemiaNet con-
sensus conference. Blood. 2009;113:4829–33.

 35. Verstovsek S, Passamonti F, Rambaldi A et al. A phase 2 study of 
INCB018424, an oral, selective JAK1/JAK2 inhibitor, in patients with 
advanced polycythemia vera (PV) and essential thrombocythemia (ET) 
refractory to hydroxyuria. Blood. 2009;113:4829–33.

 36. Stein BL, Crispino JD, Moliterno AR. Janus kinase inhibitors: an update on 
the progress and promise of targeted therapy in the myeloproliferative 
neoplasms. Curr Opin Oncol. 2011;23:609–616.

 37. Thiele J, Kvasnicka HM, Orazi A et al. Essential thrombocythaemia. In: 
Swerdlow SH, Campo E, Harris NL et al., eds. WHO Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. Lyon, France: IARC 
press; 2008:48–53.

38. Teffari A, Skoda R, Vardiman JW, Myeloproliferative neoplasms: contem-
porary diagnosis using histology and genetics.  Nat Rev Clin Oncol. 2009; 
6:627–37.

M24_MCKE6011_03_SE_C24.indd   477 01/08/14   2:36 pm



478 seCtioN v   •   NeoplastiC heMatologiC DisorDers

 64. Silver RT, Chow W, Orazi A, Evaluation of WHO criteria for diagnosis of 
polycythemia vera: aprospective analysis.  Blood. 2013;122:1881–6.

 65. Cassinat B, Laguillier C, Gardin C et al. Classification of  myeloproliferative 
disorders in the JAK2 era: is there a role for red cell mass? Leukemia. 
2008;22:452–53.

 66. Mascarenhas J, Najfeld V, Kremyanskaya M et al. Primary myelofibrosis. In: 
Hoffman R, Furie B, Benz EJ Jr et al., eds. Hematology: Basic Principles and 
Practice, 5th ed.  philadelphia: elsevier Churchill livingstone; 2013:1053–76.

 67. Lichtman MA, Tefferi A. Primary myelofibrosis. In: Prchal JT, Kaushansky K, 
Lichtman MA et al., eds. Williams Hematology, 8th ed. New york: Mcgraw-
hill; 2010; 1381–1402.

 68. Grand FH, Hidalgo-Curtis CE, Ernst T et al. Frequent CBL mutations associ-
ated with 11q acquired uniparental disomy in myeloproliferative neoplasms. 
Blood. 2009;113:6182–92.

 69. arana-yi C, Quintas-Cardama a, giles f et al. advances in the therapy of 
chronic idiopathic myelofibrosis. Oncologist. 2006;11:929–43.

 70. Vannucchi AM, Antonioli E, Guglielmelli P et. al. Clinical correlations of 
JAK2(V617F) presence or allele burden in myeloproliferative neoplasms: a 
critical reappraisal. Leukemia. 2008;22:1299–307.

 71. Tefferi A, Lasho TL, Huang J et. al. Low JAK2V617F allele burden in  primary 
myelofibrosis, compared with either a higher allele burden or  unmutated 
status, is associated with inferior overall and leukemic-free survival. 
 Leukemia. 2008;22:756–61.

 72. Scott LM, Scott MA, Campbell PJ et al. Progenitors homozygous for the 
V617F mutation occur in most patients with polycythemia vera but not 
essential thrombocythemia. Blood. 2006;108:2435–37.

 73. Guglielmelli P, Barosi G, Specchia G et al. Identification of patients with 
poorer survival in primary myelofibrosis based on the burden of JAK2V617F 
mutated allele. Blood. 2009;114:1477–83.

 74. Mesa RA, Schwager S, Radia D et al. The Myelofibrosis Symptom Assess-
ment Form (MFSAF): an evidence-based brief inventory to measure quality 
of life and symptomatic response to treatment in myelofibrosis. Leuk Res. 
2009;33:1199–203.

 75. Mesa RA, Niblack J, Wadleigh M et al. The burden of fatigue and quality of 
life in myeloproliferative disorders (MPDs): an international internet based 
survey of 1179 MPD patients. Cancer. 2007;109:68–76.

 76. Pullarkat V, Bass RD, Gong JZ et al. Primary autoimmune myelofibro-
sis: definition of a distinct clinicopathologic syndrome. Am J Hematol. 
2003;72:8–12.

 77. Gangat N, Caramazza D, Vaidya R et al. DIPSS-Plus: a refined dynamic 
international prognostic indicator system (DIPSS) for primary myelofibrosis 
that incorporates prognostic information from karyotype, platelet count 
and transfusion status. J Clin Oncol. 2011;29(4):392–97.

 78. Mesa RA, Pardanani AD, Hussein K et al. Phase 1/-2 study of pomalidomide 
in myelofibrosis. Am J Hematol. 2010;85(2):129–30.

 79. Verstovsek S, Kantarjian H, Mesa RA et al. Safety and efficacy of 
INC018424, a JAK1 and JAK2 inhibitor, in myelofibrosis. N Engl J Med. 
2010;363:1117–127.

 80. Havelange V, Demoulin JB. Review of current classification, molecular 
alterations, and tyrosine kinase inhibitor therapies in myeloproliferative 
 disorders with hypereosinophilia. J Blood Med. 2013;4:111–21.

 81. Klion AD. Recent advances in the diagnosis and treatment of hypereo-
sinophilic syndromes. Hematology Am Soc Hematol Educ Program. 
2005;209–14.

 82. Montes M, Sawhney C, Barros N. Strongyloides stercoralis: there but not 
seen. Curr Opin Infect Dis. 2010;23(5):500–4.

 83. Bain BJ, Gilliland DG, Vardiman JW et al. Chronic eosinophilic leukemia, 
not otherwise specified. In: Swerdlow SH, Campo E, Harris NL et al., eds. 
WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 
4th ed. lyon: iarC press. 2008:68–73.

 84. Valent P, Horny HP, Escribano L et al. Diagnostic criteria and classification of 
mastocytosis: a consensus proposal. Leuk Res. 2001;25(7):603–25.

 85. Horny HP, Metcalfe DD, Bennett JM et al. Mastocytosis. In: Swerdlow SH, 
Campo E, Harris N et al., eds. WHO Classification of Tumours of Haemato-
poietic and Lymphoid Tissues. lyon: iarC press; 2008:48–53.

39. Harrison CN, Bareford D, Butt N, et al. Guideline for investigation and 
management of adults and children presenting with a thrombocytosis.  Br J 
haematol. 2010;149:352–75.

 40. Prchal JT, Prchal JF. Polycyehemia Vera. In: Prchal JT, Kaushansky K, 
 Lichtman MA et al., eds. Williams Hematology, 8th ed. New york: 
 Mcgraw-hill; 2010; 1223–36.

 41. Tefferi A, Spivak JL. Polycythemia vera: scientific advances and current 
practice. Semin Hematol. 2005;42:206–20.

 42. Tefferi A. Polycythemia vera: a comprehensive review and clinical recom-
mendations. Mayo Clin Proc. 2003;78:174–94.

 43. Cao M, olsen rJ, Zu y. polycythemia vera: new clinicopathologic perspec-
tives. Arch Pathol Lab Med. 2006;130:1126–32.

 44. scott lM, tong y, levine ri et al. JaK2 exon 12 mutations in polycythemia 
vera and idiopathic erythrocytosis. N Engl J Med. 2007;356:459–68.

 45. Kralovics R, Teo SS, Li S et al. Acquisition of the V615F mutation of JAK2 
is a late genetic event in a subset of patients with myeloproliferative disor-
ders. Blood. 2006;108:1377–80.

 46. Nussenzveig RH, Swierczek SI, Jelinek J et al. Polycythemia vera is not initi-
ated by JAK2V617F mutation. Exp Hematol. 2007;35:32–38.

 47. Theocharadies A, Boissinot M, Girodon F et al. Leukemic blasts in trans-
formed JAK2-V617F-positive myeloproliferative disorders are frequently 
negative for the JAK2-V617F mutation. Blood. 2007;110:375–79.

 48. Kilpivaara O, Mukherjee S, Schram AM et al. A germline JAK2 SNP is asso-
ciated with predisposition to the development of JAK2(V617F)-positive 
myeloproliferative neoplasms. Nat Genet. 2009;41:455–59.

 49. Ito S, D’Alessio AC, Taranova OV et al. Role of Tet proteins in 5mC to 5hmC 
conversion, ES-cell self-renewal and inner cell mass specifications. Nature. 
2010;466:1129–33.

 50. Ko M, huang y, Jankowska aM et al. impaired hydroxylation of 
5- methylcytosine in myeloid cancers with mutant TET2. Nature. 
2010;468:839–43.

 51. Saint-Martin C, Leroy G, Delhommeau F et al. Analysis of the ten-eleven 
translocation 2 (TET2) gene in familial myeloproliferative neoplasms. Blood. 
2009;114:1628–32.

 52. Abdel-Wahab O. Genetics of the myeloproliferative neoplasms. Cur Opin 
Hematol. 2011;18:117–23.

 53. Lasho TL, Pardanani A, Tefferi A. LNK mutations in JAK2 mutation-negative 
erythrocytosis. N Engl J Med. 2010;363:1189–90.

 54. Dupont S, Masse A, James C et al. The JAK2 617V 7 F mutation triggers 
erythropoiesis hypersensitivity and terminal erythroid amplification in pri-
mary cells from patients with polycythemia vera. Blood. 2007;110:1013–21.

 55. Tefferi A, Lasho TL, Abdel-Wahab O et al. IDH1 and IDH2 mutation studies 
in 1473 patients with chronic-, fibrotic-, or blast-phase essential thrombocy-
themia, polycythemia vera or myelofibrosis. Leukemia. 2010;24:1302–9.

 56. Passamonti F, Rumi E, Arcani L et al. Prognostic factors for thrombosis, 
myelofibrosis, and leukemia in essential thrombocythemia: a study of 605 
patients. Haematologica. 2008;93:1645–51.

 57. Pardanani A, Tefferi A. Targeting myeloproliferative neoplasms with JAK 
inhibitors. Curr Opin Hematol. 2011;18:105–10.

 58. Barbui T, Finazzi G. When and how to treat essential thrombocythemia. 
N Engl J Med. 2005;353:85–86.

 59. Tefferi A. JAK inhibitors for myeloproliferative neoplasms: clarifying facts 
from myths. Blood. 2012; 19:2721–30.

 60. Barosi G, Birgegard G, Finazzi G et al. Response criteria for essential throm-
bocythemia and polycythemia vera: result of a European LeukemiaNet con-
sensus conference. Blood. 2009;113:4829–33.

 61. Moliterno AR, Hexner E, Roboz GJ et al. An open-label study of CEP-701 
in patients with JAK2V617F-positive PV and ET: update of 39 enrolled 
patients. Blood. 2009;114:abstract 753.

 62. Thiele J, Kvasnicka HM, Orazi A et al. Polycythaemia vera. In: Swerd-
low SH, Campo E, Harris NL et al., eds. WHO Classification of Tumours 
of  Haematopoietic and Lymphoid Tissues. Lyon, France: IARC Press; 
2008:41–43.

 63. Vardiman JW, Thiele J, Arber DA et al. The 2008 revision of the World 
Health Organization (WHO) classification of the myeloid  neoplasms 
and acute leukemia: rationale and important changes. Blood. 
2009;114:937–51.

M24_MCKE6011_03_SE_C24.indd   478 01/08/14   2:36 pm



25 Myelodysplastic 
Syndromes
Louann W. LaWrence, DrPH 
Sara a. TayLor, PHD

Chapter Outline
Objectives—Level I and Level II 479

Key Terms 480

Background Basics 480

Case Study 480

Overview 480

Introduction 480

Pathogenesis 481

Incidence 483

Clinical Findings 483

Laboratory Findings 483

Blast and Precursor Cell 
Classification 487

Classification 489

Description of Subgroups of MDS 489

Variants of MDS 492

Prognosis 493

Therapy 494

Myelodysplastic/Myeloproliferative 
Neoplasms (MDS/MPNs) 494

Summary 496

Review Questions 497

Companion Resources 498

References 499

Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define myelodysplastic syndrome (MDS) and list general 

 characteristics of these diseases.
 2. List the six subgroups of MDS recognized by the 2008 World 

Health Organization (WHO) Classification System and identify key 
 morphological and clinical criteria that distinguish each group.

 3. Describe laboratory findings and recognize changes in morphology 
that are characteristic of this group of disorders.

 4. Define the WHO category of myelodysplastic/myeloproliferative 
 neoplasms (MDS/MPNs), and list its general characteristics.

 5. List the four subgroups of MDS/MPNs and identify key morphological and 
clinical criteria as well as laboratory findings that distinguish each group.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Describe the pathophysiology of MDS.
 2. Distinguish among agranular blasts, granular blasts, and promyelocytes.
 3. Summarize the treatment and prognosis of MDS.
 4. Explain the relationship between MDS and acute leukemia.
 5. Assess the results of cytogenetic and molecular tests and correlate 

them with a diagnosis of MDS.
 6. List and briefly describe the MDS variants not listed in the six WHO 

subgroups.
 7. Differentiate MDS from MPN, acute leukemia, and other hematologic 

abnormalities using peripheral blood, bone marrow, and cytogenetic 
characteristics.

 8. Differentiate MDS/MPNs from MDS, MPN, acute leukemia, and other 
hematologic abnormalities using peripheral blood, bone marrow, and 
cytogenetic characteristics.

 9. Select laboratory tests that are helpful in diagnosing and differentiating 
MDS and MDS/MPNs.

 10. Evaluate a patient’s laboratory and clinical findings, and propose a 
diagnostic MDS or MDS/MPNs subgroup based on those findings.
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InTroducTIon
The myelodysplastic syndromes (MDS) are considered primary, 
neoplastic, pluripotential stem cell disorders. They are characterized 
by one or more peripheral blood cytopenias with prominent matura-
tion abnormalities (dyspoiesis or dysplasia) in the bone marrow. 
The peripheral blood cytopenias result from ineffective hematopoi-
esis and increased apoptosis as evidenced by an accompanying bone 
marrow hyperplasia. These relatively common entities evolve pro-
gressively, leading to the aggravation of the cytopenias and, in some 
cases, transformation into a condition indistinguishable from acute 
leukemia. MDS occurs most commonly in the elderly, although it is 
diagnosed occasionally in children.

Before the 1980s, much confusion and disagreement existed 
in the literature concerning the criteria for defining, subgroup-
ing, and naming MDS. Because of the predisposition of MDS to 
terminate in leukemia, the term preleukemia commonly was used 
to describe these disorders. However, the evolution of MDS to 
acute leukemia is not obligatory, and, in fact, many patients die 
of intercurrent disease or complications of the cytopenia before 
evolving to leukemia.1 Whether these patients would have devel-
oped leukemia had they survived the cytopenic complications is, 
of course, unknown. In addition, the diagnosis of preleukemia can 
be made only in retrospect (i.e., after the patient develops leuke-
mia). Thus, the term myelodysplasia is more appropriate until the 
patient actually develops overt leukemia. In the past, MDS also has 

overvIeW
This chapter describes the neoplastic hematopoietic disorders known 
as the myelodysplastic syndromes (MDS). It begins with a discus-
sion of the classification of the disorders into morphologic subgroups 
according to the 2008 classification of the World Health Organization. 
This is followed by a description of the pathogenesis, incidence, and 
general clinical and laboratory features, including peripheral blood 
and bone marrow findings. Each subgroup is then described with spe-
cific features that allow it to be classified. Variants are also described. 
Genetic findings common to MDS are discussed. The chapter con-
cludes with prognosis and therapy.

Key Terms
Atypical chronic myeloid 

leukemia (aCML, BCR/ABL1-)
Chronic myelomonocytic 

leukemia (CMML)
Dysplasia
Dyspoiesis
Endomitosis
Juvenile myelomonocytic 

leukemia (JMML)
Micromegakaryocyte
Myelodysplastic syndromes 

(MDS)

Myelodysplastic/
myeloproliferative neoplasms 
(MDS/MPNs)

Refractory anemia with excess 
blasts (RAEB)

Refractory anemia with ring 
sideroblasts (RARS)

Refractory cytopenia with 
multilineage dysplasia 
(RCMD)

Refractory cytopenia with 
unilineage dysplasia (RCUD)

Ring sideroblasts

Background Basics
The information in this chapter builds on the concepts learned in 
previous chapters. To maximize your learning experience, you should 
review the following concepts before starting this unit of study:

Level I
• Create a schematic depicting derivation of different types 

of blood cells from the pluripotent hematopoietic stem cell. 
(Chapter 2)

• Describe and recognize the cell morphology described by 
these terms: ring sideroblasts (Chapter 12), Pelger-Huët 
anomaly (Chapter 21), and megaloblastoid erythropoiesis. 
(Chapter 15)

• Explain what ineffective hematopoiesis means. (Chapters 11, 24)
• Summarize the history and basis of the classification system to 

classify malignant leukocyte disorders. (Chapter 23)
• Describe normal leukocyte development, differentiation, and 

concentrations in the peripheral blood. (Chapter 8)

Level II
• Describe the use of cytochemical and immunological features 

that distinguish the different types of blasts. (Chapters 23, 40)
• Explain how oncogenes and hematopoietic growth factors 

affect cellular maturation and proliferation. (Chapters 3, 23)
• Explain the role of epigenetics in cellular development. 

(Chapter 2)
• Explain the use of cytogenetics and flow cytometry in the diag-

nosis of malignant disorders. (Chapters 40, 41)

We will refer to this case study throughout the chapter.

Hancock, a 65-year-old white male, was seen in tri-
age with complaints of fatigue, malaise, anorexia, and 
hemoptysis of recent onset. A complete blood count 
(CBC) was ordered and revealed anemia and a shift to 
the left in granulocytes. Hematopoietic cells showed dys-
plastic features. 

Consider diagnostic probabilities and reflex testing 
that could provide differential diagnostic information.

caSe STudy
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been described under the terms refractory anemia with excess 
blasts, chronic erythremic myelosis, hematopoietic dysplasia, 
refractory anemia with or without sideroblasts, subacute or 
chronic myelomonocytic leukemia, and smoldering leukemia. 
Most hematologists currently consider the terms dysmyelopoietic 
syndrome and myelodysplastic syndrome to be more acceptable 
than preleukemia or other synonyms in describing these hemato-
logic disorders. In this book, the term myelodysplastic syndrome 
is used.

PaThogeneSIS
Myeolyelodysplastic syndromes arise from proliferation of stem cells 
that have acquired a defect that prevents them from differentiating, 
maturing, and proliferating normally. The stem cell abnormality most 
often involves the myeloid progenitor cell; the lymphocytic cell lines 
are rarely affected. Many of the afflicted stem cells do differentiate into 
mature cells but exhibit flawed and ineffective progression so that their 
numbers decrease in the peripheral blood, a phenomenon known as 
ineffective hematopoiesis. In addition to decreased numbers, the 
myelodysplastic cells develop abnormal morphology and exhibit 
compromised function. Gradually, the stem cells lose their ability to 
differentiate, and in some cases they transform into cells that are con-
sistent with acute leukemia.

Myelodysplastic syndromes are described as either primary 
or secondary in nature. Approximately 60–70% of MDS patients 
exhibit primary MDS. In these cases, the abnormal stem cell arises 
de novo—the patient has no known history of exposure to che-
motherapy or radiation therapy. However, myelodysplastic syn-
dromes are acquired neoplasms, and environmental insults such 
as exposure to genotoxic chemicals (benzene), radiation, and viral 
infection are all etiologic agents that putatively contribute to MDS 
development.

The dysplastic stem cell of secondary or therapy-related MDS 
develops after chemotherapy with alkylating agents or topoisomerase 
II inhibitors either in conjunction with radiation treatment or alone.2 
Most cases of therapy-related MDS occur in patients who have been 
treated for lymphoma or a solid tumor.

Regardless of whether the MDS is primary or secondary in 
nature, a multistep pathogenesis is believed to be necessary for MDS 
to develop. MDS appears to develop as a result of complex interactions 
between compromised hematopoietic stem cells and the microenvi-
ronment of the bone marrow.3,4 Although nearly 50% of MDS patients 
present with normal chromosomes, genetic instability of the myeloid 
stem cell almost certainly contributes to the development of MDS. 
That MDS is primarily a disease present in elderly patients lends cre-
dence to the implication of genomic instability as a contributing factor 
toward disease progression.

Cytogenetics, Epigenetics, 
and Single Gene Mutations
The abnormal MDS clone is characterized by altered function of genes 
that result from chromosomal abnormalities, gene silencing (epigen-
etic changes), or single gene mutations. “Unbalanced” genetic abnor-
malities (which result in a larger or smaller amount of DNA in the cell, 
such as trisomies or whole or partial chromosomal deletions) are char-
acteristically seen in the MDS and are thought to be responsible for 
the ineffective hematopoiesis and cytopenias.2 These chromosomal 
abnormalities are in contrast to the balanced abnormalities that main-
tain the normal quantity of DNA (e.g., reciprocal translocations) seen 
primarily in myeloproliferative neoplasms (MPNs) and acute myeloid 
leukemia (AML) (Chapters 24 and 26, respectively). Furthermore, 
many chromosomal alterations involve gene deletions, suggesting that 
tumor suppressor genes or DNA repair genes are altered (Chapter 23).

abnormal Karyotypes
Nearly every chromosome has been shown to exhibit genomic aber-
ration in MDS. Moreover, abnormal cytogenetic patterns in MDS are 
heterogeneous; chromosome abnormalities can present either as the 
sole aberration in MDS or can occur as part of a complex karyotype. 
The most commonly encountered abnormal karyotypes in MDS are 
the -5/del(5q),-7/del(7q), +8, del(20q), and -Y, suggesting that 
genes located in these regions contribute to the pathogenesis of this 
syndrome.5–7 Table 25-1 ★ describes the most frequently mutated 
genes in MDS.
-5 and del(5q)
-5 and del(5q) are among the most frequently noted genetic abnor-
malities in MDS, found in 10–20% of myelodysplastic syndromes.2,6 
The WHO classification of myeloid neoplasms includes an MDS 
subtype named for this cytogenetic abnormality when it exists as the 
sole aberration: MDS associated with isolated del(5q).

Three commonly deleted regions (CDRs) are found on the long arm 
of chromosome 5, located among bands 5q31–33.2,8 The loss of many 
of the genes in these CDRs seems to have a role in the pathogenesis of 
hematopoietic malignancies; their mechanisms of action include the con-
trol of cell signaling, transcription, cell cycle, antioxidant levels, apoptosis, 
cell differentiation/proliferation, and tumor suppression. Specific genes 
located on chromosome 5 that commonly are lost with a complete or 
partial deletion of chromosome 5 include EGR1 (early growth response 
gene 1), NPM1, (nucleophosmin 1), and RPS14 (encodes a ribosomal 
subunit protein). Whole or partial losses of chromosome 5 are mostly 
somatically acquired; often they are associated with earlier treatment with 
radiotherapy, alkylating agents, or DNA topoisomerase II antagonists.6

-7 and del(7q)
Karyotypic abnormalities on chromosome 7 appear with up to 20% 
incidence in MDS patients.2,6 The -7 karyotype presents with severe 
refractory cytopenias and increased incidence of severe infections.6 
Three distinct CDRs have been identified on chromosome 7, one at 
7q22, and the other two at 7q31–32 and 7q36.9,10 It is very likely that 
the long arm of chromosome 7 is well populated with tumor suppres-
sor genes, although such specific genes have not yet been identified.
+8
Trisomy 8 occurs with about 10% frequency in MDS. In contrast to 
whole or partial losses of chromosomes 5 and 7, trisomy 8 in AML and 
MDS is not associated with prior treatment with radiation, alkylating 

How does the pathogenesis of primary MDS differ from 
secondary MDS?

CheCkpoint 25-1
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contribute to the development of MDS. Certainly, DNA methylation 
is a significant factor in the progression of MDS into AML.17,18

Most studies of the significance of epigenetic modification in MDS 
have focused on DNA methylation, but histone modification also is being 
investigated as a putative factor. Histone acetylation relaxes DNA and 
allows the proteins that control gene expression access to the gene site, 
thus allowing genes to be expressed. Histone methylation can be either 
repressive or activating, depending on the gene involved. The influence 
of epigenetic changes in the development of MDS will certainly be more 
fully elucidated in the future. Treatment with drugs that modify epigenetic 
transformation are examined in the section on MDS treatment.

oncogenes and Tumor Suppressor genes
Control of cellular differentiation, maturation, and proliferation 
occurs through properly functioning proto-oncogenes and tumor 
suppressor genes (Chapter 23) and when these genes are mutated, 
neoplasia can result.3 Although mutations in the proto-oncogenes 
JAK2 (Chapter 24), RAS, and RUNX1 and the tumor suppressor gene 
p53 are most commonly observed, the overall incidence of single gene 
mutations is low4 (Table 25-1).

N- and K-RAS mutations have been observed in 10–15% of patients 
with MDS. The most common mutation is a single base change in codon 
12 of the N-RAS (neuroblastoma-ras) family. RAS proteins normally func-
tion in growth factor–mediated signaling, and mutation is associated with 
a higher risk of AML transformation and a worse prognosis. RUNX1 is a 
regulatory transcription factor for hematopoietic differentiation, and point 
mutations have been observed in 20% of MDS patients.

Mutations in the tumor suppressor gene p53 (Chapter 23) appear 
in approximately 20% of MDS patients and are most commonly asso-
ciated with secondary MDS. Normal p53 protein functions to main-
tain genetic stability in cells and p53 mutations in MDS patients are 
linked to a poor prognosis.

Proliferation Abnormalities
In vitro studies suggest that excessive premature intramedullary cell 
death of hematologic precursors via apoptosis contributes to ineffec-
tive hematopoiesis and peripheral blood cytopenias seen in early MDS. 

agents, or DNA topoisomerse II antagonists.11,12 Little is known about 
the pathogenetic significance of trisomy 8 in myeloid malignancies 
although it has been suggested that its effect is largely influenced by 
the overexpression of the proto-oncogene MYC at 8q24.13

del(20q)
A deletion of the long arm of chromosome 20 is seen in about 5% of 
primary MDS and in about 7% of secondary MDS. The L3MBTL1 
gene encodes a transcriptional repressor and is located in this deleted 
region. The functions of the L3MBTL1 protein are not fully elucidated, 
but it has been shown to be involved in chromosome compaction (see 
the section “Epigenetic Changes”) and to inhibit the expression of the 
RUNX1 gene (Table 25-1). Loss of the L3MBTL1 gene in patients car-
rying del(20q) is likely to be involved in the neoplastic state of MDS.14

-y
MDS patients can present with a loss of the Y chromosome, but the 
frequency is variable, and the significance of the missing chromosome 
remains uncertain. -Y is found in many malignant diseases but also 
in healthy, aging men.
complex Karyotype
Approximately 20% of patients exhibiting primary MDS and nearly 
90% of MDS patients diagnosed with treatment-related MDS exhibit 
a complex karyotype. Complex karyotypes generally involve the pres-
ence of more than three chromosomal abnormalities. Whole or partial 
deletions of chromosome 5, chromosome 7, or both are frequently 
components of a complex karyotype.9

epigenetic changes
Epigenetic changes such as DNA methylation and histone modifica-
tions are frequently observed in MDS.15,16 DNA methylation consists 
of the addition of a methyl group, most often to cytosine in regions 
containing numerous cytosines and guanines (termed CpG islands; 
p represents the phosphodiester bond of DNA). These regions are 
commonly found within gene promoter regions. CpG hypermethyl-
ation silences the transcript.

Multiple genes, including those for cell cycle regulators, tumor 
suppressors, DNA repair, and apoptosis, have been identified as tar-
gets for methylation.8,15 Silencing any of these critical genes could 

gene Location Frequency Significance

ASXL1 20q11.1 ∼11% Putative function in myeloproliferation, more prevalent in MDS/MPN overlap syndromes

EGR1 5q31 5–10% Putative tumor suppressor gene, haploinsufficiency suggested as an initiating event in MDS

EVI1 3q26.2 ∼5% Tumor suppressor signaling and prevention of apoptosis

FLT3 13q12 5–10% Encodes for a tyrosine kinase, regulates proliferation, differentiation, apoptosis in hemato-
poietic cells, mutations associated with progression to AML

JAK2 9p 5%

60% in RARS-t

Activating JAK2 mutations cause cellular hypersensitivity to cytokines

NPM1 5(q35) 5% Putative proto-oncogene that inactivates p53

N-RAS

K-RAS

1p13.2

12p12.1

Up to 15% in MDS

Up to 40% in advanced MDS

Activating mutations stimulate MAPK signaling

Associated with a worse prognosis and higher likelihood of progression to AML

RUNX1 21q22.12 20% Important for hematopoietic differentiation

p53 17p13.1 20%; 25% in secondary MDS Encodes a checkpoint protein (p53), rapid progression to AML and poor prognosis

ASXL1 =  additional sex combs like 1; EGR1 =  early-growth response gene 1; EVI1 = ecotropic viral integration site 1;  FLT3 = fms-related tyrosine kinase 3;  
JAK2 = janus kinase 2; NPM1 = nuclephosmin 1; N-RAS =  neuroblastoma rat sarcoma; K- RAS = Kirsten rat sarcoma; RUNX1 = runt-related transcription factor 1

★ TabLe 25-1 Significant Mutated Genes in MDS
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Many individuals can be asymptomatic, and their disease is discovered 
on routine laboratory screening.23 Infection is a common complica-
tion in patients diagnosed with MDS, particularly for those patients 
 diagnosed with an aggressive MDS subgroup or who present with neu-
tropenia (61 * 109/L). Infection and bleeding are the most common 
causes of death.22 Splenomegaly and/or hepatomegaly are uncommon.

LaboraTory FIndIngS
MDS presents with a range of abnormal morphologic features that 
can be demonstrated on stained peripheral blood and bone marrow 
smears. Criteria for classification of MDS into subtypes based on mor-
phology and cell counts are presented in a later section of this chapter. 
Included here are the general hematologic features used to initially 
define the presence of an MDS (Table 25-2 ★).

Peripheral Blood
The peripheral blood characteristics of MDS are cytopenias and dyspla-
sia. Cytopenias are defined as hemoglobin 610 g/dL, absolute neutro-
phil count 61.8 * 109/L, and platelets 6100 * 109/L.3 Anemia is the 
most consistent finding, occurring in 780% of the cases. Bicytopenia 
occurs in 30% of the cases and pancytopenia in 15%.3 Less commonly, an 
isolated neutropenia or thrombocytopenia is found. Dysplastic features 
of one or more cell lines are typical. Because of the critical importance of 
recognizing dysplasia in the diagnosis of MDS, smears should be made 
from samples that have been anticoagulated for 2 hours or less.24 Mor-
phologic changes from prolonged exposure to anticoagulant can easily 
be confused with dysplastic changes in cells. Functional abnormalities 
of hematologic cells are also common. Studies show that the higher the 
degree and number of cytopenias, the worse the prognosis.22

erythrocytes
The degree of anemia is variable, but the hemoglobin is 610 g/dL. 
The erythrocytes are usually macrocytic (Figure 25-1 ■) and less often 
normocytic. Oval macrocytes similar to those in megaloblastic anemia 

The various gene alterations of the MDS clone result in an intrinsic 
increase in susceptibility of the clone to apoptosis.19 Increased levels 
of tumor necrosis factor (TNF)@a in MDS patients has been linked 
to increased apoptosis of the MDS clone and normal hematopoietic 
cells.19 Progression to leukemia is associated with a reduction in apop-
tosis, thereby allowing the expansion of the neoplastic clone.

IncIdence
MDS occurs primarily in individuals older than 50 years of age and has 
a slight male predominance by a factor of approximately 1.5. The risk 
increases sharply with age.20 The incidence rate in the United States is 
4.4 per 100,000.21 The incidence of MDS increases with age, and the 
median age at diagnosis is 72 years.22 The frequency of MDS diagno-
ses seems to be rising. This rise could be the result of an increase in 
the awareness of MDS on the part of physicians and clinical laboratory 
professionals, in the application of diagnostic procedures in elderly 
individuals, or in the number of elderly in the population.

Myelodysplasia is rare in children. Problems in diagnosis can 
contribute to an underestimation of incidence. The approximate 
incidence has been reported as 1.0–1.8 cases/million/year.19,21 The 
median age of children at presentation of MDS is about 6 years, and 
the male-to-female ratio is about 1.6:1.

cLInIcaL FIndIngS
The most frequent presenting symptoms, fatigue and weakness, are 
related to an anemia that is nonresponsive to treatment. Less com-
monly, hemorrhagic symptoms and infection precede diagnosis. 
These symptoms are related to thrombocytopenia and neutropenia. 

How do epigenetics contribute to the pathogenesis of 
MDS?

CheCkpoint 25-2

Findings erythroid Series Myeloid Series Thrombocyte Series

Peripheral blood Anemia 
Anisocytosis, dimorphism
Poikilocytosis
Macrocytes, oval macrocytes 
Basophilic stippling
Nucleated RBCs
Howell-Jolly bodies
Sideroblasts 
Reticulocytopenia

Neutropenia
Hypogranulation, abnormal granulation 
Shift to the left
Nuclear abnormalities 
      Pseudo–Pelger-Huët 
      Ring nuclei
Monocytosis

Thrombocytopenia or thrombocytosis
giant forms
Hypogranulation
Micromegakaryocytes
Functional abnormalities

Bone marrow Megaloblastoid erythropoiesis
Nuclear fragmentation and budding
Karyorrhexis 
Multiple nuclei
Defective hemoglobinization
Vacuolization
Ring sideroblasts

Abnormal granules in promyelocytes
Increase in granular and agranular blasts
Absence of secondary granules
Nuclear abnormalities
Decreased myeloperoxidase
Auer rods in blasts

Micromegakaryocytes
Megakaryocytes with multiple 
 separated nuclei
Large mononuclear megakaryocytes
Hypogranulation or large abnormal 
granules in megakaryocytes

★ TabLe 25-2 Hematologic Abnormalities in Myelodysplastic Syndromes
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platelets with large fused granules can be seen in the peripheral 
blood (Figures 25-3 ■ and 25-4 ■). Functional platelet abnormali-
ties include abnormal adhesion and aggregation. As a result, platelet 
function tests can be abnormal. 

Micromegakaryocytes
Sometimes circulating micromegakaryocytes (small abnormal 
megakaryocytes), also called dwarf megakaryocytes, can be found 
in MDS and MPNs. Micromegakaryocytes can be difficult to identify 
and are frequently overlooked unless cytoplasmic tags or blebs are 
present (Figure 25-5 ■). Micromegakaryocytes are believed to repre-
sent abnormal megakaryocytes that have reduced ability to undergo 
endomitosis (megakaryocytes undergo a unique maturation process 
whereby the DNA content duplicates without cell division, resulting 
in a polyploid nucleus [endomitosis] [Chapter 31]). Most micromega-
karyocytes have a single-lobed nucleus and are the size of a lympho-
cyte. Morphologically, they can be confused with lymphocytes but can 
be distinguished by cytoplasmic tags of one or more platelets attached 
to a nucleus. Some can have pale blue, foamy, or vacuolated cytoplasm 
that resembles a nongranular platelet. The nuclear structure is variable, 
but many cells have very densely clumped chromatin and stain dark 

are frequently present, but patients have normal vitamin B12 and folate 
levels. A dimorphic anemia with both oval macrocytes or normocytes 
and microcytic hypochromic cells is also a common initial finding in the 
refractory anemia with ring sideroblasts (RARS) subgroup. Reticulocytes 
show an absolute decrease in number but can appear normal if only the 
uncorrected or relative number (percent) is reported.

In addition to anemia, qualitative abnormalities indicative of dys-
erythropoiesis are present. These include anisocytosis, poikilocytosis, 
basophilic stippling, Howell-Jolly bodies, and nucleated erythrocytes. Often 
hemoglobin F is increased (5–6%) and distributed in a heterogeneous pat-
tern. Acquired hemoglobin H has also been found in MDS.19 Other eryth-
rocyte changes include altered A, B, and I antigens, enzyme changes, and an 
acquired erythrocyte membrane change similar but not identical to that 
found in paroxysmal nocturnal hemoglobinuria (PNH)19,23 (Chapter 17).

Leukocytes
Neutropenia is the second most common cytopenia observed in MDS 
and is present in approximately 50% of patients at the time of diagno-
sis.19 Neutropenia can be accompanied by a shift to the left with the 
finding of metamyelocytes and myelocytes on the peripheral blood 
smear. Blasts and promyelocytes can also be present.

Morphologic abnormalities in granulocytes indicative of dysgranu-
lopoiesis are considered a hallmark finding in MDS. Dysgranulopoiesis 
is characterized by agranular or hypogranular neutrophils, persistent 
basophilia of the cytoplasm, abnormal appearing granules, hyposeg-
mentation (pseudo–Pelger-Huët) (Figure 25-2 ■), or hypersegmenta-
tion of the nucleus and donut- or ring-shaped nuclei. Care should be 
taken to distinguish neutrophils with the pseudo–Pelger-Huët anomaly 
and hypogranulation from lymphocytes and to distinguish neutrophilic-
band forms with hypogranulation from monocytes. Neutrophils can also 
demonstrate enzyme defects, such as decreased myeloperoxidase (MPO) 
and decreased leukocyte alkaline phosphatase (LAP). In some cases, neu-
trophils exhibit severe functional impairment, including defective bacte-
ricidal, phagocytic, or chemotactic properties. Absolute monocytosis is a 
common finding even in leukopenic conditions.

Platelets
Qualitative and quantitative platelet abnormalities are often present. 
The platelet count can be normal, increased, or decreased. Approxi-
mately 25–50% of patients have mild to moderate thrombocytope-
nia when diagnosed.19 Giant platelets, hypogranular platelets, and 

■  FIgure 25-1 A peripheral blood film of a patient with 
MDS. Note macrocytic cells and anisocytosis (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).

■  FIgure 25-2 Peripheral blood film from a patient with 
MDS showing neutrophils with the pseudo–Pelger-Huët 
nucleus. One cell’s nucleus is peanut shaped and the other 
is single lobed. The nuclear chromatin is condensed, and 
the cells contain granules, making identification possible. In 
many cases, these types of neutrophils are agranular, making 
differentiation of them from lymphocytes difficult (peripheral 
blood, Wright-Giemsa stain, 1000*  magnification).

■  FIgure 25-3 Arrows point to large platelets in a 
peripheral blood film from a patient with MDS (Wright-
Giemsa stain, 1000*  magnification).
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blue-black with Wright-Giemsa stain. Others can have a finer, looser 
chromatin. These cells also are found in the bone marrow.

Bone Marrow
Bone marrow examination is necessary to identify the dyshematopoi-
etic element, to determine cellularity, and to establish a diagnosis. In 
most cases, the bone marrow is hypercellular with erythroid hyper-
plasia, although normocellular and hypocellular marrows can occur. 
The hypercellular bone marrow with a peripheral blood picture of 
cytopenia is the result of premature cell loss in the marrow (increased 
apoptosis and ineffective hematopoiesis).19 The cellularity of the mar-
row should be interpreted in relation to the patient’s age because MDS 
is commonly found in people who are elderly. The number of myelo-
blasts is 620%. Generally, all cell lines exhibit evidence of dyshemato-
poiesis. At least 10% of all cells of a given hematopoietic lineage should 
be dysplastic to allow for the diagnosis of MDS.3

Bone marrow biopsy can be helpful in establishing the diagnosis 
of MDS in difficult cases. Abnormal localization of immature myeloid 
precursors (ALIP) clustering centrally can be seen in biopsy before an 
increase in myeloblasts is detected in bone marrow smears.25,26 ALIP 
has been shown to indicate increased risk for transformation to leuke-
mia and is associated with poor survival. In patients with 65% blasts, 
ALIP can indicate evolution to a more aggressive disease. However, these 
claims have not been validated in large studies.23 A biopsy also provides 
a better assessment of cellularity and an indication of the amount of 
reticulin fibers present. On the other hand, ring sideroblasts, nuclear 
fragmentation and budding, Auer rods, irregular cytoplasmic baso-
philia, and abnormal staining of primary granules in promyelocytes are 
more easily identified in bone marrow aspirate smears. Thus, both aspirate 
smears and biopsy preparations are necessary for accurate diagnosis.

dyserythropoiesis
The most common bone marrow finding in MDS is nuclear-cytoplasmic 
asynchrony similar to that seen in megaloblastic anemia (Chapter 15). 
However, the chromatin is usually hypercondensed. This nuclear chro-
matin pattern is often described as megaloblastoid (Figure 25-6 ■). The 
abnormal erythrocytic maturation is not responsive to vitamin B12 or 

■  FIgure 25-4 Arrow points to a large agranular plate-
let in a peripheral blood film from a patient with MDS 
(Wright-Giemsa stain, 1000*  magnification).

■  FIgure 25-5 Arrow points to a micromegakaryocyte in 
a peripheral blood film from a patient with MDS. Note the 
dense chromatin structure and the irregular rim of cyto-
plasm with cytoplasmic tags. An agranular platelet in the 
field matches the appearance of the micromegakaryocyte 
cytoplasm (Wright-Giemsa stain, 1000*  magnification).

How does the typical peripheral blood picture in MDS 
differ from that in aplastic anemia (Chapter 16)?

CheCkpoint 25-3

The results of the CBC on Hancock were:

caSe STudy (continued from page 480)

RBC 1.60 * 1012/L Wbc differential
Hb 5.8 g/dL (58 g/L) 44% segmented 

neutrophils
Hct 0.17 L/L (17%) 7% band neutrophils
WBC 10.5 * 109/L 6% lymphocytes
Platelets 39 * 109/L 28% eosinophils
Reticulocyte 
count

0.8% 1% metamyelocytes
1% myelocytes
9% promyelocytes
4% blasts

The neutrophilic cells show marked hyposegmentation 
and hypogranulation. Red blood cell (RBC) morphology 
includes anisocytosis and poikilocytosis, teardrop cells, 
ovalocytes, and schistocytes.

1. In what cell lines is cytopenia present?

2. What abnormalities are present in the differential?

3. What evidence of dyspoiesis is seen in the leukocyte 
morphology?

4. Calculate the mean cell volume (MCV). What periph-
eral blood findings are helpful to rule out megaloblas-
tic anemia?

5. What features of the differential resemble chronic 
myeloid leukemia (CML)? What helps to distinguish 
this case from CML?

M25_MCKE6011_03_SE_C25.indd   485 01/08/14   11:08 pm



486 SECTION V   •   NEOplaSTIC HEmaTOlOgIC DISOrDErS

absent in myelocytes and other more mature neutrophils, giving rise to 
the hypogranular peripheral blood neutrophils. Irregular cytoplasmic 
basophilia with a dense rim of peripheral basophilia is also character-
istic. Nuclear abnormalities similar to those found in the peripheral 
blood granulocytes can be present in bone marrow granulocytes.

dysmegakaryopoiesis
Megakaryocytes can be decreased, normal, or increased. The pres-
ence of micromegakaryocytes, large mononuclear megakaryocytes, 
and megakaryocytes with other abnormal nuclear configurations 
(Figure 25-9 ■) reflect abnormalities in maturation. Megakaryocyte 
nuclei can be hyperlobulated or hypolobulated and can show mul-
tiple widely separated nuclei. The lack of granules or presence of giant 
abnormal granules is also characteristic.

Dysplastic micromegakaryocytes with a single eccentric 
nucleus are common in del(5q) and in cases with abnormalities of 
chromosome 3.3

Molecular Diagnostics
Although there are no chromosomal abnormalities that allow imme-
diate and exclusive diagnosis of MDS, genomic instability figures 
importantly in the development of myelodysplastic syndromes.8,9,28 
Cytogenetic studies are useful because an abnormal karyotype can 
help diagnose ambiguous cases of MDS, and specific karyotypes can 
influence the prognosis.

A fluorescence in situ hybridization (FISH) panel can provide 
diagnostic and prognostic information for MDS and can be used to 
monitor response to therapy or progression of the disease (Chap-
ter 42). Specific FISH probes should identify the commonly encoun-
tered abnormal karyotypes. Rapidly developing molecular diagnostic 
testing will undoubtedly include gene expression analysis by microar-
ray, next generation sequencing, and whole genome analysis to eluci-
date the complicated genetic profile of myelodysplastic syndromes.8,29

Other Laboratory Findings
Serum iron and ferritin levels are normal or increased, and the 
total iron-binding capacity (TIBC) is normal or decreased, distin-
guishing MDS from iron-deficiency anemia (IDA). Cobalamin 

folic acid therapy. Giant, multinucleated erythroid precursors can be 
found (Figure 25-7 ■). Other nuclear abnormalities include fragmen-
tation, abnormal shape, budding, karryohexis, and irregular staining 
properties. The cytoplasm of erythroid precursors can show defective 
hemoglobinization, vacuoles, and basophilic stippling. The presence of 
ring sideroblasts, reflecting the abnormal erythrocyte metabolism, is a 
common finding. The International Working Group on Morphology 
of MDS (IWGM-MDS) defines ring sideroblasts as erythroblasts in 
which at least five mitochondrial iron deposits encircle at least one-third 
or more of the circumference of the nucleus.27

dysgranulopoiesis
Granulopoiesis is usually normal to increased in patients with MDS 
unless the overall marrow is hypocellular. Abnormal granulocyte 
maturation (dysgranulopoiesis), however, is almost always present 
(Figure 25-8 ■). One of the major findings of dysgranulopoiesis in 
the bone marrow is abnormal staining of the primary granules in pro-
myelocytes and myelocytes. Sometimes the granules are larger than 
normal, and at other times are absent. Secondary granules can be 

■  FIgure 25-7 Arrow points to a multinucleated 
polychromatophilic erythroblast in the bone marrow of 
a patient with MDS. It is also megaloblastoid (Wright-
Giemsa stain, 1000*  magnification).

■  FIgure 25-8 Bone marrow from a patient with MDS. 
Note the metamyelocytes (arrows) and bands with a lack 
of secondary granules. The bands have light bluish-pink 
cytoplasm, and the metamyelocytes have a darker bluish 
cytoplasm (Wright-Giemsa stain, 1000*  magnification).

■  FIgure 25-6 Megaloblastoid erythroblasts in the 
bone marrow of a patient with MDS. Note the condensed 
chromatin and Howell-Jolly bodies (Wright-Giemsa stain, 
1000*  magnification).

M25_MCKE6011_03_SE_C25.indd   486 01/08/14   11:08 pm



 487CHapTEr 25   •   myElODySplaSTIC SyNDrOmES

bLaST and PrecurSor 
ceLL cLaSSIFIcaTIon
For patients with MDS, the blast count appears to be the most impor-
tant prognostic indicator of survival and progression to acute leuke-
mia. The maximum number of blasts compatible with a diagnosis of 
MDS is 19%, whereas the minimum criterion for a diagnosis of acute 
leukemia is at least 20% blasts. Correctly identifying blasts and type 
and degree of dysplasia is important in MDS because these charac-
teristics are the basis of classifying subtypes and differentiating them 
from AML. A 200-cell differential should be performed on peripheral 
blood, and at least 500 cells should be identified in the bone marrow.30 
In 2005 and 2006, IWGM-MDS developed new diagnostic criteria 
for MDS and redefined MDS myeloblast morphology. In addition to 
redefining myeloblast morphology, it proposed criteria necessary to 
define normal and dysplastic promyelocytes and ring sideroblasts. 
The morphological categories of early cells in MDS established by the 
IWGM-MDS are granular myeloblasts, agranular myeloblasts, normal 
promyelocytes, dysplastic promyelocytes, and ring sideroblasts27 
(Figure 25-10 ■).

Myeloblasts
Myeloblasts are defined as either granular or agranular. Granular blasts 
possess azurophilic granules and can exhibit Auer rods, although this 
is an unusual finding. Granular blasts include the former type II and 
type III blasts, but today there is no differentiation of blasts based on 
the number of granules observed in the cytoplasm. Agranular blasts 
correspond to the earlier type I classification of MDS blasts. Whether 
granular or agranular, the blasts of MDS should exhibit visible nucleoli, 
fine nuclear chromatin, scant basophilic cytoplasm, and, very impor-
tantly, should lack a Golgi zone27 (Figure 25-11 ■).

Promyelocytes
Differentiating between granular blasts and promyelocytes is essential. 
Promyelocytes present with most of the features of granular blasts, 
including fine azurophilic cytoplasmic granules. The IWGM-MDS 

 (vitamin B12) and folic acid levels are normal to increased, a feature 
that helps to differentiate MDS with megaloblastoid features from 
megaloblastic anemias with the typical megaloblastic features. Lactic 
dehydrogenase (LD) and uric acid levels can be increased as a result 
of ineffective hematopoiesis.19

■  FIgure 25-9 (a) Abnormal megakaryocyte (arrow) from a patient with MDS. (b) Arrow points to a micromegakaryo-
cyte in the bone marrow of a patient with MDS. Note the megaloblastoid features of the surrounding cells (both are bone 
marrow; Wright-Giemsa stain, 1000*  magnification).

a b

Why is serum cobalamin serum folate level or bone mar-
row iron stain important in diagnosing MDS?

CheCkpoint 25-4

A bone marrow was performed on Hancock. The marrow 
showed a cellularity of about 75%. There was myeloid 
hyperplasia with 9% blasts, 26% promyelocytes, 18% 
myelocytes, 6% metamyelocytes, 4% bands, and 37% 
eosinophils. The ratio of myeloid-to-erythroid precur-
sors (M:E) was 12:1. The myelocytes were hypogranu-
lar, and some had two nuclei. The erythroid precursors 
showed megaloblastoid changes. Megakaryocytes were 
adequate in number but showed abnormal forms with 
nuclear separation and single nucleated forms.

6. Which of the hematopoietic cell lines exhibit dys-
hematopoiesis in the bone marrow?

7. How would you classify the bone marrow cellularity?

8. What does the M:E ratio indicate?

9. Identify at least two features of the bone marrow that 
are compatible with a diagnosis of MDS.

10. What chemistry tests would be helpful to rule out 
megaloblastic anemia?

caSe STudy (continued from page 485)
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Type 2 sideroblasts have five or more siderotic granules, but they 
lack perinuclear distribution. Type 3 sideroblasts exhibit five or more 
siderotic granules arranged around the nucleus of the erythroblast so 
that they encircle at least one-third of the nuclear perimeter.

The IWGM-MDS recommends that a minimum of 100 nucle-
ated erythrocytes at all stages of maturation be included in the count. 
Note in the section “Classification” that the WHO still defines the 
required number of ring sideroblasts as 15%.27

has determined that the distinguishing feature between the two cells 
is the presence of a distinct nonstaining, perinuclear Golgi zone seen 
in promyelocytes. Promyelocytes of MDS can exhibit dysplasia, which 
can complicate the morphologic differentiation of granular blasts and 
promyelocytes. Dysplastic promyelocytes differ from normal promy-
elocytes in that their chromatin can vary from fine and lacy to coarse, 
their azurophilic granules can be of variable quantity and distribution, 
their cytoplasm can stain irregularly, and their Golgi zone may be only 
faintly visible.27

Ring Sideroblasts
The IWGM-MDS has defined three types of sideroblasts, types 1, 2, 
and 3.

Type 1 sideroblasts are defined as possessing fewer than five sid-
erotic cytoplasmic granules.

■  FIgure 25-10 Blasts and promyelocytes as defined by the IWGM-MDS.

PromyelocyteAgranular blast Granular blast
Dysplastic

promyelocyte

• High
  nuclear/cytoplasmic
  ratio
• Nucleoli and fine
  nuclear chromatin
• Basophilic cytoplasm

• Same morphologic
  characteristics as
  agranular blast
• Cytoplasmic granules

• Central or eccentric
  nucleus with nucleoli
• Clearly visible Golgi
  zone
• Azurophilic granules
• Basophilic cytoplasm

• Irregular cytoplasmic
  basophilia
• Poorly developed
  Golgi zone
• Hyper- or
  hypogranularity
  or irregular 
  distribution (clumps)
  of granules

■  FIgure 25-11 (a) Agranular myeloblast. (b) Granular myeloblast (arrows) (both: peripheral blood, Wright-
Giemsa stain, 1000*  magnification).

ba

Why is it important to correctly identify the number of 
blasts when evaluating the peripheral blood or bone 
marrow smear of a patient suspected of having MDS?

CheCkpoint 25-5
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such as the blast count and degree of dyspoiesis in the peripheral 
blood and bone marrow.

Although the FAB classification system was the benchmark for 
diagnosing MDS for the past two decades, it did not incorporate the 
newer diagnostic technologies such as cytogenetics and immuno-
phenotyping.20,35 In 2001, the WHO published a new classification 
system developed by a group of American and European patholo-
gists, hematologists, and oncologists. This new system incorporated 
morphology, immunophenotype, and genetics with clinical and 
prognostic features into a classification of all neoplastic diseases of 
the hematopoietic and lymphoid tissues (Chapter 23). This resulted 
in significant changes in the classification of MDS and was revised 
again in 2008. The WHO 2008 Classification System incorporates 
new scientific and clinical information to improve the diagnosis of 
the previously recognized categories and to introduce newly identi-
fied disease categories.30

The 2008 WHO Classification System criteria for each subgroup 
of MDS are shown in Table 25-4 ★. A major change in the 2008 revi-
sion is the creation of a new category that replaces “refractive ane-
mia” and includes the other types of unilineage dysplasia. This new 
category, refractive cytopenia with unilineage dysplasia (RCUD), 
includes cases with 10% or more dysplastic cells in a single lineage, 
either refractory anemia, neutropenia, or thrombocytopenia. The 
revised criteria also redefine refractory anemia with excess blasts 
(RAEB-1) to include cases that consistently show 2–4% blasts in 
the peripheral blood even if the blast percentage in the bone mar-
row is 65%. The category refractory cytopenia with multilineage 
dysplasia (RCMD) is no longer subdivided based on the percentage 
of ringed sideroblasts in the bone marrow. A provisional category, 
refractory cytopenia of childhood (RCC), was added to include 
children with cytopenia(s) with 62% blasts in the peripheral blood, 
65% blasts in the bone marrow, and evidence of dysplasia in two 
or more lineages. Provisional categories are newly described diseases 
for which additional studies are needed to clarify their significance.30 
Studies to evaluate the clinical usefulness of the WHO classification 
conclude that it clearly identifies more homogenous subgroups and 
enables clinicians to select the best treatments and better predict 
prognosis and clinical responses.20,23 At this time, most clinicians 
have adopted the 2008 WHO Classification System, and it is followed 
in this chapter.

deScrIPTIon oF SubgrouPS oF MdS
The 2008 WHO Classification System identifies six MDS subgroups:

1. Refractory cytopenia with unlineage dysplasia (RCUD)
•	 Refractory anemia
•	 Refractory neutropenia
•	 Refractory thrombocytopenia

2. Refractory anemia with ring sideroblasts (RARS)
3. Refractory cytopenia with multilineage dysplasia (RCMD)
4. Refractory anemia with excess blasts (RAEB)

•	 RAEB-1
•	 RAEB-2

5. MDS associated with isolated del(5q)
6. Myelodysplastic syndrome, unclassifiable (MDS, U)

Cytochemical and Immunological 
Identification of Blasts
Although the blast cells in MDS are derived primarily from myeloid 
or monocytic precursors, a panel of cytochemical and immunocyto-
chemical reactions can be performed and interpreted to enhance the 
accuracy of diagnosis (Chapters 23, 37, 40). Cytochemical stains help 
to identify the origin of atypical and bizarre dyspoietic cells often seen 
in MDS.23 Peroxidase and Sudan black B identify blasts with a myeloid 
origin; however, the blasts in MDS can have lower peroxidase activ-
ity than normal blasts. Combined esterase stains can be performed 
on both peripheral blood and bone marrow for a more accurate 
assessment of monocytic cells. Iron stain can reveal abnormal iron 
metabolism in erythroblasts with the presence of increased iron stores 
and ring sideroblasts. The presence of blocks of periodic acid-Schiff 
(PAS)–positive material in erythrocyte precursors indicates abnormal 
carbohydrate metabolism. Abnormal small megakaryoblasts can be 
difficult to distinguish from lymphoblasts or agranular myeloblasts. 
They can be readily identified, however, by immunochemistry with 
antibodies against platelet-specific glycoproteins IIb/IIIa (CD41), 
GPIIIa (CD61), or by antibody against factor VIII in histiologic sec-
tions. Diaminobenzidine can be utilized to identify platelet peroxidase 
in electron micrographs.23

Immunophenotyping is increasingly used to aid in diagnosis 
and prognosis of MDS patients.31 Immunophenotyping is most use-
ful when marrow morphology and cytogenetics are inconclusive and 
to distinguish MDS cases with a hypoplastic bone marrow from other 
bone marrow failure disorders, such as aplastic anemia.22 Aberrant 
antigenicity observed in MDS includes lymphoid antigens on myeloid 
cells, over- or underexpression of expected antigens, the presence of 
immature antigens on mature cells, and expression of mature antigens 
on immature cells (Table 25-3 ★).32,33

cLaSSIFIcaTIon
In 1982, the French-American-British (FAB) group proposed a clas-
sification scheme for the myelodysplastic syndromes.34 This classifica-
tion defined five subgroups based on morphological characteristics, 

• Reduced granulocytic side scatter due to hypogranularity of 
 granulocyte cytoplasm

• Decreased CD15, CD10, CD16, CD11b, and CD13 expression on 
myeloid progenitors and maturing myeloid cells

• Loss of synchronized expression on granulocytes including the  
failure of CD64/CD33, CD16/CD13, and CD16/CD11b antigens to 
co-express as expected

• Characteristic lymphoid antigens such as CD2, CD5, CD7, CD19, 
and CD56 inappropriately expressed on granulocytes and/or 
monocytes

• Decreased or absent CD4, CD13, and HLA-DR antigen expression 
on monocytes

• Retention of an abnormally immature phenotype due to expansion 
of immature CD34+  and CD34-/CD117+  cells

★ TabLe 25-3 Characteristic Flow Cytometric Analysis 
of Myelodysplastic Syndromes
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blood cells is common. Less than 1% blasts are present in the periph-
eral blood and 65% blasts are in the bone marrow. The bone marrow 
is hypercellular because of increased erythropoiesis or sometimes 
normocellular. Dyserythropoiesis is present without prominent ring 
sideroblasts. In RA, dysplasia is seen in 6192% in the granulocytic 
and thrombocytic cells.

Chromosomal analysis is frequently helpful in diagnosing RCUD 
because of the minimal morphologic changes in some cases. Exclud-
ing other reactive causes of cytopenias and associated dysplasia is also 
important. Patients with pancytopenia and morphologic dysplasia of 
only one cell line should be classified as MDS, unclassified (MDS, U) 
rather than this category.

Refractory Cytopenia with Unilineage 
Dysplasia (RCUD)
The category refractory cytopenia with unilineage dysplasia 
(RCUD) is for cases with isolated cytopenia or bicytopenia accom-
panied by unilineage dysplasia. It includes refractory anemia (RA) 
and less common cases of refractory neutropenia and refractory 
thrombocytopenia. These cases together make up approximately 
10–20% of all types of MDS; refractory neutropenia and refractory 
thrombocytopenia represent only 1–2%. In general, RCUD cases have 
an extended course with the rate of progression to AML of 65% at 
5 years. Most patients present with a normocytic, normochomic, or 
sometimes macrocytic anemia. Variation in size and shape of the red 

classification Peripheral blood bone Marrow

Refractory cytopenia with unilineage  
dysplasia (RCUD)

 Refractory anemia (RA)

 Refractory neutropenia (RN)

 Refractory thrombocytopenia (RT)

Unicytopenia or bicytopeniaa

Rare or no blasts (61%)

Unilineage dysplasia

Ú10% of cells in affected lineage are dysplastic

65% blasts

615% ring sideroblast

Refractory anemia with ring sideroblasts 
(RARS)

Anemia

No blasts

Ú15% ring sideroblasts

Erythroid dysplasia only

65% blasts

Refractory cytopenia with multilineage 
 dysplasia (RCMD)

Cytopenias (bicytopenia or pancytopenia)

Rare or no blasts (61%)

No Auer rods

61 * 109/L monocytes

Dysplasia in Ú10% of the cells of two or more lineages

65% blasts in marrow

No Auer rods

Variable % of ring sideroblasts

Refractory anemia with excess blasts 1 Cytopenias

65% blasts

No Auer rods

61 * 109/L monocytes

Unilineage or multilineage dysplasia

5–9% blasts

No Auer rods

Refractory anemia with excess blasts 2 Cytopenias

5–19% blasts

{  Auer rods

61 * 109/L monocytes

Unilineage or multilineage dysplasia

10–19% blasts

{  Auer rods

MDS associated with isolated del(5q) Anemia

Usually normal or increased platelet count

No or rare blasts (61%)

Normal to increased megakaryocytes with 
 hypolobulated nuclei

65% blasts

Isolated del(5q) cytogenetic abnormality

No Auer rods

Myelodysplastic syndrome, unclassifiable Cytopenias

Rare or no blasts (…1%)

Unequivocal dysplasia in 610% of cells in 1 or more 
cell lines

65% blasts

Cytogenetic abnormalities characteristic of MDS

aBicytopenia is occasionally observed. Cases with pancytopenia should be classified as MDS, unclassified.

Zhou J, Orazi A, Czader MB. Myelodysplastic syndromes. Semin Diag Path. 2001;28:258–72.

Vardiman JW, Thiele J, Arber DA et al. The 2008 revision of the World Health Organization (WHO) classification of myeloid neoplasms and acute leukemia: rationale 
and important changes. Blood. 2009;114:937–51. 

Brunning rD, Orazi a, germing U et al. myelodysplastic syndromes. In Swerdlow SH, Campo E, Harris Nl et al., eds. World Health Organization Classification of 
Tumours: Pathology and Genetics of Tumours of Hematopoietic and Lymphoid Tissues. Lyon, France: IARC Press, 2008:89–93.

★ TabLe 25-4 2008 World Health Organization Classification Criteria for Myelodysplastic Syndromes
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blastlike nuclei with nucleoli and no chromatin condensation, and 
the cytoplasm contains large bizarre granules. Ring sideroblasts may 
be increased, but the elevated blast count differentiates RAEB from 
RARS. In some cases, differentiating RAEB from acute leukemia is 
difficult. Serial examinations are sometimes necessary to make an 
accurate diagnosis.

A difference in survival for patients having 5–9% blasts and those 
having 10–19% blasts has been shown. Patients with 79% blasts have 
a worse outcome. The separation of these two groups into RAEB-1 
(5–9% blasts in bone marrow, 65% blasts in the peripheral blood) 
and RAEB-2 (10–19% blasts in the bone marrow, 5–19% blasts in the 
peripheral blood) provides a more accurate prognostic classification.15 
If the blast percentage is 65% in the bone marrow and 2–4% blasts 
are consistently present in the blood, these cases are also classified as 
RAEB-1. Cases with 65% blasts in the peripheral blood and 610% 
blasts in the bone marrow and Auer rods present are also placed in 
RAEB-2.24

This subgroup is one of the most common, accounting for 
30–40% of MDS cases and has the worst prognosis. Approximately 
25% of RAEB-1 and 35–50% of RAEB-2 progress to AML.3

MDS Associated with Isolated del(5q)
MDS patients with an isolated deletion of the long arm of chromo-
some 5 (del[5q] or 5q- ) and no other chromosomal abnormalities 
appear to have a unique disease course characterized by a favorable 
prognosis and low risk of transformation into AML. Women have a 
marked predominance of cases (70%), and the mean age at presenta-
tion is 66 years. The main features are macrocytic anemia, moderate 
leukopenia, normal to increased platelet count, hypolobulated mega-
karyocytes, and 61% blasts in the peripheral blood and 65% in the 
bone marrow. The bone marrow is usually hypercellular or normocel-
lular with normal to increased megakaryocytes, some with hyperlobu-
lated nuclei.24 The JAK2 V617F mutation has recently been found in 
a small subset of patients with isolated del(5q). These patients have 
slightly higher WBC and platelet counts but no separate classification 
has been established to date.3

Myelodysplastic Syndrome, Unclassifiable
When the MDS does not fit any of the defined WHO subgroups, 
it is placed in the MDS, U category. Examples are cases of RCUD 
or RCMD with 1% myeloblasts in the blood, MDS with pancyto-
penia and dysplasia limited to one cell lineage, or patients with 
no increase in blasts, persistent cytopenias, and 610% dysplastic 
cells in any lineage but having cytogenetic abnormalities consistent 
with MDS.3,30

Childhood MDS
Childhood MDS is rare and accounts for 65% of cases of hematopoi-
etic neoplasms in children. The manifestation of MDS in adults and in 
children has major differences, and pediatric hematologists deemed 
previous classification systems not useful.36

The 2008 WHO classification of MDS introduced a provisional 
entity, refractory cytopenia of childhood (RCC), specifically for child-
hood cases of MDS with 62% blasts in the peripheral blood and 65% 
in the marrow and persistent cytopenias associated with dysplasia in at 

Refractory Anemia with Ring 
Sideroblasts (RARS)
Refractory anemia with ring sideroblasts (RARS) presents as an 
unexplained anemia with morphologic dysplasia in the erythroid cell 
line. Ring sideroblasts account for Ú15% of the erythroid precursor 
cells in the bone marrow. This subgroup accounts for approximately 
5–10% of all cases of MDS. The anemia is usually macrocytic and is 
less often normocytic. Sometimes evidence of a dual population of 
normochromic and hypochromic cells exists. The peripheral blood 
shows reticulocytopenia and often leukopenia. The platelet count is 
occasionally increased. A few cases exhibit granulocyte and platelet 
morphologic abnormalities; however, classic cases of RARS have no 
significant dysplasia in these cell lines.

The bone marrow is hypercellular with megaloblastoid dys-
erythropoiesis. If dysgranulopoiesis and dysmegakaryopoiesis are 
present, they are mild. The marrow has 65% blast cells. Chromo-
somal abnormalities appear in 6  10% of cases. Approximately 1–2% 
of cases evolve into AML. Secondary causes of ring sideroblasts, such 
as exposure to toxic substances, certain drugs, and alcoholism should 
be ruled out.24

Refractory Cytopenia with Multilineage 
Dysplasia (RCMD)
Refractory cytopenia with multilineage dysplasia (RCMD) is 
characterized by dysplastic features in at least 10% of the cells in two 
or more cell lineages, 65% blasts in the bone marrow, and 61% blasts 
in the peripheral blood. This is one of the most common subgroups, 
representing 30–40% of all MDS cases. Studies have shown that indi-
viduals with RCMD have a worse prognosis than those with dyspla-
sia in only one lineage; thus, a new subgroup was added in 2001.20 
Patients usually display cytopenias in two or more lineages and have 
61 * 109/L monocytes present in the peripheral blood. Ring sid-
eroblasts can exceed 15% of the nucleated red blood cells in the mar-
row. Chromosomal abnormalities can be present in up to 50% of cases 
in this category, some being complex. The frequency of evolution to 
AML is approximately 10% within 2 years of onset.

Refractory Anemia with Excess 
Blasts (RAEBs)
In refractory anemia with excess blasts (RAEBs), cytopenia 
occurs in at least two lineages and conspicuous qualitative abnor-
malities are in all three lineages. The anemia is normocytic or slightly 
macrocytic with reticulocytopenia. Evidence of dysgranulopoiesis 
is prominent. The peripheral blood has 2–19% blasts. Monocytosis 
without leukocytosis can be present, but the absolute monocyte count 
does not exceed 1 * 109/L, and serum and urinary lysozyme levels 
are normal. Platelet abnormalities include giant forms, abnormal gran-
ularity, and functional aberrations. Sometimes circulating micromega-
karyocytes can be found.

The bone marrow is hypercellular but less often is normocellu-
lar with varying degrees of granulocytic and erythrocytic hyperplasia. 
All three lineages show signs of dyshematopoiesis. ALIP is most com-
mon in this subtype.3 The proportion of blasts varies from 5–19%. 
Abnormal promyelocytes can be present. These abnormal cells have 
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Hypoplastic MDS (h-MDS) should be considered when the 
bone marrow cellularity is 630% or 620% in patients older than 60 
years of age. The criteria for MDS must be met in hypoplastic cases 
as well as in the hypercellular or normocellular cases. Dysplasia can 
be difficult to identify, and dyserythropoiesis has been described in 
aplastic anemia. Dysmegakaryopoiesis and dysgranulopoiesis, how-
ever, are most characteristic of MDS and can be helpful findings. In 
addition, ALIP, indicating abnormal bone marrow architecture, is typi-
cal of MDS. If present, chromosomal abnormalities help distinguish 
MDS from aplastic anemia as do immunohistochemistry stains and 
immunophenotyping by flow cytometry for CD34 and the presence 
of megakaryocytes.3 The distinction of MDS from AML can be made 
based on the blast count. A count 719% indicates AML. Although the 
pathophysiology of hypoplastic MDS is unknown, secretion of inhibi-
tory cytokines by autoreactive or clonal-involved T cells is believed to 
suppress normal hematopoiesis.37

MDS with Fibrosis
Mild to moderate fibrosis has been described in up to 50% of 
patients with MDS; marked fibrosis can be seen in 10–15% of 
cases.25,38 The incidence of fibrosis appears to be even higher in 
therapy-related MDS. If fibrosis is present, other diagnoses includ-
ing primary myelofibrosis (Chapter  24), chronic myelogenous 
leukemia (Chapter  24), and acute megakaryoblastic leukemia 
(Chapter  26) should be considered and excluded. MDS patients 
with fibrosis typically have pancytopenia, excess blasts, hypocel-
lular bone marrow with fibrosis, trilineage dysplasia, small mega-
karyocytes with hypolobulated nuclei, and no hepatomegaly or 
prominent splenomegaly.25,37 The increased fibrosis is thought 
to be produced by the liberation of cytokines such as transform-
ing growth factor@b (TGF@b) and platelet-derived growth factor 
(PDGF) from dysplastic megakaryocytes.19,25,38

Therapy-Related Myelodysplasia
Myelodysplasia secondary to alkylating chemotherapy and/or 
radiotherapy for other malignant or nonmalignant diseases is fre-
quently referred to as therapy-related or treatment-related MDS 
(t-MDS). It should be noted, however, that MDS can develop as a 
second primary disorder unrelated to therapy, especially if MDS 
develops a very short or a very long time after therapy. In the 2008 
WHO classification, these cases are placed in the category ther-
apy-related myeloid neoplasms under acute myeloid leukemia and 
related neoplasms.39

Development of MDS or acute leukemia (AL) appears to be 
related to the therapy’s duration, amount, and repetition as well as 
the patient’s age. The highest incidence of t-MDS occurs 3–8 years 
after treatment, and long-term use of DNA alkylating agents appears 
to present the highest risk.23,36 Currently, there is no way to predict 
which patients will develop MDS after treatment; therefore, monitor-
ing after therapy is not recommended.23

Compared with primary MDS, t-MDS tends to have a younger 
age of onset, an increased frequency and severity of thrombocyto-
penia, and a higher percentage of patients presenting with RAEB.40 

varIanTS oF MdS
A number of patients have blood and/or marrow findings that cause 
diagnosis and/or classification problems. Some of these occur often 
enough to consider them as variants of MDS, but the 2008 WHO clas-
sification does not formally recognize them. The recommendation is 
that these cases be classified according to one of the subgroups and 
note the unusual morphologic features, such as “RAEB-2 with hypo-
plastic marrow.”3,24

Hypoplastic MDS
Although most MDS cases are associated with hypercellular or nor-
mocellular bone marrows, about 5–10% have hypocellular marrows. 
The hypocellular marrow does not appear to affect survival rate, nor 
does it influence progression to AML.3 In these cases, bone marrow 
biopsy is necessary to exclude a diagnosis of aplastic anemia or hypo-
plastic AML. This distinction is important because the diagnosis influ-
ences treatment and prognosis.

When a diagnosis of MDS is considered for a patient, 
why must other causes of reactive cytopenias be ruled 
out? What type of testing helps determine the diagnosis 
of MDS?

CheCkpoint 25-6

Review Hancock’s peripheral blood and bone marrow 
features previously identified.

11. What is the most likely MDS subgroup, and on what 
criteria is the answer based?

caSe STudy (continued from page 487)

least two cell lines. Other childhood cases of MDS with 2–19% blasts 
in the peripheral blood and 5–19% blasts in the bone marrow should 
be categorized the same as for adults. Dysplasia in children with MDS 
is less pronounced, and the more aggressive subtype (RAEB) predomi-
nates; progression to acute leukemia is faster than in adults. Age of 
2 years or less and a hemoglobin F level of 10% or higher are associ-
ated with a poor prognosis.22 Cytogenetic abnormalities are seen in 
approximately 70% of cases, and monosomy 7 is the most common 
cytogenetic change. Unlike adults, abnormalities of chromosome 7 do 
not seem to be associated with a poor prognosis in children. One-third 
of children with MDS have genetic predisposition syndromes, such as 
Down syndrome.22 These cases have been moved to a new category, 
myeloid leukemia in Down syndrome, and are now excluded from 
the MDS.36
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In most cases, the qualitative changes are marked with trilineage 
involvement, typical of RAEB. The number of blasts, however, is usu-
ally 65%, typical of refractory anemia. Despite the low percentage 
of blasts, the clinical course of the disease reflects profound marrow 
failure, and the outcome is very unfavorable (a median survival of 
4–6 months).40 Complex karyotypes are present in the majority of 
t-MDS cases.

PrognoSIS
The median survival for all types of MDS is 62 years; however, 
some patients can survive many years with continuous transfusion 
therapy. The mortality rate varies from 58–72%. Leukemic transfor-
mation ranges in incidence from 10–40%. The likelihood of trans-
formation to AML increases with the presence of severe cytopenias, 
more overt dysplastic features of cells, and complex chromosome 
abnormalities.19

The International Prognostic Scoring System (IPSS)41,42 was 
developed in 1997 to assist physicians in predicting prognosis and 
selection of optimal therapy for individuals diagnosed with MDS. 
This system was developed using data from seven large studies that 
had previously generated prognostic systems and was accepted world-
wide. The prognostic score was based on the percentage of blasts in the 
bone marrow, cytogenetic abnormalities, and number of cytopenias, 
and patients were divided into four risk groups with distinct risks of 
death and leukemic transformation. Low scores indicate prolonged 
survival.

The WHO Classification-Based Prognostic Scoring System 
(WPSS) was published in 2011 (Table 25-5 ★).43 This prog-
nostic scoring system utilizes the WHO category of MDS clas-
sification, karyotype, and transfusion requirements and assigns 
patients to five risk groups of survival and probability of leukemic 
progression.

Points Who category Karyotypeaa Transfusion requirementb

0 RA, RARS, 5q- good None

1 RCMD Intermediate Regular

2 RAEB-1 Poor —

3 RAEB-2 — —

use summed points to determine risk category
WpSS risk group  Score

Very low 0

Low 1

Intermediate 2

High 3–4

Very high 5–6

aKaryotypes: good = normal, -y, del(5q-) only, del(20q-) only. Poor = complex 
(Ú3 abnormalities), or chromosome 7 abnormalities. Intermediate = all others.
bTransfusion dependency is defined as at least one red blood cell 
 transfusion every 8 weeks over a period of 4 months.

★ TabLe 25-5 WHO Classification-Based Prognostic  
Scoring System (WPSS) of Myelodydysplastic 
Syndromes

Prognostic variable 0 0.5 1 1.5 2 3 4

Marrow blasts % …2 72- 65 5–10 710

Karyotypea Very good good Intermediate Poor Very Poor

Hemoglobin (g/dL) Ú10 8–10 68

Platelets (*109/L) Ú100 50- 6100 650

Absolute neutrophil count (*109/L) Ú0.8 60.8

IPSS risk group Score

Very low …1.5

Low 71.5-3

Intermediate 73-4.5

High 74.5-6

Very high 76

aCytogenetic prognostic subgroups include: Very good [–y, del(11q)]; good [normal, del(5q), del(12p), del(20q), double including del(5q)]; Intermediate 
[del(7q), +8, +19, i(17q), any other single or double independent clones]; poor [–7, inv(3)/t(3q)/del(3q), double including –7/del(7q), complex: 3 abnormali-
ties]; Very poor (complex: >3 abnormalities).

★ TabLe 25-6 International Prognostic Scoring System-Revised (IPSS-R) for the Myelodysplastic Syndromes

In 2012 a revised International Prognostic Scoring System 
(IPSS-R) was published that integrated additional clinical features to 
improve prognostic assessment44 (Table 25-6 ★). The IPSS-R incor-
porated additional new cytogenetics and clinical features including 
the degree of cytopenia of three lineages (erythroid, platelets, and neu-
trophils). The karyotypes were split into five cytogenetic prognostic 
subgroups, rather than the three subgroups used in the original IPSS, 
and the marrow blast percentage values were adjusted. It was further 
refined by categorizing patients into five rather than four prognostic 
categories. The IPSS-R is based on a much larger combined database 
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MyeLodySPLaSTIc/
MyeLoProLIFeraTIve 
neoPLaSMS (MdS/MPns)
The category of myelodysplastic/myeloproliferative neoplasms 
(MDS/MPNs) includes clonal hematopoietic neoplasms that, at the 
time of initial presentation, have some clinical, laboratory, or morpho-
logic findings of both an MDS and an MPN.30,51 Typically, patients 
with MDS/MPN have a hypercellular bone marrow associated with 
proliferation in one or more of the myeloid lineages. Frequently, the 
proliferation is effective and results in increased numbers of circu-
lating cells. However, these cells commonly are morphologically and 
functionally dysplastic. While one or more lineages can show hyper-
proliferation, one or more other lineages can exhibit ineffective pro-
liferation and resulting cytopenia(s). The percentage of blasts in the 
bone marrow and peripheral blood is always 620%. At present, there 
are no identified genetic defects specific for any of the entities included 
in this category. However, recurring chromosomal and molecular 
abnormalities have been described (Table 25-7 ★).

Clinical symptoms can result from cytopenia(s) when present, 
dysplastic cells that do not function properly, and leukemic infiltration 
of various organs. Splenomegaly and hepatomegaly are commonly 
found, but the clinical presentation is highly variable. The incidence 
varies widely, depending on the specific disease, as do the prognosis 
and tendency for clonal evolution and disease progression. The dis-
orders included in MDS/MPN are:

•	 Chronic myelomonocytic leukemia
•	 Atypical chronic myeloid leukemia, BCR/ABL1-

•	 Juvenile myelomonocytic leukemia, and
•	 MDS/MPNs, unclassifiable (Table 25-7).

Chronic Myelomonocytic Leukemia
Chronic myelomonocytic leukemia (CMML) is a clonal 
hematopoietic neoplasm associated with a persistent monocytosis 
(71 * 109/L) in the peripheral blood (Figure 25-12 ■). Although 
the finding of absolute monocytosis is required for diagnosis, other 
hematologic findings are remarkably variable. Leukocytosis, leuko-
penia, neutrophilia, and neutropenia are all possibilities in CMML. 
Dyshematopoiesis can range from minimal expression in a single lin-
eage to marked dysplasia in all the lineages.

The cell of origin is believed to be the HSC. Clonal cytogenetic 
abnormalities are found in 20–40% of patients, but none are specific. 
The most frequently reported abnormalities include +8, -7/del(7q), 
del(12p), del(20q), isochromosome 17q [i(17q)], and complex karyo-
type. Mutations of the N-RAS/K-RAS, RUNX1, TET2, CBL, or ASX1 
proto-oncogenes are found in ∼40% of patients.52

With an annual incidence of ∼3/100,000, most patients 
with CMML are older than 50 years (median age at diagnosis 
∼70 years). Median survival time is 20–40 months, and progression 
to acute leukemia is seen in 15–30% of cases.

The WHO recommendations of diagnostic criteria for CMML 
are as follows: peripheral blood monocytosis 71 * 109/L, 620% 
blasts (myeloblasts, monoblasts, and promonocytes) in the peripheral 
blood and bone marrow, dysplasia in one or more myeloid lineages, 

TheraPy
Myelodysplastic syndromes are so heterogeneous that therapy must 
be based on the patient’s risk stratification, transfusion needs, the 
number of blasts seen, and more recently, the patient’s cytogenetic pro-
file. Patients evaluated as lower risk can be given RBC transfusions to 
treat anemia associated with MDS. Erythropoiesis-stimulating agents 
and thrombopoietic receptor agonists may be effective in countering 
thrombocytopenia.45 Antibiotics are necessary for infections that are 
likely to follow neutropenia but are not recommended as a prophy-
lactic treatment.46 The National Comprehensive Cancer Network 
(NCCN) recommends the use of iron chelation therapy in patients 
with ferritin levels Ú2500 mg/L.45,47

Immunosuppressive therapy such as that with cyclosporine or 
antithymocyte globulin (ATG) is controversial but may be considered 
in some patients. ATG consists of pooled antibodies against human 
T lymphs. This treatment can be effective because abnormal autoim-
mune activity of activated T cells against myelocytic cell lines may 
contribute to the development of MDS.47,48

The U.S. Food and Drug Administration (FDA) has approved 
three drugs for the treatment of MDS: azacitidine, decitabine, and 
lenalidomide. Azacitidine and its deoxy derivative decitabine are 
pyrimidine nucleoside analogues of cytidine. As such, they incor-
porate into DNA to act as false substrates and in this way reversibly 
inhibit DNA methyltransferase to block DNA methylation. The result-
ing hypomethylation can activate tumor suppressor genes silenced 
by hypermethylation, producing an antitumor effect. Although the 
mechanism of action of lenalidomide remains incompletely under-
stood, it appears to have multiple mechanisms of action including 
direct antitumor effect, inhibition of the microenvironment that sup-
ports tumor cells, and an immunosuppressive function. Interestingly 
in MDS with del(5q), lenalidomide inhibits the malignant cell line, but 
in MDS without 5q deletions, lenalidomide exerts its effect by promot-
ing erythropoiesis.49

The treatment options for patients with higher risk MDS could 
include the same treatment options for lower risk patients but tra-
ditionally have also utilized classical combination therapy with 
anthrocycline and cytarabine. The most important prognostic factor 
governing the response of patients to such AML-like therapy is the 
patient’s karyotype. Patients with -7, del(7q), or complex karyotype 
do not respond favorably to this regimen.47 Allogeneic stem cell trans-
plantation is usually not recommended for patients with lower risk 
MDS but remains a viable treatment option for children and higher 
risk patients and is potentially curative.40,47,50

Hancock’s karyotope showed multiple complex 
abnormalities.

12. Using the IPSS, what is the prognosis for Hancock?

caSe STudy (continued from page 492)

of patients provided by the International Working Group for Prog-
nosis in MDS (IWG-PM) and is expected to provide an improved  
prognostic categorization model.
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marrow. Under these guidelines, CMML-1 is defined as having 65% 
blasts in the peripheral blood and 610% blasts in the bone marrow. 
CMML-2 is defined as presenting with 5–19% blasts in the blood or 
10–19% blasts in the marrow or whenever Auer rods are present.52

Atypical Chronic Myeloid Leukemia 
(aCML, BCR/ABL1-)
The latest revision of the WHO classification of myeloid neoplasms 
renamed atypical chronic myeloid leukemia (aCML) to aCML  
BCR/ABL1- to emphasize that the disorder is not merely an atypi-
cal CML. Atypical chronic myeloid leukemia (aCML, BCR/
ABL1-) is a variant of MDS/MPN characterized by primary involve-
ment of the neutrophil series with leukocytosis involving dysplastic 
immature and mature neutrophils. Multilineage dysplasia is common.

The annual incidence of aCML, BCR/ABL1- is ∼3 in 100,000. 
Most patients are older with the median age at diagnosis in the 7th to 
8th decade. Median survival time is 620 months, and progression to 
acute leukemia is seen in 25–40% of cases.

The cell of origin is believed to be the common myeloid pro-
genitor cell (CMP). Reported cytogenetic abnormalities are similar 
to CMML. They include +8, +13, del(20q), i(17q), and del(12p). 
The BCR/ABL1 fusion gene is absent, and the specific genes N-RAS/ 
K-RAS, RUNX1, TET2, CBL, or ASX1 are mutated in nearly 30% 
of the cases.52

For a diagnosis of aCML, BCR/ABL1-, the peripheral blood WBC 
must be in excess of 13 * 109/L with increased dysplastic neutrophils 
and their precursors. Promyelocytes, myelocytes, and metamyelocytes 
comprise 710% and blasts constitute 620% of the peripheral blood 
leukocytes. Absolute monocytosis and basophilia are mostly absent. 
Dysplasia and ineffective hematopoiesis in other cell lines frequently 
result in anemia and thrombocytopenia.

aCML, BCR/ABL1- typically presents with a hypercellular bone 
marrow. Dysplastic granulocytes account for most of the hypercellu-
larity, dysplasia of the erythrocytic and megakaryocytic lineages may 
or may not be present. Immunophenotype and cytochemistry results 

absence of the BCR/ABL1 fusion gene, and no rearrangement 
of PDGFRA or PDGFRB genes. However, the CMML diagnosis 
includes some important caveats to these diagnostic criteria. One cau-
tion is that abnormal monocytes are often seen in both the peripheral 
blood and the bone marrow but should be excluded from the blast 
count. A second is that if dysmyelopoiesis is minimal, a CMML diag-
nosis is still possible if the other characteristics are present and if 
frequently occurring genetic markers are present in the hematopoietic 
cells, if the monocytosis has been persistent for at least 3 months, or if 
other causes of monocytosis have been excluded.51,52

Some CMMLs are more myeloproliferative in nature, whereas 
others display more dysplastic characteristics. Currently, the WHO 
proposes that CMMLs be divided into two subcategories, depend-
ing on the number of blasts present in the peripheral blood and bone 

classification Peripheral blood bone Marrow genetics Immunophenotype

Chronic myelomonocytic 
leukemia (CMML-1)

Monocytosis 
71 * 109/L; 65% blasts 
(including promonocytes)

610% blasts (including promonocytes); 
dysplasia of Ú1 myeloid lineages

BCR/ABL1- CD33, CD13+ ; CD14, CD68, 
CD64 variable; lysozyme+

CMML-2 5–19% blasts (including 
promonocytes)

10–19% blasts (including promonocytes 
or when Auer rods present, regardless 
of blast/promonocyte count

(same as CMML-1) (same as CMML-1)

Atypical chronic myeloid  
leukemia (aCML,  
BCR/ABL1- )

Leukocytosis (610% 
monocytes); 65% blasts; 
promyelocytes, myelocytes, 
metamyelocytes 10–20%

Hypercellular; 620% blasts; dysgranu-
lopoiesis; occasionally dyserythropoiesis

BCR/ABL1- CD33, CD13+ ; MPO+

Juvenile myelomonocytic 
leukemia (JMML)

Monocytosis 
71 * 109/L; 620% blasts

Hypercellular; 620% blasts; dysgranu-
lopoiesis; occasionally dyserythropoiesis

BCR/ABL1- CD33, CD13+ ; CD14, CD68, 
CD64 variable; lysozyme+

Myelodysplastic/ 
myeloproliferative 
 neoplasm, unclassifiable 
(MDS/MPN, U)

Anemia, leukocytosis and/
or thrombocytosis; 620% 
blasts

Hypercellular; proliferation in any or all 
myeloid lineages

BCR/ABL1- Nondiagnostic

★ TabLe 25-7 The Myelodysplastic/Myeloproliferative Neoplasms (MDS/MPNs)

■  FIgure 25-12 Increased monocytes in the peripheral 
blood from a patient with CMML (Wright stain, 1000*  
magnification).
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on the type of therapy chosen. Without effective treatment, most chil-
dren die from organ failure as the result of leukemic infiltration. About 
10–20% progress to acute leukemia.

The following criteria have been established for the diagnosis 
of JMML: absolute monocytosis (71 * 109/L), 620% blasts in the 
peripheral blood and bone marrow, absence of the BCR/ABL1 fusion 
gene in addition to at least two of the following: myeloid precursors 
in the peripheral blood, leukocytosis of 710 * 109/L, increased fetal 
hemoglobin for the patient’s demographic, or hypersensitivity of the 
hematopoietic progenitor to GM-CSF.

Myelodysplastic/Myeloproliferative 
Neoplasm, Unclassifiable (MDS/MPN, U)
This subcategory, MDS/MPN, U, is used for cases that have clinical, 
laboratory, and morphologic features that support a diagnosis of 
both MDS and MPN but do not meet the criteria of the other enti-
ties included in the MDS/MPN category. No cytogenetic or molecular 
genetic findings are specific for this group. The presence of the BCR/
ABL1 fusion gene must always be excluded.

The MDS/MPN, U disorders are characterized by the prolifera-
tion of one or more of the myeloid lineages that are ineffective and/
or dysplastic. Proliferation of the other myeloid lineages is generally 
effective with or without dysplasia. Anemia (with or without macro-
cytosis) usually occurs, occasionally with a dimorphic population of 
RBCs. The bone marrow is hypercellular and can show proliferation 
in any or all of the myeloid lineages. Dysplastic features are present 
in at least one lineage. Typically, the patient has 620% blasts in the 
blood and bone marrow and prominent myeloproliferative features 
associated with either thrombocytosis or leukocytosis. The bone mar-
row and peripheral blood are always involved; extramedullary tissues 
(liver, spleen) are sometimes also involved.

Juvenile Myelomonocytic Leukemia
Juvenile myelomonocytic leukemia (JMML) is an aggressive child-
hood myeloproliferative disorder characterized by proliferation and 
immaturity of the granulocytic and monocytic lineages in the peripheral 
blood and bone marrow. Dysmyelopoiesis and dyserythropoiesis but 
rarely dysmegakaryopoiesis are evident in the bone marrow. Concomi-
tantly, as a result of the myelomonocytic expansion in the bone mar-
row, JMML patients often present with anemia and thrombocytopenia.

The cell of origin is believed to be the HSC. Gain of function 
mutations of N-RAS and K-RAS and disruption of tumor suppres-
sor genes are essential initiating events in the development of JMML. 
Moreover, somatic mutations in PTPN11 (that encodes a protein tyro-
sine phosphatase) have been found in 35% of JMML cases and have 
been recommended for inclusion in the diagnostic criteria.53 Mono-
somy 7 can also be included for diagnostic purposes.

The annual incidence of JMML is 0.13/100,000 children (age 
0–14 years of age). It accounts for 6293% of all leukemia in children. 
The age at diagnosis is variable (from 1 month to early adolescence), 
but 75% of cases are diagnosed in children 63 years old. A significant 
association of JMML with neurofibromatosis type 1 (NF-1) exists with 
∼10% of cases of JMML occurring in children with this diagnosis. 
The overall prognosis is poor, although survival times can vary based 

How do the laboratory findings of aCML, BCR/ABL1- dif-
fer from those observed in CML (Chapter 24)?

CheCkpoint 25-7

are typical for the neutrophil lineage although LAP scores can be 
elevated, normal, or low.

Summary
The myelodysplastic syndromes are pluripotential hema-
topoietic stem cell disorders characterized by one or more 
peripheral blood cytopenias and prominent cellular matura-
tion abnormalities. The bone marrow is usually normocellular 
or hypercellular, indicating a high degree of ineffective hema-
topoiesis. The most commonly encountered abnormal karyo-
types in MDS are the -5/del(5q), -7/del(7q), +8, del(20q), 
-y, and complex karyotype. Mutated genes of significance 
include ASXL1, EGR1, EVI1, FLT3, JAK2, NPM1, N-RAS, K-RAS, 
RUNX1, and p53.

Although anemia is the most common cytopenia, neu-
tropenia and thrombocytopenia also occur. Erythrocytes are 
macrocytic or less frequently normocytic. Erythropoiesis in 
the bone marrow is abnormal with megaloblastoid features 
commonly present. Neutrophils can show hyposegmentation 
of the nucleus and hypogranulation. Megakaryocytes also 
show megaloblastoid features. Platelets can be large and 
agranular.

The WHO group has classified the MDSs into six subgroups 
depending on the blast count, degree of dyspoiesis and cyto-
penias, and presence of abnormal cytogenetic findings. These 
include RCUD, RARS, RCMD, RAEB, del(5q), and MDS, U. Sub-
groups with higher blast counts and involvement of multiple 
lineages in dyspoiesis and complex cytogenetic abnormalities 
are more aggressive disorders. MDS frequently terminates in 
acute leukemia; treatment is variable because of the heteroge-
neous presentation of the disease. Treatment options are made 
based on multiple clinical parameters including the patient’s 
cytogenetic profile.

The myelodysplastic/myeloproliferative neoplasm category 
(MDS/MPN) includes disorders that have features of both a 
myeloproliferative neoplasm and a myelodysplastic syndrome 
simultaneously. This category includes CMML, aCML, BCR/ABL1-, 
JMML, and MDS/MPN, U. An important diagnostic consider-
ation is absence of the BCR/ABL1 fusion gene in these patients.
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Review Questions
Level i

 1. In addition to the number of blasts, what other criterion is 
essential for a diagnosis of RARS? (Objective 2)

 A. at least 15% ring sideroblasts

 B. at least 30% ring sideroblasts

 C. dyshematopoiesis in all three cell lineages

 D. pancytopenia

 2. A patient with suspected MDS exhibits anemia, neu-
tropenia, anisocytosis, poikilocytosis, oval macrocytes, 
Howell-Jolly bodies, hypogranular neutrophils, and a few 
pseudo–Pelger-Huët cells. The differential shows a few 
immature granulocytes but no blasts. Which MDS sub-
group is most likely? (Objective 2)

 A. RCUD

 B. RARS

 C. RCMD

 D. RAEB

 3. The WHO classification system incorporates which of the 
following for diagnosis: (Objective 2)

 A. the presence of cellular dysplasia

 B. cytogenetics

 C. morphology

 D. all of the above

 4. The type of anemia usually seen in MDS is: (Objectives 1, 3)

 A. macrocytic, normochromic

 B. normocytic, normochromic

 C. microcytic, hypochromic

 D. normocytic, hypochromic

 5. The most common cytopenia(s) seen in MDS is(are): 
 (Objective 3)

 A. leukopenia

 B. thrombocytopenia

 C. anemia

 D. a combination of two of the above

 6. The typical bone marrow cellularity in MDS is: (Objective 3)

 A. hypocellular

 B. normocellular

 C. hypercellular

 D. fibrotic

 7. aCML, BCR/ABL1- is classified as: (Objective 5)

 A. MDS

 B. AML

 C. MPN

 D. MDS/MPN

 8. The most common dyserythropoietic finding in the bone 
marrow in MDS is: (Objective 3)

 A. megaloblastoid development

 B. impaired hemoglobinization

 C. pseudo–Pelger-Huët cells

 D. agranular cytoplasm

 9. Which abnormality demonstrates myelocytic dysplasia? 
(Objective 3)

 A. dimorphism

 B. pseudo–Pelger-Huët cells

 C. sideroblasts

 D. all of the above

 10. This group of neoplasms is characterized by a hypercel-
lular bone marrow, effective proliferation of one or more 
myeloid lineages, but morphologically and functionally 
dysplastic cells. (Objective 4)

 A. MDS

 B. MPN

 C. MDS/MPN

 D. AML

Level ii

 1. According to the 2008 WHO Classification System, what is 
the minimum percentage of bone marrow blasts needed 
for a diagnosis of acute leukemia? (Objective 4)

 A. 19%

 B. 30%

 C. 5%

 D. 20%

 2. The t-MDS differ from primary MDS in that in t-MDS: 
(Objective 6)

 A. the abnormal stem cell arises de novo

 B. the dysplastic stem cell often develops after 
chemotherapy

 C. the dysplastic stem cells have fewer and less complex 
abnormal karyotypes

 D. the prognosis is more favorable
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Use the following case history to answer questions 8–10.

A patient presents with the following laboratory data:

RBC 2.30 * 1012/L
Hb 7.8 g/dL (78 g/L)
Hct 0.24 L/L
MCV 104 fL
RDW 20
WBC 8.5 * 109/L
PLT 140 * 109/L

The differential was normal except for 2% metamyelocytes. 
Oval macrocytes, a few abnormal NRBC, and a few sidero-
cytes were seen. The bone marrow contained 3% blasts 
and exhibited hypercellularity with megaloblastoid devel-
opment in erythroid cells.

 3. Progression of MDS to acute leukemia is characterized by: 
(Objective 4)

 A. an increase in blast population

 B. decreased bone marrow cellularity

 C. a decreased M:E

 D. splenomegaly

 4. The IWGM-MDS has determined that the distinguishing 
feature between promyelocytes and granular blasts in 
MDS is: (Objective 2)

 A. the presence of dysplasia in promyelocytes but not in 
blasts

 B. the presence of a poorly staining golgi in 
promyelocytes

 C. the presence of fine, azurophilic chromatin in blasts

 D. scant, basophilic cytoplasm in promyelocytes

 5. The contrast between a hypercellular bone marrow and a 
cytopenic peripheral blood film seen in MDS is attributed 
to: (Objective 1)

 A. premature destruction of abnormal cells in the bone 
marrow (ineffective hematopoiesis)

 B. production of blood cells outside the bone marrow 
(extramedullary hematopoiesis)

 C. immune destruction of cells in the peripheral blood

 D. splenic sequestration

 6. Which of the following would be most helpful to differenti-
ate RCUD from del(5q)? (Objective 9)

 A. percentage of bone marrow blasts

 B. elevated leukocyte count

 C. presence of nucleated RBCs

 D. karyotype

 7. Promising new treatment for low risk MDS includes: 
(Objective 3)

 A. AML-like chemotherapy

 B. drugs that reverse epigenetic changes in the  dysplastic 
stem cell

 C. hematopoietic growth factors

 D. bone marrow transplant

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

 8. What is the most probable MDS subgroup? (Objective 10)

 A. RCUD

 B. RARS

 C. RCMD

 D. RAEB

 9. What other hematologic disorder does this peripheral 
blood picture resemble? (Objective 7)

 A. aplastic anemia

 B. megaloblastic anemia

 C. iron-deficiency anemia

 D. anemia of chronic disease

 10. What laboratory test(s) would be helpful to distinguish 
MDS from megaloblastic anemia? (Objective 7)

 A. serum lysozyme

 B. serum ferritin

 C. serum folate and cobalamin

 D. combined esterase stain
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Objectives—Level I
By the end of this unit of study, the student should be able to:
 1. Define acute leukemia (AL) and explain the difference between 

acute myeloid leukemia (AML), acute lymphoblastic  leukemia 
(ALL),  myeloproliferative neoplasm (MPNs), and myelodysplastic 
 syndrome (MDS).

 2. List and define the common variants of AML as defined by the World 
Health Organization (WHO) classification.

 3. Describe and recognize the typical peripheral blood picture 
( erythrocytes, leukocytes, thrombocytes, and blasts) seen in AML.

 4. Describe the bone marrow M:E ratio in AL.
 5. Give the typical results of cytochemical stains in AML.
 6. Identify Auer rods and describe their significance.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare and contrast the various presentations of AML.
 2. Predict the most likely leukemia subtype based on patient history, 

physical assessment, and laboratory findings.
 3. Correlate cellular presentation of AML with prognosis and common 

complications.
 4. Correlate Wright stain morphology of the AML subgroups with 

 cytochemical stains, flow cytometry, and genetic testing.
 5. Evaluate peripheral blood results in relation to oncological therapy.
 6. Evaluate patient data from the medical history and the laboratory 

results to determine whether a disorder can be classified, and, if not, 
specify the additional testing to be performed.

 7. Explain the criteria used for the WHO classification of AML.
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The information in this chapter builds on concepts learned in pre-
vious chapters. To maximize your learning experience, you should 
review and have an understanding of the following concepts 
before starting this unit of study:

level i
• describe the origin and differentiation of hematopoietic cells. 

(Chapter 4)
• summarize the maturation, differentiation, and function of leu-

kocytes. (Chapter 7)
• outline the classification and general laboratory findings of 

acute leukemias. (Chapter 23)
• list and describe the criteria used to differentiate acute leuke-

mias from other hematologic neoplasms. (Chapter 23)

level ii
• summarize the role of oncogenes and growth factors in cell 

proliferation, differentiation, and maturation. (Chapters 2, 4, 
and 23)

• describe the role of molecular analysis in diagnosing and treat-
ing acute leukemia. (Chapters 23, 42)

• describe the use of immunophenotyping in acute leukemia. 
(Chapters 23, 40)

• describe the role of cytogenetics in diagnosis, treatment, and 
prognosis of acute leukemia. (Chapters 23, 41)

introDuction
All acute leukemias (ALs) are stem cell disorders characterized by 
malignant neoplastic proliferation and accumulation of immature and 
nonfunctional hematopoietic cells in the bone marrow. The neoplastic 
cells show increased proliferation and/or decreased programmed cell 
death (apoptosis). The net effect is expansion of the leukemic clone 
and a decrease in normal cells.1

Acute leukemia is a clonal expansion of a single transformed 
cell; therefore, all ALs begin long before any clinical signs and symp-
toms appear. A tumor burden of 1012 cells is believed to be sufficient 
for recognizable signs and symptoms. Lethal levels of tumor burden 
occur at neoplastic cell numbers of 1013914 or higher. As the tumor 
burden expands, the normal functional marrow cells decrease. The 
classic triad of anemia, infection, and bleeding seen in acute leuke-
mia occur as a result of “normal” hematopoietic cell cytopenias. Death 
often occurs from either infection or hemorrhage in weeks to months 
unless therapeutic intervention occurs.2

The two major categories of acute leukemias are classified accord-
ing to the origin of the cell with the primary defect: AML and acute 
lymphoblastic leukemia (ALL). Acute lymphoblastic leukemia is also 
referred to as lymphoblastic leukemia (omitting acute because this is 
considered redundant). If the defect primarily affects the maturation 
and differentiation of the common myeloid progenitor (CMP) cell, the 
leukemia is classified as AML. If the defect primarily affects the com-
mon lymphoid progenitor (CLP) cell, the leukemia is classified as ALL.

The acute leukemias are classified into subtypes. The most reli-
able parameters for defining and classifying neoplastic cells in AML 

overview
This chapter describes the acute myeloid (also referred to as myelog-
enous) leukemias (AMLs). It begins with the general laboratory find-
ings in AML followed by a specific description of each subgroup in 
the World Health Organization (WHO) classification. Clinical and 
laboratory findings are described with an emphasis on defining char-
acteristics. The chapter concludes with the current types of therapy 
used to treat AML.

Key Terms
Acute leukemia (AL)
Auer rods

B lymphoid cell antigen
Dysplasia

Background Basics

We will refer to this case study throughout the chapter.

Guillermo, a 34-year-old Latin-American male, had been 
in excellent health until he was seen at a neighborhood 
clinic and was prescribed penicillin for a mild sore throat. 
He was able to return to work and felt better. After sev-
eral days he developed a fever and experienced easy 
bruising. He noticed other bleeding symptoms includ-
ing gingival bleeding and petechiae. He reported to 
the emergency room. A CBC revealed a WBC count of 
26.2 * 109/L and 6% blasts. He was admitted to the hos-
pital for further evaluation.

Consider what additional laboratory testing could 
assist in diagnosing Guillermo.

caSe StuDy

Leukemia of ambiguous 
lineage

T lymphoid cell antigen
WHO classification
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into subtypes are cell markers (cell surface or internal antigens) defined 
by immunologic probes and genetic abnormalities identified with 
cytogenetic and molecular studies (Chapters 40–42). In the late 1970s, 
the first internationally accepted classification for the acute leukemias, 
the French-American-British (FAB) classification, was based on a com-
bination of neoplastic cell morphology and cytochemical cellular reac-
tions.3 This classification remained essentially unchanged until 1999 
when the WHO and the International Society of Hematology proposed 
a new classification.4 Health care practitioners have dropped the use of 
the old FAB system in favor of the WHO classification.

etioloGy anD PathoPhySioloGy
AML is a disease characterized by two fundamental cellular features: 
the ability to proliferate continuously and aberrant or arrested devel-
opment1 (Figure 26-1 ■). Excessive proliferation can be the result of 
mutations affecting growth factors, growth factor receptors, signaling 
pathway components, and transcription factors that regulate genes 
involved in cell survival and proliferation (Chapter 23). The major-
ity of the genetic mutations that have been identified in AML involve 
transcription factors and other signaling pathway molecules. More 
than half of the cases of AML display cytogenetic abnormalities. Most 
are balanced, reciprocal chromosomal translocations with many of the 
translocation break points located at the loci for genes encoding tran-
scription factors. The most common consequence of the translocation 
is the generation of a fusion gene that codes for a novel fusion protein. 
The fusion proteins that are formed usually alter the normal function 

of one or both of the rearranged genes and modify the normal pro-
grams of cell proliferation, differentiation, and survival. In addition, 
other types of genetic abnormalities (e.g., epigenetic alterations) likely 
interact with the cytogenetic mutations (called the multistep origin of 
malignancy), resulting in the full leukemic transformation.1

laBoratory FinDinGS
Peripheral Blood
The peripheral blood picture is quite variable in AML. Although it is tra-
ditional to describe leukemias as having elevated leukocyte counts, 50% of 
the cases have decreased counts or counts within the reference interval at 
the time of diagnosis. The leukocyte count ranges from 61 * 109/L to 
7100 * 109/L. Regardless of the leukocyte concentration, the presence 
of blasts in the blood smear suggests the AL diagnosis. The current WHO 
definition of AL requires Ú20% blasts in the peripheral blood or bone 
marrow.5 Cases must be classified based on a combination of immu-
nologic, cytogenetic and molecular genetic methods, and cytochemical 
tests (Chapter 23). Typically, the myeloblast seen in AML is approxi-
mately 20 mcM (mm) in diameter with variably prominent nucleoli in 
a nucleus composed primarily of dispersed chromatin (euchromatin or 
transcriptionally active DNA). A Golgi apparatus is present but is not eas-
ily visualized. Although blasts normally do not have granules visible by 
bright-field microscopy, neoplastic blasts do not always develop normally 
and can have granules in the RNA-rich cytoplasm (Chapter 25).

Erythrocytes are typically decreased, and a hemoglobin value 
610 g/dL is common. Erythrocytes can be slightly macrocytic 

■  FiGure 26-1 AML may originate from any of the cells that fall within the 
paths of the downward arrows. Importantly, the AML cell of origin acquires the 
capacity for self-renewal and maturation arrest.
AML = acute myelogenous leukemia; BFU = burst-forming unit; CFU = colony-forming unit; CML = chronic  
myelogenous leukemia; CMP = common myeloid progenitor cell; E = erythroid; G = granulocytic;  
GMP = granulocyte monocyte progenitor; HSC = hematopoietic stem cell; MDS = myelodysplastic 
 syndrome; MEP = megakaryocyte erythrocyte progenitor; M = monocytic; MK = megakaryocytic
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Admission laboratory data on Guillermo are as follows:

RBC 3.2 * 1012/L wBc Differential
Hb 9.7 g/dL Blasts 6%
Hct 30.5 L/L (30%) Promyelocytes 79%
PLT 31 * 109/L Myelocytes 5%
WBC 26.2 * 109/L Lymphocytes 11%

Erythrocyte morphology: Erythrocytes are  normochromic 
and normocytic with rare schistocytes seen.

1. What clues do you have that this patient could have 
an acute leukemia?

2. Based on the presenting data, what additional testing 
might be of value?

claSSiFication
The 2008 WHO classification is the result of a worldwide consensus 
on classification of the hematopoietic neoplasms and expands the 
parameters used to classify the neoplastic disorders.7–10 The parame-
ters include not only microscopic morphology and cytochemistry but 
also flow cytometry, cytogenetics, molecular genetic abnormalities, 
and clinical findings. In this classification, a finding of Ú20% blasts 
establishes the diagnosis of AL. The WHO major AML subgroups, 
each with variants or subtypes, are:

•	 AML with recurrent genetic abnormalities is further differenti-
ated into subgroups.

•	 Therapy-related myeloid neoplasms are AMLs distinctly different 
from de novo (primary) AML in terms of response to therapy and 
prognosis.

•	 AML with myelodysplasia-related changes are variants with and 
without prior history of myelodysplastic syndrome (MDS).

•	 AML not otherwise specified includes any AML not included in 
the preceding subgroups.

•	 Myeloid sarcoma
•	 Myeloid proliferations related to Down syndrome
•	 Blastic plasmacytoid dendritic cell neoplasm

For the complete WHO AML classification with subgroups, see 
Table 26-1 ★.

because of their inability to successfully compete with neoplastic cells 
for folate or cobalamin and/or early release of marrow reticulocytes. 
The red cell distribution width (RDW) often is elevated. Erythrocyte 
inclusions such as Howell-Jolly bodies, Pappenheimer bodies, and 
basophilic stippling, reflective of erythrocyte maturation defects, can 
be present. Nucleated erythrocytes can be present in proportion to the 
anemia or marrow damage.

Platelets are typically decreased. Hypogranular platelets and 
occasional enlarged forms (giant platelets) can be present. As the 
disease progresses, more immature platelet forms, such as megakaryo-
cytic fragments, can be seen. The platelet count might not correlate 
with the potential complication of bleeding because qualitative plate-
let defects also may  be present.

If the physician suspects AL but no blast cells are detected in the 
peripheral blood smear or if the leukocyte count is low (62 * 109/L) 
a buffy-coat smear may be prepared and often reveals the presence 
of blast cells when they are present in very low concentrations. Find-
ing blasts with azurophilic granules is helpful in identifying the 
myeloid nature of the leukemia. The presence of Auer rods (fused 
or coalesced primary granules) in blasts excludes a diagnosis of ALL. 
Auer rods are primarily found in myeloblasts and on rare occasions 
in monoblasts or more differentiated monocytic or myelocytic cells 
(promyelocytes). They are not found in lymphoid blasts.

Other abnormal findings on the blood smear can include mono-
cytosis and neutropenia. Monocytosis frequently precedes overt leu-
kemia. Neutrophils can demonstrate signs of dysplasia including 
hyposegmentation, hypogranulation, and small nuclei with hypercon-
densed chromatin. Signs of myelodysplasia are especially common in 
promyelocytic leukemia.6 Eosinophils and basophils can be mildly to 
markedly increased. When present, basophilia can help to differentiate 
leukemia from a leukemoid reaction. Absolute basophilia is not pres-
ent in a leukemoid reaction. A blast phase of chronic myeloid leuke-
mia (CML) should be excluded by evaluating BCR/ABL1.

Bone Marrow
Bone marrow (BM) testing should include both aspirate and biopsy 
specimens. The quality of marrow specimen is critical for all subse-
quent analyses. Typically, the BM presentation is hypercellular with 
decreased fat content (relative to age-related normals), a predomi-
nance of blasts, and sometimes an increase in fibrosis. According to 
the WHO criteria for AL, blasts must compose Ú20% of the non-
erythroid nucleated cells to distinguish AL from myelodysplastic 
syndromes. Frequently, the blast count is close to 100%. Auer rods are 
present in BM blasts in about half of AML cases.

Cells can be clumped together, occasionally forming sheets of 
infiltrate that disturb the usual marrow architecture. In addition to 
light microscopic morphologic evaluation, BM samples should be sent 
for flow cytometry, cytogenetics, and molecular genetics.

What results would you expect to find on the CBC and 
differential in a suspected case of AL?

CheCkpoint 26-1

Other Laboratory Findings
Other laboratory findings can reflect the increased proliferation and 
turnover of cells. Hyperuricemia and increased lactate dehydrogenase 
(LD) are common findings resulting from the increased cell turnover. 
When present, hypercalcemia is thought to be caused by increased 
bone resorption associated with leukemic proliferation in the bone 
marrow. Increased serum and urine muramidase are typical findings 
in leukemias with a monocytic component.

caSe StuDy (continued from page 501)
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cytochemistry
The common cytochemical stains include the myeloperoxidase 
(MPO), Sudan black B (SBB), naphthol AS-D chloroacetate esterase 
(specific esterase), and a-naphthyl esterases (nonspecific esterase) 
(Chapter 34). These stains are still the foundation of cytochemical 
analysis. Granulocytic cells stain positive with MPO and with SBB; 
lymphoblasts are negative. Thus, these stains help differentiate the 
acute myeloid leukemias from the acute lymphoblastic leukemias. 
The esterase stains help differentiate precursor granulocytic cells from 
precursor monocytic cells. Granulocytic cells stain positive with naph-
thol AS-D chloroacetate esterase, and cells of monocytic lineage stain 
positive with nonspecific esterase. Most institutions have begun using 
immunophenotyping and cytogenetics as first-line tests to define cell 
lineage. However, cytochemistry can be helpful in cases not defined 
by these methods and in identifying some subgroups.11

Flow cytometry or immunohistochemistry can be used to dem-
onstrate terminal deoxynucleotidyl transferase (TdT) in individual 
cells. Although originally thought to be a lymphoid specific marker, 

Identification of Cell Lineage
Because blast cells are immature cells, they are often difficult to 
identify by morphology alone using light microscopy. Cytochem-
istry, molecular testing, and immunophenotyping give additional 
information that can help define cell lineage (Chapters 40, 41, 42). 
When both cytochemistry and immunophenotyping are used, most 
AL cases can be classified as being of lymphoid or myeloid origin. 
Rarely, a population of malignant blasts is cytochemically negative 
by conventional methods and nonreactive with both lymphoid and 
myeloid monoclonal antibodies. Such leukemias are classified as 
undifferentiated.5

The acute leukemias of ambiguous lineage encompass leu-
kemias that show no clear evidence of differentiation to a single lin-
eage. This group includes leukemias without lineage-specific antigens 
(acute undifferentiated leukemia) and leukemias that express antigens 
of more than one lineage, making it impossible to determine any one 
lineage (mixed phenotype acute leukemias, MPAL). These leukemias 
are discussed in Chapter 27.

Group Subgroups

1.  AML with recurrent genetic abnormalities 
AML with balanced translocations/inversions AML with t(8;21)(q22;q22.3), RUNX1/RUNX1T1

AML with inv(16)(p13q22) or t(16;16)(p13;q22), CBFb-Myh1 

AML with t(9;11)(p22;q23); MLLT3-MLL

APL (promyelocytic) with t(15;17)(q22;q12), PML/RARa, and AML with a variant RARa 
translocation

aMl with t(6;9) (p23;q34); dek-Nup214

AML with inv(3)(q21;q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1

AML with t(1;22)(p13;q13); RBM15-MKL1

AML with gene mutations AML with mutated NPM1

AML with mutated CEBPA

2. AML with myelodysplasia-related changes AML arising from a previous myelodysplastic or myelodysplastic/myeloproliferative neoplasm

AML with an MDS-related cytogenetic abnormality

AML with multilineage dysplasia

3.  Therapy-related myeloid neoplasms 
Includes (t-AML), (t-MDS), and (t-MDS/MPN)

Alkylating agent related

Ionizing radiation therapy related

Topoisomerase II inhibitors

Others

4. Myeloid sarcoma Tumor mass consisting of myeloid blasts with or without maturation occurring in an  
extramedullary site

5. Myeloid proliferations related to Down syndrome Transient abnormal myelopoiesis

Myeloid leukemia associated with Down syndrome

6. Blastic plasmacytoid dendritic cell neoplasm Derived from precursors of plasmacytoid dendritic cells

7. AML not otherwise specified AML minimally differentiated

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic and monocytic leukemia

Acute erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

★ taBle 26-1 2008 WHO Classification of Acute Myeloid Leukemias (AML)
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cytogenetic analyses
Two-thirds of patients with AML have detectable cytogenetic abnor-
malities that include aneuploidies (variation in total chromosome 
number) and translocations.1 Commonly observed aneuploidies 
include trisomy 8, monosomy 7, monosomy 21, trisomy 21, and loss 
of an X or Y chromosome. Translocations result in fusion genes that 
are either beneficial for proliferation and survival or disrupt differen-
tiation and maturation. Additional genetic abnormalities can develop 
in subclones as the disease progresses.

Characteristic, nonrandom cytogenetic abnormalities are 
observed in the WHO classifications of AML with recurrent genetic 
abnormalities and frequently in therapy-related myeloid neoplasms. 
These nonrandom chromosome abnormalities are discussed in sub-
sequent sections. If the expected abnormal karyotype is not found, 
fluorescence in situ hybridization (FISH) or molecular analysis is 
sometimes helpful.

immunophenotyping
Immunophenotyping by flow cytometry has become a necessary 
component of AL classification, particularly when the morphological 
appearance and cytochemical reactions do not clearly define cell lineage 
or when the presence of more than one neoplastic cell population is 
suspected.13 Immunophenotyping by flow cytometry follows a specific 
sequence of testing with monoclonal antibodies.14 The use of extensive 
panels is costly and time consuming. In most cases, lineage can be deter-
mined using a limited, representative panel of monoclonal antibodies. 
Common cell markers used in identification include CD2, CD3, CD4, 
CD5, CD7, CD10, CD13, CD14, CD15, CD16, CD19, CD22, CD33, 
MPO, HLA-DR, CD34, CD45, CD56, CD64, and CD117.15

The first panel of monoclonal antibodies should differentiate 
AML from ALL and T-cell ALL (T-ALL) from B-cell ALL (B-ALL). 
Use of a panel of antibodies such as those listed in Table 26-2 ★ can 
usually discriminate AML from ALL. Individual facilities have their 
own preferred panels of antibodies. Panels should include typing for 
the myeloid antigens, the B lymphoid cell antigens (CD19, CD20, 
CD22, and CD79a), and the T lymphoid cell antigens (CD2, CD3, 
CD5, and CD7). Human leukocyte antigen (HLA-DR) is present on 
both myeloid and B lymphoid cells. Several aberrant antigens are 
sometimes found on neoplastic cells (e.g., the CD7 [T-lymphoid] 
antigen can be found on neoplastic myeloid cells in AML). The CD34 
marker is also present on the least differentiated myeloid cells and 
early lymphoid cells. The monoclonal antibodies that react with most 
cases of AML include CD13, CD15, CD33, CD64, and CD117.15 In 
addition, the monoclonal antibody that identifies MPO is helpful, 
especially when cytochemistry for MPO is negative.

3. Based on the peripheral blood examination, what 
cytochemical stain results would you expect to find 
on Guillermo’s neoplastic cells?

caSe StuDy (continued from page 503)

Explain why molecular analysis is not performed on all 
suspected cases of acute leukemia.

CheCkpoint 26-2

TdT is found on more immature hematopoietic cells, sometimes 
including those of myeloid lineage.12 Therefore, TdT cannot be the 
sole determinant of lymphoid lineage.

cell Marker

leukemia type hla-Dr
cD13, 
cD33

cD19, cD20, 
cD22, cD79a cD10

cD2, cD3, 
cD5, cD7

AML + + - - -
B lymphocyte + - + + -
T lymphocyte - - - { +

★ taBle 26-2 Differentiation of ALL from AML Using 
Immunophenotyping with Selected Monoclonal 
Antibodies

4. If the cells from Guillermo’s BM were immunophe-
notyped, which of these—CD13, CD33, CD34, CD2, 
CD7, CD10, CD19—would you expect to be positive?

caSe StuDy

The CMP cell is capable of differentiation into granulocytes, 
erythrocytes, monocytes, and megakaryocytes. Thus, if the neoplas-
tic clone has “early” myeloid antigens, a second panel of monoclo-
nal antibodies should include antibodies to subtype the AML into 
granulocytic, monocytic, erythrocytic, and megakaryocytic lineages 
(Table 26-3 ★).

Assessment of Bone Marrow
When a diagnosis of AML, MDS, or MPN is suspected, the first step 
is to estimate the BM cellularity followed by assessing the percentage 
of blasts. Further evaluation of the BM depends on the number of 
erythroblasts present (750% or 650% of all nucleated marrow cells). 
If erythroblasts compose Ú50% of all nucleated BM cells, the percent-
age of nonerythroid blast cells (i.e., myeloblasts, monoblasts) is deter-
mined by performing a differential count excluding the  erythroid 
cells. If Ú20% myeloblasts are in the nonerythroid population of 
cells, the AML subcategory is defined as acute erythroid leukemia 
(erythroid/myeloid variant). If 620% blasts are in the nonerythroid 
population, the diagnosis may be the acute erythroid leukemia (pure 
erythroid leukemia variant). If 650% erythroblasts are in the bone 
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508 seCtioN V   •   NeoplastiC heMatologiC disorders

 aMl with recurrent genetic abnormalities Morphology

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1 Maturation in the neutrophil lineage

Auer rods, pseudo–Pelger-Huët nuclei
AML with inv(16)(p13q22) or t(16;16)(p13;q22) or t(16;16)(p13.1;q22); 
CBFb-MYH11

Maturation in both the neutrophil and monocytic lineage, abnormal 
eosinophils (AMML Eo)

Eosinophils Ú5%

Abnormal eosinophilic granules present in promyelocyte or myelocyte stage
AML with t(9;11)(p22;q23); MLLT3-MLL Monoblasts and promonocytes predominate, can see vacuoles and 

granules
Acute promyelocytic leukemia with t(15;17)(q22;q12), PML-RARA and 
variant translocations

Hypergranular variant

 Promyelocytes dominate

 Multiple Auer rods in one cell

Microgranular variant 

 bi-lobed nuclei

 No visible granularity
AML with t(6;9)(p23;q34); DEK-NUP214 With or without monocytic features and often associated with basophilia 

and multilineage dysplasia
AML with inv(3)(q21;q26) or t(3;3) (q21;q26.2); RPN1-EVI1 Associated with elevated platelets and atypical megakaryocytes (mono or 

bilobed) and multilineage dysplasia
AML with t(1;22)(p13;q13), RBM15-MLK1 Megakaryocytic lineage with maturation
AML with Mutated NPM1 Myelomonocytic or monocytic features presents in older people with a 

normal karyotype
AML with mutated CEBPA Myeloid leukemia with or without maturation.

Can show myelomonocytic or monoblastic features

★ taBle 26-4 Cytogenetic and Morphologic Results Used to Classify AML with Recurrent Cytogenetic 
Abnormalities

marrow, it is not necessary to exclude the erythroid cells from the 
differential count in determining the percentage of myeloblasts or 
monoblasts (Figure 26-2 ■). The diagnosis of myeloid AL is made 
when Ú20% of all nucleated BM cells are myeloid blasts. Additional 

■  FiGure 26-2 Suggested steps in the analysis of a bone 
marrow aspirate to reach a diagnosis. If there are <50% 
erythroblasts and >20% of all nucleated cells are leuko-
cytic blasts, the diagnosis is AML. If there are <50% eryth-
roblasts and <20% of all nucleated cells are leukocytic 
blasts, the diagnosis may be MDS or MPN. 

Bone marrow aspiration and
differential

≥50% erythroid precursors
in all nucleated cell population

≥20% myeloblasts in
nonerythroid population

Erythroleukemia
(erythroid/myeloid)

Pure erythroid leukemia

≥80% erythroid precursors in
all nucleated cell population;

<20% myeloblasts in
nonerythroid population

assessment of the subtypes of AML evaluates only the myeloid cells, 
not lymphocytes, plasma cells, mast cells, macrophages, or nucleated 
erythrocytes.

WHO Classification of AML
aMl with recurrent Genetic abnormalities
The AML with recurrent genetic abnormalities classification is 
used when chromosome abnormalities, usually balanced (recip-
rocal) translocations are found. In most cases, the chromosomal 
rearrangements create a fusion gene, encoding a novel fusion 
(chimeric) protein. Molecular techniques (RT-PCR) have a 
higher sensitivity than cytogenetics for diagnosing and following 
the progression of the disease. The AMLs in this category gener-
ally have a high rate of complete remission and a more favorable 
prognosis.

aMl with t(8;21)(q22;q22); RUNX1-RUNX1T1
This subcategory is found in 5–10% of AML cases (previously 
classified as AML with maturation). It occurs predominantly 
in children and adults younger than 60 years of age.16 Myelo-
blasts are usually large with abundant basophilic cytoplasm 
containing numerous azurophilic granules, perinuclear clear-
ing, and Auer rods. Some blasts may show very large granules 
(pseudo-Chédiak-Higashi granules). Promyelocytes, myelocytes, 
and mature neutrophils with variable dysplasia are usually pres-
ent in the bone marrow. Dysplasia in other cell lines is uncom-
mon. Eosinophilia can be present (Table  26-4). Cytochemical 
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 509Chapter 26   •   aCute Myeloid leukeMias

aMl with t(15;17)(q22;q12); (PMl/rarA) and variants
Acute promyelocytic leukemia (APL) with t(15;17)(q22;q12) is an 
AML in which abnormal promyelocytes predominate. Both hyper-
granular (“typical” APL) and hypogranular or microgranular presen-
tations can be seen. APL can occur at any age, but most patients are 
adults in middle life. APL constitutes 5–8% of AML.10

The presenting signs for both hypergranular and hypogranu-
lar APL often include acute disseminated intravascular coagu-
lation (DIC).22 See Chapter 34 for the pathophysiology of DIC. 
The most common clinical finding at initial diagnosis is bleeding. 
The release of procoagulant material from promyelocytic gran-
ules likely initiates DIC, a serious complicating factor of the dis-
ease.23 Cytotoxic therapy for APL can potentiate or aggravate this 
complication. Not only do the lysed promyelocytes release large 
amounts of procoagulant material but also tissue factor–contain-
ing particles are released from dying cells during cytotoxic therapy. 
Evidence of secondary fibrinolysis as a component of the DIC syn-
drome is also present. Heparin therapy can be administered with 
initiation of chemotherapy to prevent or modulate the DIC. Other 
abnormalities of coagulation can be present.

Hypergranular APL. Most patients with the hypergranular 
 subtype are leukopenic or exhibit only slightly increased leuko-
cyte counts. Most cells in the BM are abnormal promyelocytes 
with heavy azurophilic granulation. The granules can be so densely 
packed that they obscure the nucleus (Figure 26-3a ■). Some cells 
filled with fine dustlike granules also can be present. Cells with 
multiple Auer rods, sometimes occurring in bundles, are charac-
teristic with cytoplasm that is frequently clear and pale blue, but 
cells can contain only a few azurophilic granules or lakes of clear 
pink material24 (Figure 26-4 ■). In some cases, the typical hyper-
granularity of promyelocytes is less  evident in the peripheral blood 
than in the bone marrow.25 The nucleus varies in shape but is often 
folded or indented or sometimes bilobed. Often a large number of 
promyelocytes appear to be disrupted on the blood smear with free 
azurophilic granules and Auer rods intermingled with intact cells. 
Anemia and thrombocytopenia are typical findings.

Microgranular APL Variant. In contrast to typical APL, the  leukocyte 
count in microgranular APL is usually markedly increased. 26 The pre-
dominant cell in the peripheral blood is a promyelocyte with a bilobu-
lar, reniform, or multilobed nucleus (resembling that of a monocyte) 

and immunophenotypic results are typical for myeloblasts 
(Appendix B). The leukemic “cell of origin” is believed to be the 
hematopoietic stem cell (HSC).

The t(8;21)(q22;q22) translocation repositions the 5′ region of 
the RUNX1 gene (chromosome 21, previously termed AML1) with 
the 3′ region of the RUNX1T1 gene (chromosome 8; also called 
ETO). The result is a fusion protein called RUNX1-RUNX1T1 
(also known as RUNX1-ETO). RUNX1 is a member of a family of 
genes called core-binding factor@a (CBFa). CBFa proteins such as 
RUNX1 normally form a heterodimeric complex with CBFb pro-
teins in order to bind to DNA as functional transcription factors. The 
RUNX1-RUNX1T1 fusion protein acts as a transcriptional repressor 
by blocking the normal DNA binding function of RUNX1, result-
ing in its inability to regulate cellular differentiation. Furthermore, 
the RUNX1-RUNX1T1 fusion leads to the activation of other genes 
involved in cellular proliferation. The outcome is blocked differentia-
tion17 and increased proliferation of the leukemic cells.18

aMl with inv(16)(p13;q22) or t(16;16)(p13;q22); 
CBFß-MYH11 
This subcategory is identified in 7% of patients with AML19 and 
generally  presents with monocytic and granulocytic maturation and 
the presence of abnormal eosinophils in the bone marrow. The most 
striking abnormality of the eosinophils is the presence of immature 
(basophilic) granules that would normally predominate at the pro-
myelocyte and myelocyte stages (Chapter 7). The immunophenotypic 
and cytochemical results reflect the presence of both neutrophilic 
and monocytic lineages (Appendix B). The leukemic cell of origin is 
believed to be an HSC.

The inv(16)(p13;q22) and t(16;16)(p13;q22) both result in 
the fusion of the core-binding factor gene CBFb (16q22) to the 
smooth muscle myosin heavy chain gene SMMHC (MYH11) 
at 16p13.1. Because of difficulties in correctly identifying these 
mutations with traditional cytogenetics, FISH or RT-PCR may be 
necessary to document the mutation. The  CBFb-MYH11 fusion 
protein binds to RUNX1 and represses its function as a transcrip-
tion factor.20

aMl with t(9;11)(p22;q23); MLLT3-MLL
These leukemias are usually associated with monocytic features 
(monoblasts and promonocytes). They can occur at any age but 
are more common in children (up to 25% of childhood AML cases 
and 2–5% of all AML cases).21 Identical cytogenetic abnormalities 
can also be found in therapy-related AML (see section “Therapy-
Related Myeloid Neoplasms”). Patients can have extramedullary 
myeloid (monocytic) sarcomas (extramedullary leukemia) and 
tissue infiltration (gingiva, skin) and may present with dissemi-
nated intravascular coagulation. Monoblasts and promonocytes 
can have scattered azurophilic granules and vacuoles and give 
cytochemical and phenotypic results typical for the monocytic 
lineage (Table 26-4). The leukemic cell of origin is believed to be 
the HSC.

The MLL gene (11q23) is involved in a number of leukemia-
associated translocations with different partner chromosomes. The 
MLL protein is a DNA-binding protein that interacts with other 
nuclear proteins and permits the association of transcription factors 
that help regulate transcription. The most common translocations 

What does recurrent genetic abnormality mean in the 
context of AML, and what is the general outcome of these 
abnormalities?

CheCkpoint 26-3

involving 11q23 seen in childhood AML are t(9;11)(p21;q23), t(11;19) 
(q23;p13.1), and t(11;19)(q23;p13.3). More than 80 different translo-
cations involving MLL are described with 750 different translocation 
partner genes. Up to one-third of MLL translocations in AML are not 
detectable by conventional cytogenetics, so FISH or molecular studies 
must be performed.10
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described.27 Distinctive features include folded nuclei, hypergranular 
cytoplasm, and coarse metachromatic granules.

Diagnostic Gene Rearrangement. The t(15;17) rearrangement is 
consistently associated with APL. The break point involves the retinoic 
acid receptor@a (RARa) gene on chromosome 17 and the promyelo-
cytic leukemia (PML) gene on chromosome 15 and is limited to the 
neoplastic cells. Some APL patients have a cytogenetically normal 
karyotype, but molecular analysis has shown submicroscopic inser-
tion of RARa into PML, leading to the expression of the PML/RARa 
transcript. These findings suggest that the t(15;17) translocation/
fusion protein is involved in the pathogenesis of the disease. However, 
other variant translocations have been reported in APL, all involv-
ing the RARa gene translocated with different target genes, includ-
ing promyelocytic zinc finger (PLZF) on chromosome 11(t[11;17]
[9q23;q21]), nuclear mitotic apparatus (NuMA) on chromosome 
15 (t[11;17][q13;q21]), nucleophosmin (NPM1) on chromosome 
5 (t[5;17][q23;q12]), and signal transducer and activator of tran-
scription 5b (STAT5b) on chromosome 17 (t[17;17]).28

The typical t(15;17) gene rearrangement results in a fusion 
PML/RARa gene and a reciprocal RARa/PML gene. The PML/RARa 
mRNA has been identified in all APL patients and the reverse translo-
cation RARa/PML mRNA is found in about 75% of APL patients.29 
Molecular analysis of the PML/RARa gene is important in monitor-
ing therapy and relapse because the gene disappears with successful 
treatment but returns as an early marker of relapse. Also, some patients 
have molecular evidence of the fusion protein product (fusion gene) 
in the absence of a detectable cytogenetic abnormality.

The RARa protein is a nuclear hormone receptor that binds 
to specific DNA sequences (RA-responsive elements) and controls 
transcription of specific target genes under the control of retinoid 
hormones. RARa forms a complex with a second protein, retinoid-
X receptor (RXRa). In the absence of RA, the RARa/RXRa com-
plex represses transcription by recruiting corepressor proteins and 
inducing histone deacetylation.27 Physiologic concentrations of RA 

and cytoplasm with an apparent paucity of granules on Wright-stained 
smears (Figure 26-3b). The apparent absence of granules is because 
of their submicroscopic size, but they are readily visible with cyto-
chemistry (myeloperoxidase, MPO positive). The nuclear chromatin 
is fine with nucleoli often visible. A small abnormal promyelocyte 
with a bilobed nucleus, deeply basophilic cytoplasm, and sometimes 
 cytoplasmic projections is present as a minor population of cells in 
most cases and occasionally is the predominant cell. When cytoplas-
mic projections are present, the cells can resemble megakaryoblasts. 
Cells with multiple Auer rods are scarce or absent, but single Auer rods 
can be found. In contrast to the hypogranular appearance of peripheral 
blood promyelocytes, the BM promyelocytes may be more typical of 
the cells found in the hypergranular form of APL. See Appendix B for 
cytochemical and immunophenotypic results for APL.

A form of APL in which some promyelocytes contain meta-
chromatic granules (when stained with toluidine blue) has been 

■  FiGure 26-3 (a) Peripheral blood film from a patient with acute promyelocytic leukemia 
(APL), hypergranular variant. These promyelocytes have an irregularly shaped nucleus and 
numerous azurophilic granules. (b) Peripheral blood film from a patient with APL, microgranu-
lar variant. Note the bilobed nuclei and absent or fine granules in these abnormal promyelo-
cytes (Wright-Giemsa stain, 1000*  magnification).

a b

■  FiGure 26-4 A cell from promyelocytic leukemia. 
Notice the bundle of Auer rods (Wright-Giemsa stain, 
1000*  magnification).
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generally lower than other AML categories.33 Morphologically, they 
most commonly present with AML with maturation or acute myelo-
monocytic leukemia. Auer rods are present in one-third of cases. Mar-
row and peripheral blood basophilia is seen in 44–62% of cases. Most 
cases show evidence of granulocytic and erythroid dysplasia.

The t(6;9)(p23;q34) results in a fusion of the DEK gene on chro-
mosome 6 with the NUP214 (formerly known as CAN) gene on chro-
mosome 9. This results in a nucleoporin fusion protein that acts as 
an aberrant transcription factor and alters nuclear transport by bind-
ing to soluble transport factors.34 The t(6;9) is the sole abnormality in 
the majority of cases, but some patients have the t(6;9) in association 
with a complex karyotype.

acute Myeloid leukemia with inv(3)(q21;q26.2) or t(3;3)
(q21;q26.2); RPN1-EVl1
This AML that can present de novo or arise from a prior MDS. It is 
often associated with normal or elevated peripheral blood platelet 
count and has increased atypical megakaryocytes with mono- or bi-
lobated nuclei and associated multilineage dysplasia. AML with inv(3) 
accounts for 1–2% of all AML.35 It occurs most commonly in adults 
with no sex predilection. Patients present with anemia and a normal 
or elevated platelet count. Some present with hepatosplenomegaly. A 
subset of cases may have 620% blasts at the time of diagnosis with 
features of chronic myelomonocytic leukemia. Marrow eosinophils, 
basophils, and mast cells may be increased. The BM shows small hypo-
lobated megakaryocytes.

A variety of abnormalities in the long arm of chromosome 3 occur 
in myeloid malignancies; inv(3)(q21;q26.2) and t(3;3)(q21;q26.2) are 
the most common. The t(3;3)(q21;q26.2) involves the oncogene EVI1 
at 3q26.2 or its longer form MDS1-EVI1 and RPN1 at 3q21. RPN1 
may act as an enhancer of EVI1 expression resulting in increased cell 
proliferation and impaired cell differentiation. It induces hematopoi-
etic cell transformation.36 Secondary karyotypic abnormalities are 
common with inv(3)(q21;q26.2) and t(3;3)(q21;q26.2) with mono-
somy 7 most common, occurring in approximately 50% of cases, fol-
lowed by 5q deletions and complex karyotypes.

aMl with t(1;22)(p13;q13); RBM15-MKL1
This AML generally shows maturation in the megakaryocytic lineage. 
It is uncommon, representing 61% of all cases. It occurs de novo and 
is restricted to infants and young children with most cases occurring in 
the first 6 months of life. The clinical presentation is marked organo-
megaly, especially hepatosplenomegaly. Patients present with ane-
mia and thrombocytopenia with a moderately elevated white blood 
cell count. The blasts are similar to those of acute megakaryoblastic 
 leukemia. Small and large megakaryoblasts may be present along with 
morphologically undifferentiated blasts resembling lymphoblasts. The 
megakaryoblasts are usually medium to large in size with an indented 
nucleus, fine reticular chromatin, and one to three nucleoli. The cyto-
plasm is basophilic and often agranular and may show distinct blebs or 
pseudopod formation. Micromegakaryocytes are common. Dysplasia 
in the erythroid and granulocytic cell lines is usually not present.

The t(1;22)(p13;q13) translocation results in the fusion of the 
RNA-binding motif protein-15 (RBM15) gene (1p13) with the mega-
karyoblastic leukemia-1 (MKL1) gene (22q13) and ultimately, expres-
sion of the RBM15–MKL1 fusion protein. In most cases, this is the 
sole abnormality.

normally induce a conformational change in the retinoic acid recep-
tors, causing release of the corepressor molecules and recruitment of 
coactivator molecules, resulting in gene transcription and granulo-
cytic differentiation.30

PML is a growth suppressor nuclear protein normally found 
in complex macromolecular structures containing numerous other 
nuclear proteins. The PML/RARa fusion protein binds to the RA-
responsive elements of the target genes. Like the native protein, the 
fusion protein recruits corepressor molecules and in the absence 
of RA inhibits transcription of RA-responsive genes. Although the 
fusion protein can bind RA, physiologic concentrations of RA are not 
 sufficient to induce the release of the corepressor proteins from PML/
RARa and repression of gene transcription is maintained.30 Thus, the 
cells do not differentiate into granulocytes.

Pharmacological concentrations of RA (all-transretinoic acid 
[ATRA]) have proven to be an effective treatment for inducing com-
plete hematologic remission in APL (but the remission is generally 
short lived). ATRA induces the neoplastic promyelocytes to differenti-
ate to mature granulocytes, thus overcoming the maturation arrest.31 
It is thought that a high concentration of RA, as is given in induction 
therapy for APL, overcomes the interference with receptor activation 
(it promotes release of the corepressor molecules and assembly of the 
coactivator molecules on the target genes, allowing gene transcription 
and cellular differentiation). Cells previously unable to mature and 
initiate apoptosis are then able to do so, causing a transitory situation 
known as hyperleukocytosis.

Unfortunately, the stem cells bearing the t(15;17) translocation 
are unaffected by ATRA and continue to proliferate, resulting in 
relapse of the disease. The current approach to therapy is to induce 
hematologic remission with ATRA and then administer traditional 
chemotherapy (to try to eradicate the leukemic stem cells). When the 
promyelocytes are first induced to differentiate and are no longer pres-
ent in large numbers, the subsequent chemotherapy does not result 
in the massive death of promyelocytes (and the release of procoagu-
lants), thus avoiding or minimizing the life-threatening effects of DIC. 
Instead, the chemotherapy destroys the dividing stem cells that bear 
the t(15;17) translocation and induces a durable remission.1

About 25% of patients given RA therapy become acutely ill asso-
ciated with the death and lysis of the large number of cells. The mor-
tality rate in these individuals can be high. The illness is similar to 
capillary leak syndrome with fever, respiratory disease, renal impair-
ment, and hemorrhage.32

Why is it important to perform molecular studies on 
patients with AML with t(15;17)?

CheCkpoint 26-4

acute Myeloid leukemia with t(6;9)(p23;q34); DEK-NUP214
This AML presents with or without monocytic features often associ-
ated with basophilia and multilineage dysplasia. It is detected in 0.7–
1.8% of AML and occurs in both children and adults.10 AML with 
t(6;9)(p23;q34) usually presents with anemia and thrombocytopenia, 
and often with pancytopenia. In adults, the white blood cell count is 
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aMl with Mutated CEBPA
Acute myeloid leukemia with mutated CEBPA is usually seen in AML 
with or without maturation. Some cases can show myelomonocytic or 
monoblastic features. The CEBPA protein is normally expressed at low 
levels in HSCs, increases in concentration as cells mature to the CMP 
stage, and decreases again as cells mature to terminally differentiated 
neutrophils or monocytes. Loss of CEBPA gene expression leads to 
maturation arrest at the CMP.42

CEBPA mutations usually present de novo, and are seen in 
5–15% of AML.42 There is no age or sex difference. Patients pres-
ent with a higher hemoglobin level and lower platelet counts, lower 
LD levels, and higher peripheral blood blast count when compared 
with CEBPA nonmutated AML. AML with a normal karyotype and 
CEBPA mutation is associated with a favorable prognosis.40

The function of RBM15 is not well defined. It appears to act as 
a transcriptional repressor that negatively regulates megakaryocyte 
development. When RBM15 is lost or nonfunctional, megakaryocytes 
are increased in number in the BM and spleen.37 MKL1 encodes a 
transcriptional coactivator of genes involved in megakaryocyte dif-
ferentiation and maturation.38 The precise role of the fusion protein 
in AML is unclear; however, it may modulate chromatin organiza-
tion (epigenetic control) in regions important for megakaryocytic 
development.39

aMl with Gene Mutations
Specific gene mutations that do not result in an abnormal karyo-
type also occur in AML. This includes fms related tyrosine kinase 3 
(FLT3), nucleophosmin (NPM1), and less commonly, mutations of 
the CEBPA gene encoding the CCAAT/enhancer binding protein@a. 
Cases of AML with these mutations have consistent morphologic, 
immunophenotypic, and clinical characteristics.

FLT3 and aMl
The FLT3 gene is located at 13q12 and encodes a tyrosine kinase 
receptor involved in hematopoietic stem cell differentiation and 
proliferation. The FLT3 protein is expressed on progenitor cells and 
blasts in most cases of AML. FLT3 mutations may occur with any 
AML type and in MDS and can occur with or without additional 
cytogenetic abnormalities.33 Mutations lead to constitutively acti-
vated FLT3 that transduces signals for cell growth and inhibition of 
apoptosis.

The two primary types of FLT3 mutations are internal tandem 
duplication (FLT3-ITD) seen in 30–40% of cases, and mutations 
affecting the second tyrosine kinase domain (TKD).5 FLT3-ITD 
mutations are associated with an adverse outcome, but the FLT3-
TKD mutations remain controversial.10 Although FLT3 mutations 
are not included as a defining criterion for WHO classification, they 
are important for prognosis and should be evaluated.5

aMl with Mutated NPM1
This form of AML usually involves mutations in exon 12 of the 
NPM1 gene. The NPM protein is a chaperone of proteins that shuttles 
between the nucleus and cytoplasm. NPM1 gene mutations appear to 
cause loss-of-function (Chapter 23) of the NPM protein to the extent 
that NPM remains in the cytoplasm and can no longer translocate to 
the nucleus.40

This AML frequently has myelomonocytic or monocytic features 
and presents de novo in older adults with a normal karyotype. Usually 
there is no history of a prior MDS or MPN. Patients often have anemia 
and thrombocytopenia and a higher white blood cell count than other 
AML types. There is a slight female predominance. Patients can show 
extramedullary involvement with the most frequently affected sites 
being the gingiva, lymph nodes, and skin.41 NPM1 mutation is found 
in approximately 35% of AML patients.40 NPM1 mutations can also 
be seen in AML with and without maturation and in acute erythroid 
leukemia.

The diagnosis of AML with mutated NPM1 is made based on 
the identification of the mutation by molecular studies and is usu-
ally associated with a normal karyotype; 5–15% show chromosomal 
abnormalities including trisomy 8 and del(9q).

Would the FLT3, NPM1, and CEBPA genes be classified 
as tumor suppressor or proto-oncogenes?

CheCkpoint 26-5

therapy-related Myeloid neoplasms
This category includes therapy-related acute myeloid leukemia 
(t-AML), myelodysplastic syndrome (t-MDS), and myelodysplastic/ 
myeloproliferative neoplasms (t-MDS/MPNs). In these cases, AML 
occurs as a late complication of cytotoxic chemotherapy and/or 
radiation therapy administered for a prior malignancy. This group of 
 neoplasms is best considered together as a unique clinical syndrome.

Therapy-related neoplasms are thought to be the consequence 
of mutations induced by cytotoxic therapy. Cytotoxic agents com-
monly implicated include alkylating agents, topoisomerase II inhibi-
tors, and ionizing radiation therapy. Two subsets are recognized. The 
most common occurs 5–10 years after receiving the alkylating drug 
or radiation. The patient often presents with t-MDS, and a minority 
will present with t-MDS/MPN or t-AML. Patients commonly have an 
unbalanced loss of genetic material involving chromosome 5 and/or 7. 
In the second subset, the latency period is shorter, about 1–5 years 
and follows treatment with topoisomerase II inhibitors. Most of the 
patients in this category present with acute leukemia.

Approximately 70% of patients have unbalanced chromosomal 
losses, mainly with chromosome 5 and/or 7, and are often associated 
with additional abnormalities including del(13q), del(20q), del(11q), 
del(3p), -17, -18, -21, +8. This type of AML generally has a poor 
prognosis.1

aMl with Myelodysplasia-related changes
This category is an acute leukemia with morphological features 
of a myelodysplastic neoplasm, a prior history of myelodysplastic 
neoplasm, or a myelodysplastic/myeloproliferative neoplasm or 
an MDS-related cytogenetic abnormality. To classify as AML with 
myelodysplasia-related changes by morphology, the dysplasia must 
be present in 50% of cells in at least two cell lines. Dyserythropoiesis 
is characterized by megaloblastosis, karyorrhexis, nuclear irregularity, 
and fragmentation, multinucleation, ring sideroblasts, and cytoplas-
mic vacuoles. Dysgranulopoiesis is characterized by neutrophils with 
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aMl with Maturation
AML with maturation is characterized by Ú20% blasts with evi-
dence of maturation to more mature neutrophils ( 710% of cells 
at differentiated stages of maturation: promyelocytes, myelocytes, 
metamyelocytes). Monocytes and their precursors constitute 620% 
of the marrow cells. This type of AML occurs in all age groups (20% 
of patients are 625 years of age, and 45% are 760 years of age) and 
accounts for about 10% of AML cases.44 Patients often present with 
anemia, thrombocytopenia, and neutropenia.

Blasts with and without azurophilic granulation can be present, 
and blasts frequently contain Auer rods. Variable dysplasia, including 
myeloid hypogranulation, nuclear hypo- and hypersegmentation, and 
occasionally binucleated myeloid cells, can be seen (Figure 26-6 ■). 

staining reactions for Auer rods are similar to reactions for myelo-
blasts (Table 26-5 ★). There is no demonstrated association between 
AML without maturation and AML with specific chromosomal 
abnormalities.

hypogranular cytoplasm, hyposegmentation (pseudo–Pelger-Huët 
anomaly), or abnormal segmentation. Dysmegakaryopoiesis is char-
acterized by micromegakaryocytes, megakaryocytes with non-lobated 
nuclei, or multiple nuclei. The chromosomal abnormalities found in 
this category are similar to those found in MDS and often involve 
complex karyotypes with -7/del(7q) and -5/del(5q) being the most 
common (Table 26-3). Trisomy 8 and del(20q) are common in MDS 
but are not considered to be disease-specific abnormalities and would 
not be sufficient by themselves to be considered a case of AML with 
myelodysplasia-related changes.

acute Myeloid leukemias not otherwise Specified
This AML category includes cases of AML that do not fulfill criteria 
for any of the other described groups.5 The subcategories in this group 
are primarily differentiated on morphology and cytochemical features. 
The defining criterion is Ú20% blasts (the blast percentage includes 
promyelocytes in APL and promonocytes in AML with monocytic 
differentiation). For pure erythroid leukemias, the blast percentage is 
based on the percentage of abnormal erythroblasts. Immunopheno-
typic and cytochemical results for this category of AML are included 
in Table 26-3.

aMl with Minimal Differentiation
AML with minimal differentiation is a rather rare leukemia ( 65% 
of all AML cases) and is characterized by lack of evidence of myeloid 
differentiation by morphology (absence of granules) or cytochemistry 
( 63% of the blasts are positive for SBB or MPO).43 This subtype is 
generally associated with a poor prognosis. The blasts, however, dem-
onstrate myeloid differentiation by flow cytometry for the myeloid 
lineage (CD13 and CD33). Most cases are also CD34, CD38, and 
HLA@DR+ . No unique chromosomal abnormalities are associated 
with this subtype. The most common previously reported abnormali-
ties are complex karyotypes and unbalanced abnormalities such as 
-5/del(5q), -7/del(7q), +8, and del(11q), but the presence of these 
abnormalities now places them in a different category.10 Because the 
blasts in the minimally differentiated AML group have no morpho-
logic differentiating features, immunophenotyping also should be 
used to exclude the lymphoid lineage. The cell of origin is thought 
to be a hematopoietic precursor cell at the earliest stage of myeloid 
differentiation.44

aMl without Maturation
Characterized by a high percentage of BM blasts without significant 
evidence of maturation to more mature neutrophils, this variant AML 
without maturation can occur at any age but most commonly in adult-
hood. It accounts for 5–10% of the cases of AML. They usually present 
with BM failure; however, there can be a leukocytosis with markedly 
increased blasts. The defining feature is its lack of cellular maturation; 
610% of all granulocytic cells show evidence of maturation beyond 
the myeloblast stage (Figure 26-5 ■).

The predominant cell in the peripheral blood is usually a poorly 
differentiated myeloblast with fine lacy chromatin and nucleoli. 
Myeloblasts are usually Ú90% of nonerythroid cells in the BM with 
73% of blasts positive for MPO and/or SBB. The blasts may have 
azurophilic granules, Auer rods, and vacuoles. If no evidence of gran-
ules or Auer rods is present, the blasts can resemble lymphoblasts 
and must be differentiated by immunophenotype. Cytochemical 

■  FiGure 26-5 Peripheral blood film from a patient with 
AML. The large mononuclear cells are myeloblasts. The 
cell at the left (arrow) is a myeloblast with an Auer rod. 
Note the high nuclear-to-cytoplasmic ratio, the fine lacy 
chromatin, and the prominent nucleoli (Wright-Giemsa 
stain, 1000*  magnification).

What hematologic features help distinguish AML mini-
mally differentiated from AML without maturation?

CheCkpoint 26-6

SBB +
Myeloperoxidase +
Napthol AS-D chloroacetate esterase {
PAS {
Romanowsky +  or -  (occasionally seen only 

with MPO or SBB)

★ taBle 26-5 Cytochemical Reactions for Auer Rods
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1. Bone marrow Blasts Ú20% of nonerythroid cells

Monocytic cells Ú20% of nonerythroid cells

Granulocytic cells Ú20% of nonerythroid 
cells

and peripheral blood Ú5 * 109/L monocytic cells

or if peripheral blood 65 * 109/L monocytic cells

Requires ancillary 
tests

Serum or urinary lysozyme 3*  normal

or naphthol AS-D chloroacetate esterase 
and a-naphthyl acetate esterase (+ ) in 
blasts

or naphthol AS-D acetate esterase with and 
without NaFl reveal 720% monocytic cells 
in bone marrow

2. Peripheral blood Ú5 * 109/L monocytic cells

and bone marrow Blasts Ú20% of nonerythroid cells

Monocytic cells 620% of nonerythroid cells

Requires ancillary 
tests

Serum or urinary lysozyme 3*  normal

or naphthol AS-D chloroacetate esterase 
and a-naphthyl acetate esterase (+ ) in 
blasts

or naphthol AS-D acetate esterase with and 
without NaFl reveal 720% monocytic cells 
in bone marrow

★ taBle 26-6 Nonimmunophenotypic Criteria 
for Diagnosis of AMML

hematopoietic precursor cell with the potential to differentiate into 
neutrophil and monocytic lineages (GMP).44

Additional laboratory testing is required when (1) the BM find-
ings are as previously described, but the peripheral blood monocyte 
count is 65 * 109/L or (2) the peripheral blood monocyte count is 
Ú5 * 109/L, but the BM has 620% monocytic cells. In these cases, 
ancillary laboratory tests such as lysozyme levels or cytochemical 
methods can be utilized to confirm the presence of a significant mono-
cytic component and establish a diagnosis of AMML (Table 26-6 ★).

The BM is hypercellular, and myeloblasts make up 20–89% of the non-
erythroid nucleated cells. Eosinophils and sometimes basophils can be 
increased. No demonstrated association between AML with maturation 
and specific recurrent chromosomal abnormalities exists.

■  FiGure 26-6 Peripheral blood film from a patient with 
AML with maturation. Myeloblasts are at the bottom and 
hypogranulated segmented neutrophils are at the top 
(Wright-Giemsa stain; 1000*  magnification).

A patient with AML has a peripheral blood differential 
that includes 91% myeloblasts, 4% promyelocytes, 3% 
granulocytes, and 2% monocytes, and 30% of the blasts 
are positive with MPO. Which category of AML is the 
most likely diagnosis? Explain.

CheCkpoint 26-7

■  FiGure 26-7 Peripheral blood film from a case of 
acute myelomonocytic leukemia (AMML). Monoblasts and 
promonocytes are present (Wright-Giemsa stain, 1000*  
magnification).

acute Myelomonocytic leukemia (aMMl)
Characterized by proliferation of both myelocytic and monocytic 
precursors, the BM in acute myelomonocytic leukemia (AMML) is 
hypercellular with Ú20% blasts; neutrophils and their precursors as 
well as monocytes and their precursors each compose Ú20% of mar-
row cells. AMML accounts for 5–10% of AML cases. Some patients 
have a history of chronic myelomonocytic leukemia. Infiltrations of 
leukemic cells in extramedullary sites are more frequent than in the 
pure granulocytic variants. Serum and urinary levels of muramidase 
(lysozyme) are usually elevated because of the monocytic proliferation.

The peripheral blood leukocyte count in AMML is usually 
increased. Monocytic cells (monoblasts, promonocytes, monocytes) 
are increased to Ú5 * 109/L (Figure 26-7 ■). Anemia and throm-
bocytopenia are present in almost all cases. The myeloblasts appear 
similar to blasts in AML with differentiation. Monoblasts are usually 
large with abundant bluish-gray cytoplasm and can show pseudopods. 
Scattered fine azurophilic granules and vacuoles can be present. The 
nucleus is round or convoluted with delicate chromatin and one or 
more prominent nucleoli. The monoblasts and myeloblasts dem-
onstrate the expected cytochemical and immunophenotypic results 
for their respective lineages (Table 26-5). The BM can reveal eryth-
rophagocytosis by monocytes. The cell of origin is thought to be a 
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Monocytic cells account for 80% or more of cells in the bone marrow. 
Monocytes in the peripheral blood are increased, and monoblasts are 
often present. The monoblasts are large (up to 40 mcM) with abun-
dant, variably basophilic cytoplasm. Pseudopods with translucent 
cytoplasm are common, and fine azurophilic granules can be present. 
The nucleus is round or oval with delicate chromatin and one or more 
prominent nucleoli, but Auer rods are usually not found. Dyshemato-
poiesis is not conspicuous. Promonocytes have a more irregular and 
convoluted nucleus, and nucleoli can be present. The cytoplasm is less 
basophilic than that of the monoblast with a ground glass appearance. 
Fine azurophilic granules are often present.

Abnormalities of the long arm of chromosome 11 with trans-
locations or deletions are often found in monocytic leukemias. The 
t(8;16) abnormality is also found and is associated with hemophago-
cytosis. The expression of c-FOS proto-oncogene on chromosome 14 
appears to be enhanced in acute leukemias with monocytic lineage 

acute Monoblastic leukemia and acute Monocytic 
 leukemia (aMol)
These subtypes are myeloid leukemias in which Ú80% of the leuke-
mic cells are monocytic (including monoblasts, promonocytes, mono-
cytes). The neutrophilic component, if present, is 620% of the cells. 
The majority of the monocytic cells (usually 780%) found in acute 
monoblastic leukemia are monoblasts (Figure 26-8 ■). The majority 
of the monocytic cells in acute monocytic leukemia are promono-
cytes (Figure 26-9 ■). Acute monoblastic leukemia accounts for 5–8% 
of AML cases, and acute monocytic leukemia accounts for 3–6% of 
them.44 This disease is usually seen in children or young adults.

The most common clinical findings are weakness, bleeding, 
and a diffuse erythematous skin rash. One notable aspect of this dis-
ease is the degree of extramedullary leukemic proliferation (gingival 
and cutaneous infiltration, central nervous system involvement). As 
with AMML, serum and urine muramidase are moderately elevated. 

■  FiGure 26-8 (a) A smear from a bone marrow aspirate of a patient with acute  monoblastic 
leukemia. The cells are predominately monoblasts and promonocytes. (b) Monoblasts in 
peripheral blood from a case of acute monoblastic leukemia (Wright-Giemsa stain, 1000*  
magnification).

a b

■  FiGure 26-9 (a) A smear from a bone marrow  aspirate of a patient with acute monocytic 
 leukemia. There is a predominance of promonocytes and  monoblasts ( Wright-Giemsa stain, 1000*  
magnification). (b) Monocytic cells in peripheral blood, including  promonocytes and monoblasts, 
from acute monocytic  leukemia (Wright-Giemsa stain; 1000* magnification).

ba
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■  FiGure 26-11 Erythroblasts with  megaloblastoid 
features in the bone marrow from a case of AEL 
( Wright-Giemsa stain, 1000*  magnification).

■  FiGure 26-12 Smear of a bone marrow aspirate from  
a patient with erythroid/myeloid AEL that is  evolving 
to a myeloblastic leukemia. Most cells are myeloblasts 
( Wright-Giemsa stain, 1000*  magnification).

pseudo–Pelger-Huët anomaly. The leukocyte alkaline phosphatase 
score is normal or increased. Leukocytes and platelets are usually 
decreased.

Normoblasts are typically periodic acid-Schiff (PAS) negative; 
however, in erythroleukemia, erythroblasts can demonstrate coarse 
positivity in either a diffuse or granular pattern. PAS-positive eryth-
roblasts are occasionally also found in MDS, other subgroups of AML, 
iron-deficiency anemia, thalassemia, severe hemolytic anemia, and 
sometimes in megaloblastic anemia. The myeloblastic component 
shows reactions similar to those found in other subtypes of AML 
in both morphology and chromosomal aberrations. Erythroblasts 
usually react positively with antibodies to glycophorin A (CD71) or 
hemoglobin A.

The mixed lineage variant occasionally can evolve to a predomi-
nantly myeloblastic leukemia (Figure 26-12 ■). The cell of origin for 
the mixed lineage variant is thought to be a multipotential progenitor 
cell with wide myeloid differentiation potential. The cell of origin for 
pure erythroid leukemia is thought to be a primitive progenitor cell 
committed to the erythroid lineage (BFU-E or CFU-E).44

involvement.1 This gene has been linked to normal monocyte–
macrophage differentiation. The cell of origin for this AML subtype 
is believed to be a hematopoietic precursor cell committed to mono-
cytic differentiation (CFU-M).44

acute erythroid leukemia (ael)
Acute erythroid leukemias (AELs) account for 65% of cases of AML 
and have a predominant erythroid population. Two variants that are 
differentiated by the presence or absence of a significant myeloid 
component are described: the erythroid/myeloid variant and the 
pure erythroid variant (Figure 26-2). The erythroid/myeloid vari-
ant (mixed lineage variant) is defined by Ú50% erythroid precursors 
in the BM (percent of all nucleated cells) with Ú20% myeloblasts in 
the nonerythroid cell population. On the other hand, pure erythroid 
leukemia is an undifferentiated variant that shows neoplastic prolif-
eration exclusively in the erythroid lineage ( 780% of total marrow 
cells are committed to the erythroid lineage).45 Erythroid/myeloid 
leukemia is predominantly a disease of adults and accounts for 5–6% 
of AML cases. Pure erythroid leukemia is extremely rare and can 
occur at any age.44

The most dominant changes in the peripheral blood are anemia 
with striking poikilocytosis and anisocytosis with a large number of 
nucleated erythrocytes that are dysplastic with megaloblastoid nuclei 
and/or bi- or multinucleated cells in the more immature stages. The 
cytoplasm frequently contains vacuoles. Myeloblasts can be seen in 
the peripheral blood in the erythroid/myeloid form of AEL (Figure 
26-10 ■).

The BM erythroblasts are distinctly abnormal with bizarre mor-
phological features. Giant multilobular or multinucleated forms are 
common. Other features include nuclear budding and fragmenta-
tion, cytoplasmic vacuoles, Howell-Jolly bodies, ringed sideroblasts, 
and megaloblastoid changes (Figure 26-11 ■). Erythrophagocytosis 
of the abnormal erythroblasts is a common finding. Auer rods can 
be found in the myeloblasts in the mixed lineage variant. Dysmega-
karyopoiesis is common with mononuclear forms or micromega-
karyoblasts present. Neutrophils can exhibit hypogranularity and 

■  FiGure 26-10 Myeloblasts in the peripheral blood 
from a patient with the erythroid-myeloid variant of AEL. 
The blast morphology is typical of AML without differen-
tiation (Wright-Giemsa stain; 1000*  magnification).
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acute Panmyelosis with Myelofibrosis
This disorder is associated with an acute panmyeloid proliferation and 
fibrosis of the bone marrow. A rare form of AML, it occurs primarily 
in adults. The major differential diagnosis is with acute megakaryo-
blastic leukemia (with fibrosis) or other types of AML with associated 
marrow fibrosis and/or with chronic idiopathic myelofibrosis. This 
diagnosis is indicated when the proliferative process involves all major 
myeloid lineages (granulocytes, erythroid cells, and megakaryocytes 
[i.e., panmyelosis]). Dysplastic, small megakaryocytes are charac-
teristic. The number of blasts varies but is usually between 20–25%. 
 Diagnosis requires BM biopsy and immunohistology.

Myeloid Sarcoma
This designation refers to a disease process in which a tumor mass 
of myeloblasts or immature myeloid cells occurs in an extramedul-
lary site or in bone. It can occur concurrently with acute or chronic 
myeloid leukemias or other myeloproliferative or myelodysplastic 
disorders. The immunophenotype and cytochemistry reflect the 
specific myeloid cell(s) involved in the malignant process (i.e., myelo-
blasts, promyelocytes, occasionally monocytes). The cell of origin is 
believed to be the CMP.

Myeloid Proliferations related to Down Syndrome
Individuals with Down syndrome have been found to have an 
increased risk of leukemia, estimated at 10- to 100-fold. They also are 
at risk for developing transient abnormal myelopoiesis (TAM), which 
is a unique disorder of Down syndrome. The newborn with TAM 
presents with clinical and morphologic findings indistinguishable 
from AML. The blasts are of the megakaryocytic lineage. At presen-
tation, thrombocytopenia is the most common feature. There may be 
a marked leukocytosis with an increase in blasts. Hepatosplenomegaly 
may be present. In the majority of cases, spontaneous remission occurs 
within the first three months of life. In most cases, the blasts are posi-
tive for CD34, CD56, CD117, CD13, CD33, CD7, CD4, CD41, CD42, 
and CD61. In addition to trisomy 21, acquired GATA1 mutations 
are present in blast cells of TAM. Children with Down syndrome 
have a 50-fold increase in incidence of acute leukemia during the first 
5 years of life. About 1–2% of children with Down syndrome will 
develop AML during this time. The BM core may show an increase 
in reticulin fibrosis resulting in a dry tap. The blasts are positive for 
the same markers as in TAM except that 50% of cases are negative for 
CD34, and 30% of cases are negative for CD56. In addition to trisomy 
21, somatic mutations of the gene encoding the transcription factor 
GATA1 are considered pathognomonic of TAM or MDS/AML of 
Down syndrome.

Blastic Plasmacytoid Dendritic cell neoplasm
This is a rare, clinically aggressive hematopoietic neoplasm derived 
from precursors of plasmacytoid dendritic cells that are also known as 
type 1 interferon-producing cells. It has a high frequency of cutane-
ous and BM involvement and leukemic dissemination. The patients 
present with skin lesions that can be nodules, plaques, or bruiselike 
areas. At presentation, regional adenopathy is common, but peripheral 
blood and BM involvement can be minimal. With disease progres-
sion, blood and BM exhibit disease involvement.  Following an initial 
response to chemotherapy, patients variably relapse with involvement 
in the skin or in other sites including the CNS. The blasts are positive 
for CD4, CD43, CD56, CD123, TCL1, and CLA. Fifty percent of cases 

acute Megakaryoblastic leukemia (aMkl)
The megakaryoblastic subgroup of AML is an acute leukemia in which 
Ú50% of the leukemic blasts are of the megakaryocytic lineage. It occurs 
in both adults and children and constitutes 65% of all AML cases.44 
This category excludes AML with myelodysplasia-related changes, AML 
with t(1;22)(p13;q13), inv(3)(q21;q26), t(3;3)(q21;q26.2), and Down 
syndrome-related cases.

Patients usually present with cytopenias; although most have 
thrombocytopenia, some can have thrombocytosis. Dysplastic fea-
tures in the neutrophils and platelets can be present. There is no 
significant organomegaly. The BM megakaryoblasts are usually 
medium to large (12–18 mcM) with basophilic, often agranular, 
cytoplasm. The cells frequently show distinct pseudopod formation. 
Small blasts resembling lymphoblasts can also be present. On careful 
examination of the peripheral blood smear, circulating micromega-
karyocytes and undifferentiated blasts can be found. However, the 
finding of cytoplasmic blebs suggests that these cells are megakaryo-
cytic. Megakaryocytic fragments also can be present.

BM aspiration often results in a dry tap because of extensive 
marrow fibrosis associated with an expanded megakaryocyte lineage. 
In these cases, marrow biopsy may be required and usually reveals 
increased fibroblasts and/or increased reticulin as well as 720% blasts. 
It has been suggested that megakaryocytes secrete a number of mito-
genic factors that stimulate fibroblast proliferation.

Blasts can be identified as megakaryocytic by immunophenotyp-
ing flow cytometry for CD41, CD61, occasionally CD42, and cyto-
chemistry. The blasts are highly variable, ranging from small round 
cells with scant cytoplasm and dense heavy chromatin to cells with 
moderately abundant cytoplasm with or without granules and nuclei 
with lacy chromatin and prominent nucleoli. Some blasts can have 
cytoplasmic blebs. Megakaryocytes with shedding platelets occasion-
ally are present. Dysplasia of all cell lines is a common finding.

No unique chromosomal abnormality is associated with acute 
megakaryoblastic leukemia in adults.

acute Basophilic leukemia  (aBl)
The primary differentiation of this acute leukemia is along the baso-
phil lineage. Some cases develop as a blast transformation phase of 
CML. This is a very rare form of AML with few reported cases (61% 
of all AML cases). The most characteristic feature by cytochemistry is 
metachromatic positivity with toluidine blue.44 The blasts can show 
diffuse staining with acid phosphatase and occasionally PAS positivity. 
They are usually negative for typical cytochemical stains for myeloid 
cells but express myeloid markers (e.g., CD13, CD33). No consistent 
chromosomal abnormality has been identified with this subtype of 
AML. The cell of origin is believed to be a myeloid precursor com-
mitted to the basophil lineage. The differential diagnosis includes a 
blast phase of a myeloproliferative neoplasm and other AML with 
basophilia such as AML with t(6;9)(p23;q34).

What differentiating hematologic feature of acute 
erythroid leukemia causes it to be classified into two 
subgroups?

CheCkpoint 26-8
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theraPy
Traditional chemotherapy for AML is designed to reduce tumor 
load as rapidly as possible. Newer treatment modalities include 
molecularly targeted therapies (e.g., ATRA), epigenetic-targeted 
therapies (demethylating agents, histone deacetylase inhibitors), 
and autologous or allogeneic BM transplants and infusions of donor 
lymphocyte cells with total body irradiation to increase leukemic 
cell destruction. Current research is focusing on novel therapies 
including the use of monoclonal antibodies and gene therapy and 
the destruction of the cellular matrix that supports the neoplastic 
tissue.

Evaluation of peripheral blood counts is essential to support 
patients during chemotherapy. Development of at-risk stages such 
as pancytopenia, severe granulocytopenia, and/or thrombocy-
topenia must be monitored so that early intervention can occur 
(growth factors to stimulate hematopoietic cell recovery and/or 
transfusions).

BM transplantation (Chapter 29), whether allogeneic or autolo-
gous, remains the only therapeutic choice that currently provides the 
potential for a prolonged (10+  years) disease-free survival for most 
patients with AML.    

8. If this patient were treated with all transretinoic acid, 
what would you expect to find two weeks later when 
the blood count was repeated?

caSe StuDy

Summary
The ALs compose a heterogeneous group of neoplastic stem 
cell disorders characterized by unregulated proliferation and 
blocked maturation. The two major groups of AL are AML and 
ALL, which the 2008 WHO Classification System further catego-
rizes into subtypes based on morphologic criteria, cytochemi-
cal stains, immunologic analysis, and cytogenetic and molecular 
abnormalities. The 2008 WHO classification system recognizes 
AML subtypes with recurrent chromosomal abnormalities, 
with multilineage dysplasia, and following cytotoxic therapy. It 
replaces the FAB classification system that was based on mor-
phology and cytochemistry. The WHO system also recognizes 
new subcategories of acute basophilic leukemia, acute panmy-
elosis with myelofibrosis, myeloid sarcoma, blastic plasmacytoid 
dendritic cell neoplasm, and myeloid proliferations related to 
Down syndrome.

MPO and/or SBB cytochemical staining help differenti-
ate AML (MPO+) from ALL (MPO−). Subgrouping the AMLs 
requires additional cytochemical stains, immunophenotyping, 
and cytogenetic analysis. The AML cases that are known as AML 
not otherwise specified are primarily classified by morphology 
and cytochemistry.

The onset of AML is usually abrupt; without treatment, it 
progresses rapidly. Symptoms are related to anemia, thrombo-
cytopenia, and/or neutropenia. Splenomegaly, hepatomegaly, 
and lymphadenopathy are common findings. Hematologic find-
ings include a macrocytic or normocytic, normochromic  anemia, 
thrombocytopenia, and a decreased, normal, or increased 
 leukocyte count. Blasts are almost always found in the periph-
eral blood. A BM examination is always indicated if leukemia is 
 suspected. The BM reveals Ú20% blasts.

are positive for CD68. The blasts are negative for alpha-naphthyl-
butyrate esterase and MPO. Two-thirds of patients have an abnormal 
karyotype. Complex karyotypes are common.

A BM aspirate and biopsy were performed on Guillermo 
to aid in diagnosis. The BM biopsy revealed a hypercel-
lular marrow. The BM aspirate revealed an M:E ratio of 
7.8:1. The predominant cells were abnormal and imma-
ture with an indented or lobulated nuclear configuration. 
Heavy cytoplasmic granulation was present, and multiple 
Auer rods were in several cells. The cells were strongly 
positive with MPO.

5. Based on the morphology and cytochemical staining of 
these cells, what is the most likely AML classification?

6. What is the major complication associated with this 
leukemia?

7. What chromosome abnormality is associated with this 
leukemia?

caSe StuDy (continued from page 505)

Predict the peripheral blood picture of a patient on anti-
folate chemotherapy.

CheCkpoint 26-9
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Review Questions
Level i

 1. A differential report notes the presence of 720% blasts. This 
number supports the diagnosis of: (Objective 1)

 A. CML

 B. AML

 C. CLL

 D. MDS

 2. The presence of blasts with no evidence of myeloid differ-
entiation by morphology and 63% positive for SBB or MPO 
is commonly seen in: (Objective 2)

 A. AML—minimally differentiated

 B. AML—without maturation

 C. acute basophilic leukemia

 D. myeloid sarcoma

 3. Which M:E ratio is most characteristic of acute leukemia ? 
(Objective 4)

 A. 1:1

 B. 10:1

 C. 1:5

 D. 4:1

 4. A large cell with an immature nucleus containing multiple 
prominent nucleoli and Auer rods is a(n): (Objective 3)

 A. erythroblast

 B. myeloblast

 C. promyelocyte

 D. promyelocyte with hypergranulation

 5. The leukemia that belongs to the WHO classification of 
AML with recurrent genetic abnormalities is: (Objective 2)

 A. APL

 B. megakaryoblastic leukemia

 C. erythroleukemia

 D. AML minimally differentiated

 6. Which of the following subcategories of AML give a posi-
tive result with PAS? (Objective 5)

 A. AML without maturation

 B. Acute basophilic leukemia

 C. Acute erythroid leukemia

 D. AML with minimal differentiation

 7. Auer rods have been determined to be: (Objective 6)

 A. important to exclude ALL

 B. composed of histamine

 C. positive for proteolytic esterases

 D. present in high numbers in adolescent AML

 8. A patient who had been treated previously for myelodys-
plasia developed AML. What subgroup is most appro-
priate for a diagnosis in this case? (Objective 2)

 A. AML with recurrent genetic abnormalities

 B. AML with MDS-related changes

 C. t-AML

 D. AML with differentiation

 9. The minimum number of blasts in the peripheral blood or bone 
marrow needed for a diagnosis of AML is: (Objectives 1, 3)

 A. 30%

 B. 10%

 C. 50%

 D. 20%

 10. Circulating micromegakaryocytes typically can be found in 
which of the following acute leukemias? (Objectives 2, 3)

 A. AML with t(8;21)

 B. APL

 C. AML therapy related

 D. acute megakaryoblastic

Level ii

 1. In attempting to subtype a case of acute leukemia, a labo-
ratory professional noted that the blasts were negative 
with myeloperoxidase, SBB, specific and nonspecific ester-
ase but positive when stained with PAS and platelet per-
oxidase.  These blasts should show positivity with which of 
the following monoclonal antibody(ies)? (Objectives 2, 4)

 A. CD41, CD42, CD61

 B. CD24

 C. CD7

 D. glycophorin A

 2. The WHO classification of AML is based on: (Objectives 2, 7)

 A. genetic abnormalities

 B. morphology and cytochemistry of blasts

 C. immunophenotyping of blasts

 D. all of the above
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Companion Resources
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The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

 7. A patient with leukemia is receiving chemotherapy including 
a drug that is an antagonist to folic acid metabolism. Which 
of the following types of erythrocytes will be produced? 
(Objective 5)

 A. macrocytes

 B. microcytes

 C. spherocytes

 D. codocytes

 8. Hypergranular promyelocytic leukemia is characterized by 
which cytogenetic abnormality? (Objective 2,4)

 A. t(15;17)

 B. 11q23 abnormality

 C. t(8;21)

 D. inv(16)(p13;q22)

 9. The presence of CD34, CD13, and CD14 is typically associ-
ated with a positive: (Objective 4)

 A. PAS stain

 B. TdT

 C. CD71

 D. myeloperoxidase

 10. All transretinoic acid therapy is used in leukemia patients 
with this genetic abnormality: (Objectives 3, 5)

 A. t(9;22)

 B. t(8;21)

 C. trisomy 8

 D. t(15;17)

 3. Which of the following leukemias is associated with cells 
containing an abundance of Auer rods occurring in bun-
dles? (Objective 2)

 A. APL

 B. AML with multilineage dysplasia

 C. AML t(8;21)

 D. AML therapy related

 4. Which of these leukemic blasts demonstrate t(1;22)
(p13;q13) positivity? (Objective 4)

 A. erythroblasts

 B. myeloblasts

 C. megakaryoblasts

 D. monoblasts

 5. A bone marrow from a 20-year-old male revealed 40% 
agranular blasts. Cytochemical stains were negative for 
MPO, SBB, and specific and nonspecific esterases. What 
immunophenotype panel should be used to help identify 
the blast cell lineage? (Objective 6)

 A. CD13, CD33, CD34, CD10, CD19, CD2, CD3, CD5

 B. CD11a, CD14, CD10, CD2, CD3, CD71, CD61

 C. CD13, CD33, CD34, CD11b, CD71, CD41

 D. CD41, CD61, CD13, CD15, CD38, CD117

 6. A patient has a leukocyte count of 75 * 109/L. A large num-
ber of blast cells are present in the peripheral blood smear. 
Cytochemical stain reveals positive staining with SBB. 
Immunophenotyping is CD13+ , CD33+ , CD19- , CD22- ,
CD3- , CD5- . Karyotyping reveals t(8;21)(q22;q22). Based 
on the results, these cells would be considered: (Objective 
4)

 A. myeloblasts

 B. stem cells

 C. monoblasts

 D. promyelocytes
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define acute lymphoblastic leukemia (ALL) and lymphoblastic  lymphoma 

(LBL), and differentiate them from acute myeloid leukemia (AML).
 2. List and define the variants of ALL/LBL according to the WHO 

classification.
 3. Describe and recognize the typical peripheral blood picture 

( erythrocytes, leukocytes, blasts, thrombocytes) seen in ALL.
 4. Give the typical results of flow cytometric analysis and genetic findings 

in ALL.
 5. Summarize the clinical signs and symptoms and the most frequent age 

groups associated with ALL.
 6. Define the rare acute leukemias that are not included in the AML 

and ALL groups.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare and contrast the various presentations of ALL/LBL.
 2. Predict the most likely WHO or immunophenotypic subgroup based on 

patient history, physical assessment, and laboratory findings.
 3. Correlate cellular presentation with prognosis and common 

 complications in ALL/LBL.
 4. Correlate Wright stained blast morphology in the ALL subgroups with 

flow cytometry and genetic testing results.
 5. Evaluate peripheral blood results in relation to response to oncological 

therapy (e.g., complete or partial remission, relapse).
 6. Identify acute leukemia (AL) from a peripheral blood smear and 

recommend laboratory tests that may be useful in differentiation of 
acute leukemia of ambiguous lineage, AML, ALL, and the subgroups 
of ALL.

 7. Define the phases and purposes of chemotherapy for ALL.
 8. Correlate clinical and laboratory findings with prognosis in ALL/LBL.
 9. Contrast the clinical and laboratory findings of ALL to LBL.
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introDuCtion
Lymphoid malignancies include a wide spectrum of syndromes 
from disorders that primarily involve the bone marrow and periph-
eral blood (leukemias) to those that initially present as solid tissue 
masses (lymphomas) primarily involving lymphoid organs (lymph 
nodes, tonsils, spleen, thymus, and the lymphoid tissue of the gas-
trointestinal tract). These lymphoid neoplasms can be composed 
primarily of mature or precursor lymphoid cells, a distinction that 
serves as a means for classification. The mature lymphoid leuke-
mias and lymphomas are discussed in Chapter  28. This chapter 
includes a description of the precursor or immature lymphoid leu-
kemias (ALL) and lymphomas (lymphoblastic lymphoma [LBL]). 
Although ALL is primarily a neoplasm of the bone marrow and 
peripheral blood and LBL is a neoplasm that presents as a solid mass 
in lymphoid tissue, the two entities are not always distinct. Tissue 
involvement can occur in ALL, and peripheral blood and bone mar-
row involvement can occur in LBL. It is thought that ALL and LBL 
are different clinical expressions of the same disease and therefore 
are grouped together in the WHO classification. They arise from 
a malignant change in the hematopoietic stem cell, common lym-
phoid progenitor (CLP), or more differentiated progenitors of the 
T- or B-cell lineage.

etioLoGy anD PathoGeneSiS
Similar to AML (Chapter 26), the ALLs are hematologic disorders 
characterized by malignant neoplastic proliferation and accumula-
tion of immature and dysfunctional hematopoietic cells in the 
bone marrow. Multiple somatically acquired mutations within a 
stem cell prior to its differentiation into a lymphoid progenitor or 

overview
This chapter discusses the acute lymphoblastic leukemias and lym-
phomas. A summary of clinical signs and symptoms is juxtaposed 
with the hematologic findings. The 2008 World Health Organization 
(WHO) Classification System is used. The emphasis is on the labo-
ratory techniques and results used to diagnose and classify the neo-
plasms. The rare acute leukemias that are not grouped into either acute 
myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL) are 
termed acute leukemias of ambiguous lineage and also are reviewed. 
ALL may also be referred to as lymphoblastic leukemia (LL).

Key Terms
Acute undifferentiated 

leukemia (auL)
B-cell acute lymphoblastic 

leukemia

Bilineage acute leukemia
Biphenotypic acute leukemia
Consolidation therapy

We will refer to this case study throughout the chapter.

Dan, a 4-year-old white male, saw his physician for symp-
toms of easy fatigue and bruising. His mother stated that 
until one month ago, he was a “typical kid.” Since then 
she has noticed increased lassitude, a regression to more 
babylike behavior, and loss of appetite. For the past two 
days, his temperature has been 100°F. upon physical 
examination, the child presented as pale, quiet, and of 
appropriate size for his age. Most systems were unre-
markable with the exception of several small firm lymph 
nodes felt in the cervical and auxiliary regions. His CBC 
revealed a WBC count of 40.2 * 109/L with 90% blasts.

Consider the laboratory testing that could help in 
diagnosing Dan’s illness.

CaSe StuDy

Induction therapy
Maintenance chemotherapy
Minimal residual disease (MRD)

T-cell acute lymphoblastic 
leukemia

Background Basics
The information in this chapter will build upon concepts learned 
in previous chapters. To maximize your learning experience, you 
should review and have an understanding of these concepts 
before starting this unit of study:

Level i
• summarize the origin and differentiation of hematopoietic cells. 

(Chapter 4)
• describe the maturation, differentiation, and function of the 

lymphocytes. (Chapter 8)
• outline the classification and general laboratory findings of the 

acute leukemias. (Chapter 23)
• summarize the typical laboratory findings that define acute 

myeloid leukemia. (Chapter 26)

Level ii
• summarize the role of oncogenes and growth factors in cell 

proliferation, differentiation, and maturation. (Chapters 4, 23)
• diagram the maturation pathway for t and B lymphocytes. 

(Chapter 8)
• describe the role of molecular analysis in diagnosis and treatment 

of acute leukemia. (Chapter 42)
• describe the use of immunophenotyping in acute leukemia. 

(Chapters  23, 40)
• describe the role of cytogenetics and diagnosis and treatment 

of acute leukemia. (Chapters 23, 41)
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within a lymphoid precursor cell gives rise to a clone of malignant 
lymphocytes. Thus, ALL/LBL can be either T- or B-cell phenotypes. 
How the cells acquire these mutations is unknown, but a combina-
tion of leukemogenic factors could be responsible (Chapter 23). The 
types of genetic alterations include chromosomal rearrangements and 
abnormalities of cell ploidy as well as point mutations in oncogenes 
or tumor suppressor genes that alter cellular functions (Chapter 23). 
These genetically abnormal cells proliferate in an unregulated manner 
with altered responses to growth and antigrowth signals and exhibit 
maturation arrest at any one of several early stages of differentiation. 
They divide and synthesize DNA more slowly than normal hema-
topoietic cells, but they have enhanced self-renewal and increased 
resistance to apoptotic signals.1 Thus, the leukemic clone expands and 
the neoplastic cells accumulate. Impairment of normal hematopoiesis 
as the leukemic clone expands is the primary cause of concern.

CLiniCaL FinDinGS
Although ALL has been diagnosed in all age groups, the incidence of 
the disease demonstrates two clear frequency clusters, one between 
the ages of 2 and 5 years and another in the sixth decade. In elderly 
people, the signs and symptoms—complaints of fatigue, infections, 
and bruising—are typically more acute than in children. The onset 
of the disease in children can be insidious or abrupt with nonspecific 
signs and symptoms.

The clinical picture of anemia, increased infections, and throm-
bocytopenia results from bone marrow failure because of the replace-
ment of normal marrow elements by leukemic lymphoblasts. Pallor, 
fatigue, and shortness of breath reflect the anemia, which tends to 
become symptomatic below 10 g/dL of hemoglobin. Fever can result 
from an infection or remain classified as a fever of unknown origin, 
perhaps because of the release of endogenous pyrogens and other 
inflammatory compounds. Both petechiae and ecchymoses are pres-
ent in 750% of the patients. Bone pain, especially tenderness of the 
long bones, presents in about 80% of children with ALL, and is often 
excused as “growing pains” but is actually from the expansion of mar-
row space by leukemic cells. Weight loss with or without anorexia is 
common because of the negative nitrogen balance of metabolically 
abnormal cells. Leukemia infiltrates are responsible for splenomegaly, 
hepatomegaly, and lymphadenopathy when present.

B-cell ALL is characterized by inappropriate secretion of mono-
clonal immunoglobulins that can increase blood viscosity and impair 
blood flow through the microcirculation (hyperviscosity syndrome). 
These immunoglobulins also can impair granulocyte and platelet 
function, induce pathologic rouleaux, interact with coagulation pro-
teins, and interfere with coagulation. Production of autoantibodies 
can lead to autoimmune hemolytic anemia, autoimmune thrombocy-
topenia, and autoimmune neutropenia. Extramedullary involvement 
is common, affecting the central nervous system, lymph nodes, spleen, 
liver, and testis.

The neoplasm can present with primary involvement of nodal 
and extranodal sites with minimal or no involvement of bone marrow 
and peripheral blood. The disease is then referred to as LBL. Sites of 
involvement in B-cell LBL include skin, soft tissue, and lymph nodes. 
In T-cell LBL, mediastinal (thymic) involvement is common. When 

the patient presents with a neoplastic lymphoid mass and lympho-
blasts in the bone marrow, the distinction between lymphoma and 
leukemia is arbitrary. However, when peripheral blood and bone 
marrow are extensively involved, the disease is known as lymphoblas-
tic leukemia. Without leukemia, LBL is usually asymptomatic.

T-cell ALL and LBL tend to have more aggressive clinical 
behavior than B-cell malignancies. These T-cell malignancies often 
involve extranodal and extramedullary sites.1 Lymphadenopathy and 
hepatospenomegaly are usually present.

Compare the typical age groups in which AML and ALL 
are found.

CheCkpoint 27-1

LaBoratory FinDinGS
Evaluation of the peripheral blood and bone marrow is critical for 
making a diagnosis of ALL (Table 27-1 ★).

Peripheral Blood
The white blood cell count can be increased, decreased, or within the 
reference interval.2,3 Hyperleukocytosis (7100.0 * 109/L) occurs in 
11–23% of all patients and most commonly in patients with T-cell ALL. 
The absolute neutrophil count is decreased in 20–40% of patients, 
even when there is leukocytosis, and correlates strongly with the inci-
dence of infection.1 Although no established minimum percentage 
of blasts defines ALL (as there is for AML), WHO  recommends that 
the diagnosis of ALL not be made if there are 620% blasts.3 Many 
treatment protocols use the criterion of a minimum of 25% blasts for 
a diagnosis of ALL.

T and B lymphoblasts are not distinguishable by morphol-
ogy. Circulating lymphoblasts are found in the peripheral blood in 
90% of cases.1 They vary from small cells with scant to moderate 
light basophilic or grey-blue cytoplasm, a high N:C ratio, slightly 
condensed chromatin, and indistinct nucleoli to larger cells with 
a moderate amount of cytoplasm, finely dispersed chromatin, and 
distinct nucleoli1 (Figures 27-1 ■ and 27-2 ■). The nucleus can 
be irregularly shaped.

Peripheral blood • Leukocyte count usually increased but can be 
normal or decreased

• Neutropenia

• Lymphoblasts present

• Normocytic, normochromic anemia

• Thrombocytopenia

Bone marrow • Hypercellular

• Increased lymphoblasts, usually 725%, not 620%

★ taBLe 27-1 Initial Laboratory Findings 
 Characteristic of ALL
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(765%), and aspiration may not be possible. In this case, biopsy is 
indicated.

The morphology of the cells in the marrow mirrors that seen in 
the peripheral blood. Auer rods are not present in  lymphoblasts; if 
Auer rods are seen, the blasts are distinguished as myeloblasts.

Tissue Involvement
Lymphoma is the term used to describe lymphoid neoplasms when 
there is mass lesion of lymphoid or other tissue with no or little involve-
ment of the bone marrow and peripheral blood. In B-LBL, lymph nodes 
and other involved tissue show diffuse or paracortical patterns of infil-
tration by malignant lymphoid cells. There are usually numerous mitotic 
figures. There may be a focal “starry sky” pattern due to macrophage 
phagocytosis of apoptotic tumor cells. In T-LBL, lymph nodes can show 
total architectural effacement that involves the capsule. Sometimes the 
involvement in the paracortical area is only partial, sparing the germinal 
center. A multinodular pattern and “starry sky” effect can be present.

Other Laboratory Findings
As with other leukemias, other laboratory findings are consistent with 
increased cellular metabolism and, in general, the extent of abnormal-
ity of the various laboratory parameters is proportional to the tumor 
burden. Hyperuricemia and an increased lactate dehydrogenase are 
common expressions of cell turnover. Hypercalcemia can occur, which 
is thought to be from bone resorption associated with leukemic infiltra-
tion in the bone marrow. The typical consequence of leukemic infil-
tration of the kidney is impaired renal function with increased serum 
creatinine, phosphorus, blood urea nitrogen, and uric acid. Because 
the central nervous system (CNS) is a frequent site for extramedullary 
metastasis of ALL, cerebrospinal fluid analysis may be used throughout 
treatment to investigate the possibility of leukemic infiltration.

The larger blasts may be intermixed with the smaller blasts 
(Figure 27-2). The cytoplasm can contain vacuoles and amphophilic 
granules (that stain a pinkish to purple color) that are probably lyso-
somal in origin.4 These granules can make it difficult to distinguish 
these lymphoblasts from myeloblasts.

Unless accompanied by bleeding, a normochromic normo-
cytic anemia is common. Anisocytosis, poikilocytosis, and nucleated 
RBCs are usually not present.5 There is typically thrombocytopenia 
(48952 * 109/L).

■  FiGure 27-1 (a) Lymphoblasts in peripheral blood from acute lymphoblastic leukemia. 
Notice the nuclear cleavage, condensed chromatin, and high N:C ratio. (b) Lymphoblasts in 
the bone marrow from the patient with ALL in (a). Note cells with a high N:C ratio, fine chro-
matin, and nucleoli (both Wright-Giemsa stain, 1000*  magnification).

ba

The physician ordered a CBC on Dan. The results were 
as follows:

WBC 40.2 * 109/L WBC Differential
RBC 3.45 * 1012/L Lymphoblasts 90%
hb 9.7 g/dL Neutrophils 8%
Hct 0.32 L/L (32%) Monocytes 1%
mCV 92.7 fL eosinophils 1%
MCH 28.1 pg
MCHC 30.3
RDW 17.3
PLT 63 * 109/L

On a scan of the peripheral blood smear, rare  nucleated 
erythrocytes were seen, and the platelets appeared 
decreased in number.

1. Based on these data, what would be the initial 
 interpretation of Dan’s presentation?

CaSe StuDy (continued from page 523)

Explain the difference between ALL and LBL.

CheCkpoint 27-2

Bone Marrow
The bone marrow is preferred for diagnosis because there are no 
circulating blasts at diagnosis in up to 10% of patients with ALL. 
Marrow cells also are better for genetic studies. The bone marrow in 
most patients reveals a marrow densely populated with lymphoblasts 
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Why is it necessary to immunophenotype the lympho-
blasts in ALL if they have been identified as lymphoblasts 
morphologically?

CheCkpoint 27-3

in normal mature lymphocytes but can be found in 65% of the total 
thymic population of lymphocytes with the TdT positive cells local-
ized in the cortex.6 It can also be found in very early B cells and occa-
sionally very early myeloblasts and therefore, about 1–3% of normal 
bone marrow cells are TdT positive. Its value in ALL is to  differentiate 
early precursor lymphoblasts from more mature cells.

Immunophenotyping
The immunologic phenotype of neoplastic cells is helpful in deter-
mining lineage of the neoplastic cells, differentiating a benign from 
a neoplastic process, classification and prognosis of the disease, and 
detection of minimal residual disease (MRD) after treatment. The 
appearance of specific cell markers (antigenic determinants) is devel-
opmentally regulated in normal lymphoid cells (Chapters  7, 8). Some 
antigenic determinants appear at a very early stage of development 
and disappear with age, while others appear on mature cells. Studies 
of surface and intracellular markers reveal that lymphoblasts in ALL 
share markers with normal lymphoid counterparts in various stages 
of maturation7 (Chapter 8). However, immunophenotyping also has 
demonstrated that while some leukemic cells have phenotypes of 
normal cells, others can show asynchronous gene expression, result-
ing in an inappropriate combination of antigens or lineage plasticity8 
(Figure 27-3 ■). Because no one marker is specific for any neoplasm, 
a panel of antibodies must be used for accurate diagnosis.

Immunophenotyping is important in differentiating ALL from 
minimally differentiated AML and in identifying subtypes of the 
neoplastic lymphoblast (T or B). Immunophenotyping also is valu-
able in recognizing leukemias of mixed lineage. After therapy, immu-
nophenotyping is used in combination with molecular studies (e.g., 
polymerase chain reaction [PCR]/fluorescence in situ hybridization 
[FISH], Chapter 42) to determine MRD.

iDentiFiCation oF CeLL LineaGe
The first step in classifying acute leukemia (AL) is to differentiate ALL 
from AML, usually by identifying the lineage of the blasts. Although cell 
morphology on Romanowsky-stained smears and cytochemistry can help 
distinguish ALL from AML, classification of ALL/LBL into subgroups 
relies on immunologic, cytogenetic, and molecular genetic methods.

Immunophenotyping is used to determine the cells’ lineage 
(myeloid or lymphoid), subtype (T or B cell), and maturation stage. 
Cytogenetics and molecular analysis can provide evidence of  clonality, 
reveal distinct genetic abnormalities associated with subgroups of 
ALL/LBL, and provide important prognostic information. Identifica-
tion of these cellular characteristics can reveal the biologic subtypes, 
which is important for optimizing treatment outcomes.

Morphology and Cytochemistry
Morphology is important since some neoplasms have  characteristic 
or diagnostic cell features. However, differentiation of ALL from 
AML (AML minimally differentiated or AML without maturation) 
may not be possible by morphologic examination of Romanowsky-
stained smears alone. When morphologic examination cannot 
 differentiate lymphoblasts from other blasts, cytochemistry may be 
helpful (Chapter 23). In lymphoblasts, the myeloperoxidase (MPO) 
and Sudan black B (SBB) stains are negative, which are  usually suf-
ficient to differentiate lymphoblasts from myeloblasts. The periodic 
acid-Schiff (PAS) reaction usually demonstrates a coarse granular 
positivity in lymphoblasts, especially those with a T-cell immuno-
phenotype. The PAS reactivity may be present in AML, but the gran-
ular pattern is superimposed on a diffusely positive background, 
whereas there is no background positivity in lymphoblasts.

Terminal Deoxynucleotidyl Transferase (TdT)
Certain intracellular enzymes are helpful in identifying cellular 
 subtypes. The most important of these is terminal deoxynucleotidyl 
transferase (TdT), a DNA polymerase found in cell nuclei. Its presence 
can be determined by direct enzyme assay, by indirect immunofluo-
rescence, or with monoclonal antibodies. This enzyme is not present 

■  FiGure 27-2 (a) Lymphoblasts in peripheral blood from acute lymphoblastic leukemia. 
Note the fine chromatin and nucleoli (Wright-Giemsa stain, 1000*  magnification). (b) Lympho-
blasts in the bone marrow from patient in (a). Note the blasts with vacuoles (Wright-Giemsa 
stain, 500*  magnification)

ba
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who CLaSSiFiCation
The WHO Classification defines two subgroups of precursor ALL/LBL: 
Precursor B-cell and precursor T-cell neoplasms ( leukemia/ lymphoma) 
(Table 27-2 ★). These precursor neoplasms with bone marrow and 
peripheral blood involvement are acute lymphoblastic leukemias, 
whereas precursor T-cell and precursor B-cell  neoplasms presenting as 
solid tumors are lymphoblastic lymphomas (Chapter 28).

B-cell ALL/LBLs that are characterized by recurrent genetic 
abnormalities are subgrouped as ALL with recurrent cytogenetic 
abnormalities (see Appendix B for these subgroups and  cellular 
characteristics). The remainder are subgrouped as ALL not other-
wise specified (NOS). Although Burkitt lymphoma was classified 
as ALL in the FAB classification (L3), it is suggested that the B-cell 
ALL designation not be used to designate Burkitt leukemia/lym-
phoma.1 Burkitt lymphoma is included in the WHO classification 
of mature B-cell neoplasms and is discussed in Chapter 28. There 
are no recurrent cytogenetic changes observed that are  specific to 
LBL.9 T-cell ALL has not been subgrouped by recurrent genetic 
abnormalities as the pathogenesis of most T-cell ALL/LBL is not 
known.

B Lymphoblastic Leukemia/Lymphoma
Precursor B-cell leukemia (B-cell ALL) is a neoplasm of lympho-
blasts committed to the B-cell lineage, which involves the bone 
marrow and peripheral blood. Occasionally, the disease can present 
with primary involvement of the lymph nodes or extranodal sites, 
in which case it is called B lymphoblastic lymphoma (B-LBL). 
Although arbitrary and with exceptions, if a patient has a mass lesion 
and 25% or fewer lymphoblasts in the bone marrow, the term lym-
phoma is preferred.

Cytogenetic Analysis
Chromosomal abnormalities are present in 75% of ALL. This infor-
mation has diagnostic and prognostic implications. Some specific 
abnormalities are recurrent and used to subgroup the B-cell ALL/LBL.

Molecular Analysis
Molecular analysis can determine the presence of rearrangements of 
immunoglobin heavy (IGH) chain genes and/or light chain genes and 
T-cell receptor (TCR) genes (Chapter 8). Rearrangement of IGH chain 
genes occurs before cellular expression of immunoglobulin (Ig) and is 
an early genetic marker of B-cell ontogeny.9 Rearrangement of TCR 
polypeptide genes is an early sign of T-cell lineage. Molecular  analysis 
of these gene rearrangements can be used to establish  clonality of the 
T- or B-cell populations as well as cell lineage. Clonal gene rearrange-
ment helps to differentiate  neoplastic lymphoid cells from normal 
lymphoid cells. However, IGH gene rearrangement is seen in some 
instances of T-cell ALL, and TCR gene rearrangement occurs in 
some cases of B-cell ALL.9 Thus, identification of additional markers 
of B- and T-cell lineage commitment is required for diagnosis. Point 
mutations are less frequently observed but may include genes of major 
cell-cycle regulator proteins such as p53, various cyclin-dependent 
kinase inhibitors (CDKi), including p16, p15, and p14, and activating 
mutations of proto-oncogenes involved in signaling pathways that 
govern cell proliferation, such as RAS (Chapter 2).10,11

■  FiGure 27-3 B lymphocyte maturation pathway with leukemic and other lymphoproliferative 
counterparts.
ALL = acute lymphoblastic leukemia; CLL = chronic lymphocytic leukemia; PLL = prolymphocytic leukemia; HCL = hairy 
cell leukemia; clg = cytoplasmic immunoglobulin; slg = surface immunoglobulin

Progenitor
cell

Pro-B ALL Intermediate 
pre-B ALL

TdT

Pre-B ALL HCL
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Multiple
myeloma

(plasma cell)

CD34
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cCD22
CD34
CD19

CD38
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CD19
CD20
sCD22
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CD19
CD10
CD20�/�

cCD22

CD19
CD20
CD22
sIg

TdT TdT

2. What tests should be used as the initial follow up in 
this case?

CaSe StuDy (continued from page 525)

Subgroup Subgroup Subgroups

B-cell neoplasms Precursor B-cell neoplasms Lymphoblastic leukemia
Lymphoblastic lymphoma

B-cell ALL/LBL with recurrent genetic abnormalities (see Appendix B)
B-cell ALL/LBL not otherwise specified

Mature B-cell neoplasms (See Chapter 28) (See Chapter 28)

T-cell neoplasms Precursor T-cell neoplasms Lymphoblastic leukemia
Lymphoblastic lymphoma

Mature T-cell neoplasms (See Chapter 28) (See Chapter 28)

★ taBLe 27-2 Classification of Lymphoid Leukemia and Lymphoma by the World Health Organization
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Characteristic Pro-B
Common aLL 
 (intermediate pre-B) Pre-B Precursor t

Gene rearrangement

 Immunoglobulin (Ig) +/- + + -a

 T-cell receptor (TCR) - - - +b

Immunologic features

 Cytoplasmic Ig - + + -
 Surface Ig - - +/- -
Immunophenotype

 CD34 + +/- - +
 CD19 + + + -
 CD22 + (c) + (c) + (s) -
 CD10 - + +/- -
 CD20 - +/- + -
 CD2, CD3, CD5, CD7 - - - +
Cytochemistry

 TdT + + + +
 PAS - - - +
aAbout 20% of T-ALL exhibits rearrangement of Ig gene
b A small number of B-ALL exhibits rearrangement of TCR gene

+ = positive; - = negative; (c) = cytoplasmic; (s) = surface

★ taBLe 27-3 Summary of Laboratory Features Helpful in Classification of ALL

CD19, CD34, CD22, and TdT). This makes the distinction between 
normal and neoplastic cells challenging, especially when assessing 
 minimal residual disease unless the abnormal cells have an addi-
tional or  distinct marker.15 Up to 50% of B-cell ALL cells coexpress a 
myeloid associated antigen—CD13, CD15, or C33—that can help in 
the  differentiation between normal and neoplastic. (See Chapter 40 
and Appendix B for immunophenotypes associated with  specific 
leukemias.)

Cytogenetics and Pathogenesis
Cytogenetic abnormalities associated with B-cell ALL include trans-
locations, hypodiploidy, and hyperdiploidy.10 The most significant 
translocations that have distinctive clinical or phenotypic properties 
and important prognostic information are16 (Chapter 24):

•	 t(12;21)(p13;q22.3)/ETV6-RUNX1
•	 t(4;11)(q21;q23)/MLL-AFF1
•	 t(9;22)(q34;q11)/BCR-ABL1
•	 t(5;14)(q31;q32.3)/IL3-IGH2
•	 t(1;19)(q23.3;p13.3)/E2A-PBX1(TCF3-PBX1)

The most common translocation (present in about 25% of cases) 
in childhood B-cell ALL is t(12;21)(p13;q22.3), producing the 
ETV6(TEL)-RUNX1(AML1) fusion gene.17,18 Both the ETV6 and 
RUNX1 genes are translocated in other types of leukemia—
including t(5;12), t(8;21), and t(3;21)—that are found in various 
subtypes of AML. The ETV6-RUNX1 fusion protein is believed to 
initiate and drive leukemogenesis in cells carrying the translocation 
by disrupting the normal processes of cell differentiation, apoptosis, 
cell adhesion, and response to DNA damage.17 Expression of the 

B-cell ALL accounts for 80–85% of the cases of ALL in children 
and about 70% of the cases of ALL in adults. In general, children diag-
nosed with precursor B-cell ALL have a good prognosis (long-term 
event-free survival 780%). Adult event-free survival is lower, 30–50%, 
depending on the disease subtype and the patient’s age at diagnosis 
(there is an inverse relationship between age and prognosis).

immunophenotyping
Immunophenotyping can identify markers on neoplastic B cells that 
correlate to normal stages of maturation within the B-cell lineage 
(pro-B, intermediate pre-B, and pre-B; see Table 27-3 ★). However, 
for therapeutic purposes, it is necessary to distinguish only between 
precursor B-cell, mature B-cell, and T-cell immunophenotypes.12 It 
is recommended that panels for cell identification include at least 
one highly sensitive marker, CD19, and a highly specific marker, 
cytoplasmic CD79a and CD22, for B-cell lineage.12

The earliest stage of differentiation is the pro-B cell and is char-
acterized by an immunophenoptype pattern of TdT+ , HLA@DR+ , 
and almost always CD19+  and CD79a+ . The intermediate pre-B 
cell (also known as the common ALL cell) expresses CD10 (the 
common ALL antigen, or CALLA).13,14 The most mature  precursor 
B-cell differentiation stage is the pre-B cell, which can be CD10 
 negative but positive for CD20, surface CD22 (sCD22), and cyto-
plasmic immunoglobulin (clg). However, surface  immunoglobulin 
is absent. Malignancies involving more mature stages of B-cell 
maturation are discussed in the classification of mature lymphoid 
 neoplasms (Chapter 28).

The majority of ALL/LBL presentations in both children and 
adults arise from precursor or immature B cells that typically have 
the same immunophenotype as normal immature B cells (CD10, 

M27_MCKE6011_03_SE_C27.indd   528 31/07/14   3:42 pm



 529Chapter 27   •   preCursor Lymphoid NeopLasms

Cytogenetics and Pathogenesis
T-cell lineage can be determined by detecting rearrangement of the 
TCR genes using molecular methods. There are four TCR genes that 
are capable of rearranging and encode the a@, b@, g@, and d@chains 
of the TCR (Chapter 8). Detection of a monoclonal TCR gene rear-
rangement suggests a neoplasm of the T-cell lineage, but about 20% 
of T-cell ALL cases exhibit simultaneous rearrangement of one of the 
immunoglobulin genes. In addition, a few cases of B-cell ALL have 
shown TCR gene rearrangement.

About one-third of the cases of T-cell ALL have translocations 
involving the a and d T-cell receptor loci (14q11.2), the b locus 
(7q35), or the g locus (7p14–15). The translocations involve a variety 
of partner genes, including the transcription  factors MYC (8q24.1), 
TAL1 (1p32), RBTN1 (11p15), RBTN2 (11p13), HOX11 (10q24), 
and HOX11L2 (5q35).27 The result is usually a dysregulation of the 
partner gene, resulting in growth enhancement. In addition, molecular 
mutations of the NOTCH1 gene are found in 7  50% of cases of T-cell 

T Lymphoblastic Leukemia/Lymphoma
Accounting for approximately 15% of the cases of childhood ALL 
and approximately 25% of the cases of adult ALL, precursor T-cell 
leukemia (T-cell ALL) involves lymphoblasts committed to T-cell 
lineage in the bone marrow and peripheral blood. If the primary site of 
involvement is a lymph node or extranodal site, the disease is termed 
T lymphoblastic lymphoma (T-LBL).

Precursor T-cell ALL usually presents with a high WBC count 
and often a mediastinal mass (because of leukemic infiltration of the 
thymus) or other tissue masses. The lymphoblasts are similar to those 
seen in B-cell ALL, although they are more likely to be variable in size, 
and cytoplasmic vacuoles can be present. The cytochemistry is also 
similar to that seen in B-cell ALL, but acid phosphatase can show focal 
intense positivity in T-cell ALL.

immunophenotype
The lymphoblasts in T-cell ALL are usually TdT+ , CD7+ , and 
CD3+ (Table 27-5 ★). However, only CD3 is considered lineage spe-
cific. There is variable expression of CD1, CD2, CD4, CD5, CD8, and 
CD10.26 Lymphoblasts frequently coexpress CD4 and CD8, indicative 
of the cortical stage of thymocyte differentiation (“double-positive 
cells”).26 At the medullary stage of differentiation, the cells are either 
CD4+  or CD8+ . CD79a, generally considered to be a B-lineage 
marker, has been observed in some cases. One or more of the myeloid-
associated markers (CD13, CD15, CD33) can occasionally be seen. 
As in B-cell ALL, T-cell ALL also can be stratified into differentiation 
stages, with cytoplasmic CD3, CD2, and CD7 appearing in the earliest 
stage followed by CD5, CD1a, and subsequently, the appearance of 
membrane CD3.26

ETV6-RUNX1 fusion protein in B-cell ALL is associated with an 
excellent prognosis with event-free survival approaching 90%.

Infants who present with ALL commonly carry the t(4;11)
(q21;q23) translocation that fuses the mixed lineage leukemia (MLL) 
gene with the AFF1 (AF4/FMR2 family, member 1) gene. The MLL 
protein is involved in chromatin remodeling and epigenetic tran-
scriptional control of cell-cycle regulatory proteins18 (Chapter 23) 
whereas the AFF1 protein is important for transcriptional elonga-
tion.19 The MLL/AFF1 fusion protein contributes to uncontrolled 
proliferation of cells.18

The t(9;22)(q34.1;q11.2)/BCR-ABL1 translocation is more 
common in adults (10–15%) than children with B-cell ALL.20,21 In 
most childhood cases, the BCR/ABL1 translocation results in a p190 
kD fusion protein, whereas in adult cases, about one-half of the 
translocations produce the p210 kD protein present in CML. The 
remainder produce the p190 protein (Chapter 24).

The t(5;14)(q31;q32.3) results in a translocation between the IL3 
gene and the IGH2 gene, which results in a variable eosinophilia that is 
reactive, not clonal. Blasts are CD19+  and CD10+ . The diagnosis can 
be made on immunophenotypic and genetic information regardless 
of the blast count in the bone marrow.

Hyperdiploid B-cell ALL is common in children and is seen in 
20–26% of B-ALL cases.22 Almost all cases of hyperdiploid B-cell 
ALL have mutations in the receptor tyrosine kinase FLT-3, result-
ing in constitutive activation of the receptor.23 Hypodiploid clones 
may also have structural abnormalities but none are specific for 
diagnosis. Cytogenetic abnormalities considered to be poor prog-
nostic factors are t(4;11)(q21;q23)/MLL-AFF1 (9% of cases), t(1;19)
(q23.3;p13.3)/PBX1-E2A (5% of cases), t(9;22)(q34;q11.2)/ BCR-
ABL1 (4% of cases), and hypodiploidy (5% of cases).1,24

Prognosis
Precursor B-cell ALL generally has a good prognosis. In the pediatric 
population, the complete remission rate approaches 95%; in adults, it 
is 60–85%.25 Long-term, event-free survival is lower for both patient 
groups (∼80% and 30–50%, respectively). Generally, hyperdiploidy 
( 750 chromosomes) is a better prognostic finding than hypodip-
loidy ( 646 chromosomes) with event-free survival rates nearly 
90%. Patients with hyperdiploid chromosome counts 650 have a 
worse prognosis.7,8 Positive predictive factors in children include 
 diagnosis at ages 1–9, hyperdiploid chromosomes or t(12;21), and a 
low or normal white blood cell (WBC) count at diagnosis.1 Adverse 
factors include very young age ( 61 year), high WBC counts at diag-
nosis, and other cytogenetic abnormalities listed in “Cytogenetics and 
Pathogenesis” (Table 27-4 ★).

Clinical findings

• Infants (61 year old)
• Patients beyond puberty
• CNs or mediastinal involvement

Laboratory findings

• High blast counts
• Presence of BCR-ABL1

★ taBLe 27-4 Poor Prognostic Indicators in ALL

A patient has 50% blasts in his bone marrow. Immunophe-
notyping is CD19 positive, but CD20, CD2, CD10, and 
CD7 negative. What additional testing can be helpful to 
distinguish the immunologic subgroup of this leukemia?

CheCkpoint 27-4
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Acute Leukemias of Ambiguous Lineage
This WHO group of leukemias include malignant neoplasms in 
which the morphology, cytochemistry, undefined genetic alterations, 
and immunophenotype lack sufficient information to classify them 
within a given lineage or in which the blasts have morphologic and/or 
immunophenotypic characteristics of more than one lineage.

natural Killer (nK) Cell Lymphoblastic  
Leukemia/Lymphoma
Natural killer (NK) cell lymphoblastic leukemia is a neoplasm 
that is difficult to define because 1) no specific markers for human 
 NK-cell progenitors have been identified and 2) NK-cell progenitors 

can express markers that are seen in T-cell ALL (CD7, CD2, CD5, 
 cytoplasmic CD3). The CD56 marker was previously thought to 
identify NK leukemia but many of these cases are now known to 
be plasmacytoid dendritic cell leukemia. More specific markers for 
precursor NK cells are CD94 and CD161, but they are not usually 
tested. Until more specific panels for NK cells are developed, the WHO 
recommends that NK-cell lymphoblastic leukemia be considered a 
provisional entity.29

acute undifferentiated Leukemia
Although determination of the myeloid or lymphoid origin of 
blasts is important for treatment decisions, doing so is sometimes 
not  possible with current methods. The acute undifferentiated 
leukemia (AUL) category includes acute leukemias in which the 
 morphology, cytochemistry, and immunophenotype of the prolif-
erating blasts lack sufficient information to classify them as either 
myeloid or lymphoid origin. In this case, the leukemia is classified as 
acute undifferentiated leukemia.29,30 Electron microscopic studies can 
sometimes detect ultrastructural evidence of primary granules and/
or peroxidase, a finding that would indicate acute myeloid leukemia. 
Immunophenotyping should be done with a comprehensive panel of 
monoclonal antibodies to exclude neoplastic cells of unusual lineages 
such as basophils and NK-cell precursors. Absence of primary gran-
ules and/or MPO with electron microscopy with other negative or 
ambiguous findings indicates a diagnosis of AUL. It is predominantly 
diagnosed in adults, and only about one-third of patients respond to 
the chemotherapy regimens for AML and ALL.

acute Leukemias with Lineage heterogeneity
The category acute leukemias with lineage heterogeneity includes 
those leukemias in which the blasts have morphologic and/or 
 immunophenotypic characteristics of both myeloid and lymphoid 
cells (or of both T and B lymphocytes). Terminology regarding these 
 disorders has been confusing. If two distinct populations of blasts are 
identifiable, each expressing markers of a distinct lineage (i.e., one 
population myeloid and one population lymphoid or one population 
T  lymphoid and one population B lymphoid), the disease has been 
called bilineage acute leukemia. If the blasts coexpress myeloid 
and T or B lineage-specific markers or concurrent T and B lineage 
 markers, the disease has been called biphenotypic acute leuke-
mia.30 Also  recognized is a leukemia with myeloid/natural killer 
(NK) cell acute leukemia with markers of both NK cells (CD56) and 
myeloid  lineage (CD13/CD33/MPO).30 WHO classification attempts 
to clarify the terminology confusion and refers to these biphenotypic  

ALL.28 NOTCH1 is a transmembrane  receptor that is involved in the 
regulation of normal early T-cell development. MYC, the downstream 
target of NOTCH1, is involved in the growth of neoplastic cells.

Prognosis
Although acute precursor T-cell leukemia was considered a high-
risk disease with a poorer prognosis than B-cell ALL, current thera-
peutic protocols are improving the prognosis for this disease. T-cell 
ALL in children increases the risk for induction failure and relapse. 
In adults, the prognosis of T-cell ALL may be better than of B-cell 
ALL. This may be related to a lower incidence of adverse cytogenetic 
mutations in T-cell ALL.

t Cell  
Developmental 
Stage hLa-Dr tdt CD34 CD2 CDla CD3 CD7 CD8 CD4 CD10 CD19, CD20, CD22

ig genes  
rearrangement

tCr genes 
rearrangement

Pro-T +/- +/- +/- - - +  (c) + - - +/- - - +/-
Pre-T +/- +/- +/- + - +  (c) + - - +/- - - +/-
Cortical T +/- +/- - + + +  (c) + + + +/- - - +/-
Medullary T +/- +/- - + - +  (c) + +a or - +a or - +/- - - +/-
aEither CD4 or CD8+

(c) = cytoplasmic; - = absent; + = present; +/- = may be present; Ig = immunoglobulin; TCR = T@cell receptor

★ taBLe 27-5 Cellular Markers Useful in Diagnosis and Classification of T-Cell ALL

3. If the flow cytometry pattern showed a positive 
CD10, what would be the classification of this acute 
leukemia?

4. In this situation, would the therapeutic outcome be 
considered as favorable or bleak? Why?

CaSe StuDy (continued from page 527)

A 3-year-old patient has 45% lymphoblasts in the bone 
marrow. If the cells tested positive for CD19, CD10, and 
CD34, what is the most likely immunologic subgroup? 
Why should cytogenetics be performed on this patient?

CheCkpoint 27-5
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theraPy
New treatment protocols have raised the complete remission rate for 
B-cell ALL to 795% in children and 60–85% in adults. The prognosis 
of T-cell ALL/LBL is not as favorable as B-cell ALL/LBL. This may be in 

part because of the presence of high-risk clinical features (Table 27-4). 
A significant number of acute leukemias express inappropriate combi-
nations of antigens, making diagnosis challenging. Treatment protocols 
and prognosis are proving to be more effective and accurate when the 
leukemic cell lineage is accurately classified immunologically. Therapy 
response and detection of residual leukemic cells (MRD) is possible 
using immunophenotyping and genetic testing.

Chemotherapy for ALL is divided into several phases. The 
induction therapy phase is designed to reduce the disease to 
 complete remission (i.e., eradicating the leukemic blast population). 
This is followed by a CNS prophylactic phase. CNS leukemia is the 
most common form of relapse in young children who have not under-
gone specific treatment to the brain and spinal column early in remis-
sion. The two potential modes of treatment in the CNS  prophylactic 
phase are cranium irradiation and/or intrathecal chemotherapy. 
Cranial irradiation is seldom a component of most current treat-
ment protocols because of the risk of neurocognitive deficits and 
endocrinopathy and of inducing a second cancer.1 The third phase is 
maintenance chemotherapy, also called cytoreductive therapy or 
remission consolidation therapy.1 The need for this type of therapy 
is  controversial. Some studies have shown a slight increase in survival 
with its use, whereas others reveal no improvement. Before the insti-
tution of CNS prophylactic treatment, there was a high incidence 
of relapse. The maintenance therapy was designed to prevent this 
relapse and  prolong remission. The purpose of maintenance therapy 
is to eradicate any remaining leukemic cells. Drug treatment usually 
continues for 2–3 years. The relapse rate after cessation of all therapy 
is about 25% in the pediatric patient population.

Allogeneic hematopoietic stem cell transplantation (HSCT) 
remains controversial. Currently, most clinicians consider it to be of 
benefit to some high-risk adult patients.1 Patients who relapse while 
on therapy or after only a short remission are often considered candi-
dates for HSCT. The use of umbilical cord blood as a source of hema-
topoietic stem cells is being considered more frequently, especially in 
the pediatric patient population because it does not require the same 
degree of histocompatibility as do transplants using peripheral blood 
or marrow stem cells.

Relapse is defined as the reappearance of leukemic cells any-
where in the body, although the bone marrow is the most common 
site. Leukemic relapse occasionally occurs at extramedullary sites. 
Most relapses occur during treatment or within the first two years 
after completion. Rarely, relapses have been observed up to ten years 
after the induction of remission. Relapse indicates a poor outcome 
for most patients, especially if it occurs during therapy or after only a 
brief initial remission.

and bilineage leukemias by the general term mixed phenotype acute 
leukemia (MPAL). The terms B/myeloid leukemia and T/myeloid 
leukemia are used to designate leukemias containing the two lineages 
specified regardless of whether one or two populations of blasts are 
seen.

The MPAL designation is reserved for cases in which lineage 
assignment is ambiguous. It should not be used when an ALL aber-
rantly expresses one or two myeloid antigenic markers or an AML 
aberrantly expresses one or two lymphoid antigenic markers. These 
are considered myeloid antigen–positive ALL and lymphoid 
 antigen–positive AML, respectively. Because many markers are only 
 lineage associated, not lineage specific, coexpression of only one or 
two cross-lineage antigens is insufficient for a diagnosis of bipheno-
typic leukemia.

Lack of lineage specificity (lineage infidelity) could be the result 
of genetic misprogramming, or the leukemic clone could represent a 
bipotential cell that has retained both lymphoid and myeloid markers 
during development. Although mixed lineage leukemias are uncom-
mon, their identification is important to determine their actual 
occurrence, to identify appropriate therapy, and to correlate karyo-
typic abnormalities.31,32 A large percentage of the acute leukemias of 
ambiguous lineage has associated cytogenetic abnormalities. The cell 
of origin is thought to be the multipotential hematopoietic stem cell.

Current methodology using two or more immunologic markers 
in a double-lableing technique distinguishes whether the lymphoid and 
myeloid antigens are on the same cell or separate cells.29 This can be 
done with flow cytometry or immunohistochemistry on tissue sections. 
Another procedure is to stain smears with MPO to identify myeloid cells 
coupled with flow cytometry to detect the T or B  lymphoid population.

A patient with acute leukemia has two morphologically 
different types of blasts. One population is positive 
for CD7 and CD2. The other is positive for CD33 and 
CD13. What is the most appropriate classification of this 
leukemia?

CheCkpoint 27-6

Summary
Acute leukemias represent a heterogeneous group of  precursor 
hematopoietic neoplasms characterized by unregulated 
 proliferation, arrested maturation, and/or ineffective apoptosis. 
The World Health Organization classification categorizes two 
major groups: precursor (acute) myeloid and precursor (acute) 

lymphoid. The precursor lymphoid group includes  lymphoblastic 
lymphomas (LBLs) and acute lymphoblastic leukemia (ALL). 
LBL presents with a mass of malignant lymphoid cells in nodal 
or extranodal sites with little or no bone marrow and periph-
eral blood involvement. ALL presents with bone marrow and 
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anemia, thrombocytopenia, and/or neutropenia. Splenomegaly, 
hepatomegaly, and lymphadenopathy are common findings. 
Hematologic findings of ALL include a normocytic, normochro-
mic anemia, and thrombocytopenia and a decreased, normal, 
or increased leukocyte count. Blasts are almost always found in 
the peripheral blood. Although the WHO classification does not 
require a minimum number of blasts for a diagnosis of ALL/LBL 
as it does for AML, it is recommended that a diagnosis of ALL 
not be made for blast counts 620%.

Acute leukemia with lineage heterogeneity includes two 
situations in which ALs have characteristics of T and B cells or 
myeloid and lymphoid cells. Mixed phenotype acute leuke-
mia (MPAL) describes ALs with blasts that possess markers of 
 multiple lineages or two different populations of blasts.

peripheral blood involvement. The two groups are considered 
to be different clinical presentations of the same disease.

ALL/LBL is subdivided into precursor B cell and precursor 
T cell based on the lineage of the neoplastic blast popula-
tion. Further subgrouping is based on morphology, genetic or 
karyotypic mutational status, and immunophenotype of blasts. 
The MPO and/or SBB can help differentiate AML (peroxidase 
and SBB positive) from ALL (peroxidase and SBB negative). 
Various cytogenetic and molecular changes are described in 
ALL, including t(12;21)(p13;q22)/ETV6-RUNX1 most commonly 
and t(9;22)(q34;q11.2)/BCR-ABL1 that is associated with a 
poor prognosis.

Regardless of subtype, the onset of ALL is usually abrupt 
and without treatment, progresses. Symptoms are related to 

Review Questions
Level i

 1. Acute lymphoblastic leukemia is characterized by the pres-
ence of: (Objective 1)

 A. 620% small resting lymphoblasts in the bone marrow

 B. hypercellular bone marrow with increased 
lymphoblasts

 C. 30% or more lymphoblasts with erythroid dysplasia in 
the bone marrow

 D. 730% myeloblasts in the peripheral blood

 2. Acute lymphoblastic leukemia is most often seen in 
patients: (Objective 5)

 A. older than 60 years

 B. between the ages of 35 and 60 years

 C. between the ages of 10 and 35 years

 D. younger than 5 years

 3. ALL characterized by the presence of small basophilic 
 lymphoblasts with a round nucleus, finely granular chromatin, 
and inconspicuous neucleoli can be classified as: (Objective 3)

 A. ALL—Burkitt’s type

 B. Acute biphenotypic leukemia

 C. Acute lymphoblastic leukemia

 D. Acute leukemia of ambiguous lineage

 4. The presence of CD19 and CD22(c) and absence of CD10 
(CALLA) on neoplastic lymphoblasts is most often a sign 
of: (Objective 4)

 A. biphenotypic leukemia

 B. pro-B ALL

 C. pre-B ALL

 D. T-cell ALL

 5. The anemia most often seen in patients with ALL is: 
(Objective 5)

 A. microcytic hypochromic

 B. normocytic normochromic

 C. macrocytic normochromic

 D. macrocytic hypochromic

 6. Leukemia of ambiguous lineage is most often described as 
the presence of: (Objective 6)

 A. large, basophilic blasts with slight to moderate 
granulation

 B. blasts demonstrating both CD10 and C33

 C. CD3 and CD4 markers

 D. no demonstrable markers using immunophenotyping

 7. The over-secretion of monoclonal immunoglobulins is most 
often seen in: (Objectives 3, 5)

 A. B-cell ALL

 B. T-cell ALL

 C. B-cell LBL

 D. T-cell LBL

 8. CD2, CD3, and CD4 are present on the cells found in a 
patient with a previously undiagnosed leukemia. These 
markers are characteristic of: (Objective 4)

 A. pre-B-cell ALL

 B. pro-B-cell ALL

 C. T-cell ALL

 D. ALL—Burkitt’s type
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 5. Which of the following represents the most common chro-
mosomal translocation found in ALL? (Objective 4)

 A. t(1;19)(q23;p13.3)/PBX1-E2A

 B. t(12;21)(p13;q22)/ETV6-RUNX1

 C. t(4;11)(q21;q23)/MLL-AFF1

 D. t(9;22)(q34;q11)/BCR-ABL1

 6. The CD10 antigen found in ALL is also known as the: 
(Objective 4)

 A. B-cell ALL antigen

 B. T-cell ALL antigen

 C. CALLA antigen

 D. NK-cell aLL antigen

 7. The most likely patient presentation for ALL in an adult 
includes: (Objective 2)

 A. male aged 18–30 with mild anemia and no 
thrombocytopenia

 B. male older than 60 years with significant anemia and 
thrombocytopenia

 C. female 10–25 years old with significant bone pain and 
hemolytic anemia

 D. female 30–50 years old with hemorrhage and bulky 
nodes

 8. The objective of induction therapy includes: (Objective 7)

 A. reduction in the tumor burden

 B. elimination of tumor cells in the central nervous 
system

 C. replacement with peripheral blood stem cells from 
another person

 D. prevention of relapse

 9. Poor prognostic findings for patients with ALL include: 
(Objective 8)

 A. young age at time of diagnosis

 B. presence of chromosomal mutations such as BCR/ABL1

 C. hyperploidy

 D. presence of TEL-AML1 gene

 10. A large mediastinal mass is found in a 60-year-old male. 
The bone marrow has 15% lymphoblasts. This is most char-
acteristic of: (Objective 9)

 A. precursor T-cell LBL

 B. ALL—Burkitt’s type

 C. precursor T-cell ALL

 D. precursor B-cell ALL

 9. Acute biphenotypic leukemia is characterized by the 
 presence of: (Objective 6)

 A. ultrastructual evidence of primary granules

 B. CD19, CD20, and CD23

 C. CD2, CD4, CD8, and presence of myeloperoxidase

 D. negative immunophenoptying

 10. Which of the following laboratory results are most 
 commonly found in ALL? (Objective 3)

 A. eosinophilia and basophilia

 B. neutropenia and thrombocytopenia

 C. neutrophilia and thrombocytopenia

 D. lymphocytosis and thrombocytosis

Level ii

 1. Cells that are positive for t(9;22) are characteristic of which 
of the following? (Objective 4)

 A. T-cell ALL

 B. reactive lymphocytosis

 C. acute undifferentiated leukemia

 D. B-cell ALL

 2. Monoclonal rearrangement of the TCR genes is associated 
with blasts that have the following immunophenotype: 
(Objective 2)

 A. CD2+ , CD4+ , CD19+

 B. CD19+ , CD20+ , CD10+

 C. CD3+ , CD13- , CD34+

 D. CD2+  CD3+ , CD4+

 3. A peripheral blood smear is noted to have 80% blasts. 
There are two different types of blast cells present: one 
that is small, with a round nucleus, indistinct nucleoli, and 
scanty cytoplasm while the second is a large blast with 
basophilic cytoplasm. One possible interpretation for this 
is: (Objectives 1, 6)

 A. precursor B ALL

 B. auL

 C. T-cell ALL

 D. bilineage ALL

 4. An adult patient with splenomegaly has an increase in 
mononuclear cells in the peripheral blood. The bone  marrow 
was filled with a heterogeneous collection of blasts with 
no granulation. Flow cytometry shows a positive CD20 and 
CD10 and negative surface immunoglobulin. Which of the 
following conditions is most likely? (Objective 4)

 A. intermediate pre-B ALL (CALLA)

 B. pro-B ALL

 C. pre-T-cell ALL

 D. cortical T-cell ALL
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the clinical presentation of patients with mature lymphoid 

neoplasms.
 2. Describe how the diagnosis of a lymphoid neoplasm is made.
 3. Differentiate among chronic lymphocytic leukemia (CLL), lymphoma, 

and multiple myeloma based on peripheral blood findings and ancillary 
studies.

 4. Describe the histology of a normal lymph node.
 5. Summarize the causes of lymphadenopathy.
 6. Contrast the morphology of Hodgkin and non-Hodgkin lymphoma.
 7. List and describe the chronic leukemic lymphoproliferative disorders.
 8. Recognize and differentiate abnormal and normal lymphocytes on a 

stained peripheral blood smear and associate their presence with a 
clinical diagnosis.

 9. Describe and apply a multidisciplinary approach to the classification 
and staging of lymphoid neoplasms.

 10. Compare the laboratory and clinical findings of multiple myeloma and 
lymphoplasmacytic lymphoma.

 11. Define monoclonal gammopathy.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Describe the use of immunophenotyping and genotyping in detecting 

clonality and list the characteristic results of the more common mature 
lymphoid neoplasms.

 2. Contrast the features of low-grade and high-grade lymphoma.
(continued)
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overview
Lymphoid neoplasms can be divided into mature and precursor 
neoplasms, based on the stage of maturation of the neoplastic cells. 
The precursor lymphoid neoplasms are discussed in Chapter 27. 
This chapter focuses on the mature lymphoid neoplasms, and dis-
cusses their etiology and pathogenesis, how a diagnosis is estab-
lished, the classification scheme, and unique features of selected 
subtypes.

 3. Compare and contrast the laboratory features character-
istic of the following non-Hodgkin lymphomas:

 a. Small lymphocytic lymphoma
 b. Follicular lymphoma
 c. Mantle cell lymphoma
 d. MALT lymphoma
 e. Lymphoplasmacytic lymphoma
 f. Diffuse large B-cell lymphoma
 g. Burkitt lymphoma
 h. Anaplastic large cell lymphoma
 i. Peripheral T-cell lymphoma

 4. Compare and contrast the laboratory features character-
istic of Hodgkin lymphoma (HL) subtypes.

 5. Compare and contrast the clinical and laboratory features 
characteristic of the following chronic leukemic lympho-
proliferative disorders:

 a. Chronic lymphocytic leukemia (CLL)
 b. B-prolymphocytic leukemia (B-PLL)
 c. Hairy cell leukemia (HCL)

Key Terms
Anaplastic large cell lymphoma 

(ALCL)
BCL-2 gene
Bence-Jones proteinuria
Butt cell
Clonality
Dutcher body
Flame cell
Hairy cell
Lacunar cell
Leukemia
Lymphoepithelial lesion
Lymphoma
Monoclonal gammopathy of 

undetermined significance 
(mgUS)

Plasma cell neoplasm

Plasmacytoma
Popcorn cell (L&H cell)
Prolymphocyte
Reed-Sternberg (R-S) cell
Richter’s transformation
Rouleaux
Sézary cell
Small lymphocytic lymphoma 

(SLL)
Smudge cell
Stage
Starry-sky appearance
Tingible body macrophages
Tartrate-resistant acid 

phosphatase (TRAP)
Waldenström 

macroglobulinemia

Background Basics
The information in this chapter builds on concepts learned in pre-
vious chapters. To maximize your learning experience, you should 
review these concepts before starting this unit of study:

Level i
• Describe the structure and function of lymph nodes. 

(Chapter 3)
• Outline the classification and summarize the general character-

istics of acute leukemia. (Chapter 23)

Level ii
• Explain the pathogenesis of neoplasia. (Chapters 2, 23)
• Identify the etiology of acute leukemia. (Chapter 23)

We will address this case study throughout the chapter.

Julia, a 56-year-old female, presented with a 4-month 
history of generalized painless lymphadenopathy and 
fatigue. A CBC revealed leukocytosis resulting from 
lymphocytosis. 

Consider laboratory features that can help differentiate 
a reactive lymphocytosis from a neoplastic lymphocytosis.

Case stuDy

Objectives—Level II (continued)
 d. T-prolymphocytic leukemia (T-PLL)
 e. large granular lymphocytic leukemia (T-lgl)
 f. Sézary syndrome

 6. Compare and contrast the laboratory features character-
istic of the following plasma cell disorders:

 a. Plasmacytoma
 b. Symptomatic plasma cell myeloma
 c. Monoclonal gammopathy of undetermined 

significance
 7. Recognize and identify the peripheral blood abnor-

malities associated with Cll, B-pll, HCl, T-lgl, Sézary 
syndrome, plasma cell myeloma, and non-Hodgkin 
lymphoma.

 8. Describe the etiology and pathogenesis of lymphoid 
neoplasms.

 9. Differentiate reactive from malignant proliferations of 
lymphoid cells using clinical and laboratory data.
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introDuCtion
Mature lymphoid neoplasms represent a heterogeneous group of 
disorders that can be divided into two broad categories based on 
the distribution of disease: lymphoma and leukemia. Lymphomas 
are malignant neoplasms that present as tumorous masses primar-
ily involving the lymphoid organs, including lymph nodes, tonsils, 
spleen, thymus, and lymphoid tissue of the gastrointestinal tract. 
Although most lymphomas are composed of mature lymphoid cells, 
blastic malignancies do occur (lymphoblastic lymphoma). Leukemia 
is a malignant neoplasm that primarily involves the bone marrow 
and peripheral blood. The chronic leukemic lymphoid neoplasms are 
composed of mature lymphocytes and usually have an insidious onset 
and an indolent course. In contrast, lymphoblastic leukemia (also 
referred to as acute lymphoblastic leukemia [ALL]) is composed of 
blasts belonging to the lymphoid lineage (Chapters  23, 27). Although, 
in general, these broad categories are useful, distinction between 
 leukemia and lymphoma is not always clear-cut. Tissue involvement 
can occur in leukemia, and lymphoma can involve the bone marrow 
and peripheral blood. Indeed, lymphoblastic lymphoma and lympho-
blastic leukemia probably represent different clinical manifestations 
of a single disease entity and are therefore grouped together in the 
World Health  Organization (WHO) classification (lymphoblastic 
leukemia/lymphoma).1

etioLogy anD Pathogenesis
The genesis of lymphoid neoplasms is thought to be a multistep process 
involving acquired genetic, inherited genetic, and environmental factors.

Acquired Genetic Factors
As described for the acute leukemias, acquired alterations of proto-
oncogenes and tumor suppressor genes have been associated with 
the development of mature lymphoid neoplasms. Additional targets 
for genetic damage are the genes involved in programmed cell death 
(apoptosis) (e.g., BCL-2; Chapter 2). The BCL-2 gene on chromo-
some 18 is involved in the pathogenesis of follicular lymphoma. 
Translocation of the BCL-2 gene to the region of the immunoglobulin 
heavy chain gene, t(14;18), causes overexpression of the BCL-2 gene. 
The resulting increase in BCL-2 protein leads to an inhibition of apop-
tosis. Decreased cell death results in an accumulation of lymphocytes 
within the lymph node. Therefore, low-grade follicular lymphoma 
appears to arise from cell persistence rather than uncontrolled cell 
proliferation.

Inherited Genetic Factors
Some inherited immunodeficiency syndromes are associated with 
an increased incidence of malignant lymphoma, including ataxia 
telangiectasia, Wiskott-Aldrich syndrome, severe combined immu-
nodeficiency (SCID), X-linked lymphoproliferative disorder, and 
autoimmune lymphoproliferative syndrome (ALPS).

Environmental Factors
Epstein-Barr virus (EBV) is associated with the development of  several 
forms of lymphoid neoplasm including African Burkitt l ymphoma, 
some cases of endemic Burkitt lymphoma, Hodgkin lymphoma (HL), 

and lymphoma associated with inherited or acquired immunodefi-
ciency. Latent infection with EBV is only one of multiple steps involved 
in the genesis of these types of lymphoma. EBV infection is acquired 
orally and is often manifest clinically as infectious mononucleosis. The 
virus infects B lymphocytes where it remains latent under the immune 
system’s control. The EBV-infected cells can proliferate if the host 
becomes immunocompromised and/or the B lymphocytes acquire 
additional genetic abnormalities such as the C-MYC translocation.

Another infectious agent associated with the development of 
non-Hodgkin lymphoma (NHL) is Helicobacter pylori. Patients 
with H. pylori-induced inflammation of the stomach have a high 
incidence of gastric lymphoma of mucosa-associated lymphoid tis-
sue (MALT) lymphoma type. Chronic Helicobacter infection leads to 
antigen-driven T lymphocyte stimulation and subsequent B lympho-
cyte activation. The B lymphocytes initially are polyclonal and depend 
entirely on T lymphocyte stimulation. With time, the B-cell population 
can proliferate autonomously. If the B lymphocyte proliferation still 
depends on T lymphocyte stimulation, the lymphoma can regress fol-
lowing removal of the antigenic stimulus with antimicrobial therapy. 
Lymphoma that is proliferating independent of antigenic stimulation 
probably requires more drastic therapy including excision and/or 
chemotherapy.

How does the BCL-2 gene rearrangement differ from 
most other oncogenes?

CheCkpoint 28-1

Diagnosis anD CLassiFiCation
The diagnosis and classification of mature lymphoid neoplasms 
involve integration of clinical information with the morphologic 
appearance and the results of ancillary studies, such as flow cytom-
etry, chromosome analysis, and molecular analysis. For most cases 
of leukemia, morphologic evaluation is performed on peripheral 
blood and bone marrow (aspirate and biopsy) samples. A diagnosis 
of l ymphoma is usually rendered from biopsy or a fine-needle aspirate 
of a mass. In general, normal or reactive proliferations of lymphocytes 
contain a mixture of cells varying in size, shape, and staining charac-
teristics. The cells present in lymphoid neoplasms are usually more 
homogeneous than reactive lymphocytes because of the expansion 
of a single cell type. Less frequently, malignant lymphoid cells can be 
recognized under the microscope because of an abnormal or bizarre 
cell appearance.

Often morphology alone is not sufficient to establish a diag-
nosis of a lymphoid neoplasm and ancillary studies are required. 
Immunophenotyping, molecular diagnostics, and cytogenetic stud-
ies can be used to detect abnormal lymphocytes and/or clonality 
(the presence of identical cells derived from a single progenitor). 
The lymphoma cells are thought to derive from a single precursor 
cell (i.e., the cell of origin). The progeny from this cell belong to a 
clone that shares morphologic, immunophenotypic, and genotypic 
features. In most circumstances, clonality is synonymous with malig-
nancy. Clonal rearrangement of immunoglobulin or T-cell receptor 
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high-grade than low-grade lymphoid neoplasms, and many patients 
treated for high-grade lymphoma are cured of their disease. Often 
patients with low-grade lymphoid neoplasms are treated for symp-
tomatic relief rather than the intent to cure. In general, histologic sec-
tions from lower-grade lymphoma more often demonstrate a nodular 
growth pattern, smaller cells, lower mitotic activity, and an absence of 
apoptosis. Higher-grade lymphoma usually has a diffuse growth pat-
tern, is often composed of larger cells, and displays more numerous 
mitoses and apoptotic bodies.

In addition to the prognostic information provided by identify-
ing the disease entities defined in the WHO classification, some can 
be divided into further prognostic groups. For instance, the entity 
fo llicular lymphoma is divided into three grades defined by the num-
ber of large cells (centroblasts). Many prognostic markers have been 
used to identify cases of chronic lymphocytic leukemia that will have 
a more aggressive course than expected, including expression of the 
proteins CD38 and ZAP-70, presence of cytogenetic abnormalities, 
and degree of mutation of the immunoglobulin heavy chain variable 
region. Diffuse large B-cell lymphoma is divided into germinal and 
nongerminal center types with a significantly better clinical outcome 
for patients with the germinal center subtype. However, the progno-
sis of a patient with a lymphoid neoplasm is not only related to the 
pathologic findings but also clinical parameters, such as the extent and 

genes or the presence of an abnormal translocation can be used to 
identify neoplastic lymphocytes (Chapter 42). The presence of char-
acteristic translocations can also assist in the diagnosis of a lymphoid 
neoplasm as well as determining the subtype, as in the BCL-2 gene 
rearrangement in follicular lymphoma (Chapters 41 and 42). Flow 
cytometric studies can be used to infer clonality by demonstrating 
expression of only one of the immunoglobulin light chains (k or l) 
on B cells or the presence of a population of cells with an abnormal 
phenotype such as CD5 -  T lymphocytes (Chapter 40). In addition, 
the phenotype of the neoplastic cells often assists in classifying a 
lymphoid neoplasm, determining prognosis, and detecting residual 
disease following treatment.

After a diagnosis of a lymphoid neoplasm has been established, 
classification is performed to guide therapy and provide additional 
prognostic information. The World Health Organization (WHO) 
scheme currently classifies mature lymphoid neoplasms into distinct 
disease entities that have similar morphologic, phenotypic, and geno-
typic features1 (Table 28-1 ★). Some of these disease entities have 
a long indolent course and are often referred to as being low-grade 
(e.g., small lymphocytic lymphoma). In contrast, some subtypes are 
clinically aggressive and kill the patient rapidly without treatment and 
are referred to as aggressive or high grade (e.g., Burkitt lymphoma). 
Current therapeutic regimens are actually more effective at treating 

 Chronic Lymphocytic Leukemia/small Lymphocytic Lymphoma

Mature B-Cell Neoplasms B-cell prolymphocytic leukemia

Hairy cell leukemia

Follicular lymphoma

Mantle cell lymphoma

Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma)

Splenic marginal zone lymphoma

Nodal marginal zone lymphoma

Lymphoplasmacytic lymphoma

Diffuse large B-cell lymphoma (DLBCL), not otherwise specified

Primary mediastinal (thymic) B-cell lymphoma

Burkitt lymphoma

Plasma cell neoplasms: plasma cell myeloma, monoclonal gammopathy of undetermined significance, 
 plasmacytoma, monoclonal immunoglobulin deposition diseases

Mature T- and NK-cell Neoplasms T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Sézary syndrome

Adult T-cell leukemia/lymphoma

Extranodal NK/T-cell lymphoma, nasal type

Enteropathy-associated T-cell lymphoma

Hepatosplenic T-cell lymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Angioimmunoblastic T-cell lymphoma

Anaplastic large cell lymphoma (ALCL), ALK positive

Anaplastic large cell lymphoma (ALCL), ALK negative

Peripheral T-cell lymphoma, not otherwise specified

Hodgkin lymphoma Nodular lymphocyte predominant Hodgkin lymphoma

Classical Hodgkin lymphoma: nodular sclerosis, mixed cellularity, lymphocyte rich, and lymphocyte depleted

★ tabLe 28-1 WHO Classification of Selected Mature Lymphoid Neoplasms
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contrast, patients with SLL present with lymphadenopathy but often 
develop peripheral blood and bone marrow disease. CLL/SLL can 
be detected in an asymptomatic patient as the result of finding lym-
phocytosis on a CBC performed for another reason. When present, 
symptoms are often related to anemia, thrombocytopenia, and neu-
tropenia. These cytopenias can arise from a variety of causes including 
replacement of the bone marrow hematopoietic cells by neoplastic 
lymphocytes, hypersplenism, poor nutritional status, and immune-
mediated cell destruction (Chapter 19).

A diagnosis of CLL requires a sustained absolute lymphocyto-
sis 75 * 109/L with characteristic morphologic and phenotypic 
findings. The lymphocytes are small and appear mature with scant 
cytoplasm. The nuclei are usually round, and the chromatin is regu-
larly clumped (block-type chromatin). Nucleoli are inconspicuous 
(Figure 28-1a ■). A few large prolymphocytes are usually pres-
ent but represent 610% of all lymphocytes (Figure 28-1a). Prolym-
phocytes have abundant pale-staining cytoplasm and a large central 
prominent nucleolus. The neoplastic cells in CLL appear to be more 
fragile than normal lymphocytes and often burst open during smear 
preparation, producing smudge cells (Figure  28-1a). However, 
smudge cells also can be found in reactive lymphocytosis and in other 
neoplasms; therefore, their presence should not be used to diagnose 
CLL. In fact, smudge cells can make diagnosing CLL more difficult by 
preventing visualization of the lymphocytes. The number of smudge 
cells can be reduced by mixing a drop of albumin with a drop of blood 
prior to making the smear.

distribution of disease (stage). Patients with widespread lymphoma 
usually have a worse prognosis. Determining the stage of disease usu-
ally involves radiologic studies, peripheral blood examination, and 
bone marrow aspiration and biopsy. The Ann Arbor scheme is often 
used to stage malignant lymphoma (Table 28-2 ★). Bone marrow 
involvement indicates disseminated disease, Stage IV.

The remainder of this chapter describes examples of mature lym-
phoid neoplasms that have been selected either because they are more 
common or illustrate important concepts. A more complete listing and 
description of subtypes of mature lymphoid neoplasms is available.1

I Single lymph node region or single extralymphatic site (IE)
II Two or more lymph node regions on same side of diaphragm or with involvement of limited contiguous extralymphatic site (IIE)
III Lymph node regions on both sides of diaphragm, which can include spleen (IIIS) and/or limited contiguous extralymphatic site (IIIE)
IV Multiple or disseminated foci of involvement of one or more extralymphatic organs or tissues with or without lymphatic involvement

★ tabLe 28-2 Ann Arbor Staging System for Malignant Lymphoma

How does staging differ from grading in characterizing 
the lymphoid neoplasms?

CheCkpoint 28-2

Mature b-CeLL neoPLasMs
Chronic Lymphocytic Leukemia/
Small Lymphocytic Lymphoma
Chronic lymphocytic leukemia (CLL) and small lymphocytic lym-
phoma (SLL) seem to represent different clinical manifestations of one 
disease entity (CLL/SLL). Patients with CLL present with peripheral 
blood lymphocytosis but often develop lymph node involvement. In 

■  Figure 28-1 (a) Chronic lymphocytic leukemia. Small round lymphocytes with clumped 
chromatin, a larger prolymphocyte with a prominent nucleolus, and numerous smudge cells 
(arrows) (peripheral blood, Wright stain, 1000*  magnification). (b) Small lymphocytic lymphoma. 
The periphery of the image displays many small  lymphocytes with round nuclei and clumped 
chromatin. The center of the image contains a vague nodule containing pale-staining larger cells 
(proliferation center) (lymph node biopsy, H&E stain, 50*  magnification).

a b
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Less than 10% of patients with CLL/SLL develop transformation 
to a B-cell lymphoid neoplasm with a worse prognosis. Over time, the 
number of prolymphocytes can increase, often in association with 
acquired genetic abnormalities, although progression to prolympho-
cytic leukemia is unusual. Richter’s transformation is the transition 
to an aggressive large B-cell lymphoma, which occurs in approximately 
2–8% of patients with CLL/SLL. The Rai and Binet prognostic staging 
systems, which are based on physical examination and blood counts, 
can be used to assess the need for therapy and the specific type of ther-
apy.3 Typically, patients with early stage CLL do not receive therapy 
but are monitored for disease progression. Standard therapy for those 
who are symptomatic or have advanced disease is chemotherapy with 
fludarabine, cyclophosphamide, and rituximab (anti-CD20).3 New 
small-molecule inhibitors (e.g., ibrutinib) that work inside the cell to 
block activity of enzymes responsible for cell signaling may change the 
standard treatment of B-cell malignancies.

B-Cell Prolymphocytic Leukemia
B-cell prolymphocytic leukemia (B-PLL) is an aggressive, rare, leuke-
mic disorder that often does not respond to treatment. Although most 
cases arise de novo, B-PLL rarely can develop from CLL (refer back to 
“Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma”). 
Unlike CLL, patients with B-PLL usually have prominent spleno-
megaly but minimal lymphadenopathy. The CBC in patients with 
B-PLL reveals marked absolute lymphocytosis, often 7300 * 109/L, 
anemia, and thrombocytopenia. The neoplastic cells have a charac-
teristic appearance: large with moderate amounts of pale basophilic 
cytoplasm, moderately condensed chromatin, and a single prominent 
nucleolus (Figure 28-2 ■). Prolymphocytes represent 610% of the 
lymphocytes seen in CLL and 755% of the lymphocytes present 
in PLL. Cases with 11–55% prolymphocytes have an unpredictable 
course. The phenotype of B-PLL often differs from that of CLL in 
demonstrating more variable expression of CD5, stronger intensity 
expression of surface immunoglobulin and CD20, positivity with 

The differential diagnosis of CLL includes reactive lymphocy-
tosis and the other chronic leukemia lymphoproliferative disorders. 
Therefore, although a provisional diagnosis usually can be made 
following smear examination, immunophenotyping is often used 
to establish a definitive diagnosis. CLL is characterized by aberrant 
expression of the T lymphocyte antigen CD5. The CLL cells usually 
have weak surface expression of CD20 and monoclonal immunoglob-
ulin. Expression of CD23 and CD200 and lack of FMC-7 positivity 
distinguishes CLL from leukemic mantle cell lymphoma (MCL). CLL 
and MCL have many of the same features that can make differential 
diagnosis difficult.2 Flow cytometric studies occasionally detect a 
small population of cells with a phenotype characteristic of CLL but 
representing less than the required absolute count of 5 * 109/L. If 
there is no clinical evidence of an overt lymphoid neoplasm, the sig-
nificance of this finding is uncertain and is referred to as monoclonal 
B lymphocytosis (MBL).

A lymph node biopsy performed in CLL/SLL reveals an essen-
tially diffuse infiltrate of small mature lymphocytes. The small lym-
phocytes have dense, regularly clumped chromatin and lack nucleoli 
(Figure  28-1b). At low power, a vague nodularity is often present 
as a result of aggregates of paler large cells (proliferation centers) 
(F igure 28-1b). Proliferation centers contain larger cells with abun-
dant pale-staining cytoplasm and prominent eosinophilic nucleoli 
(including prolymphocytes).

CLL/SLL had been considered a low-grade disease with a uni-
formly indolent course that could not be cured and was treated only 
for symptom relief. More recently, it has been recognized that CLL/
SLL is actually a rather heterogeneous disorder that includes a subset 
of patients that requires earlier treatment and has a shorter over-
all survival than others in this group. Several prognostic markers 
have been associated with this difference in clinical behavior and 
are often evaluated at diagnosis in an attempt to predict outcome. 
These prognostic markers include the proteins CD38 and ZAP-70 
and the mutational status of the immunoglobulin (Ig) heavy chain 
gene variable region (VH). During normal B-cell development, rear-
ranged immunoglobulin variable gene segments undergo somatic 
hypermutation. CLL cases can be divided into two groups, those 
with “mutated” VH genes and those with “unmutated” VH genes. CLL 
with a more aggressive behavior is associated with higher levels of 
expression of CD38 and ZAP-70 as determined by flow cytometry 
and an unmutated Ig VH gene.

Cytogenetic abnormalities were initially difficult to detect in 
CLL/SLL because the leukemic cells were not easy to induce to prolif-
erate in culture. However, with improved cytogenetic methods such 
as fluorescence in situ hybridization (FISH), approximately half of all 
CLL/SLL patients are found to have clonal chromosomal abnormali-
ties. The most common chromosomal abnormality, del 13q14-23.1, 
is associated with a relatively good prognosis. The following chro-
mosomal abnormalities, listed in order of decreasing frequency, are 
associated with a worse prognosis:

•	 Trisomy 12
•	 Del 11q22.3-23.1
•	 Del 6q21-23
•	 Deletions at 17p13.1 (p53 aberrations)
•	 14q abnormalities and complex chromosomal abnormalities

■  Figure 28-2 Prolymphocytic leukemia.  Numerous 
large lymphoid cells with prominent nucleoli (pro-
lymphocytes) (peripheral blood, Wright stain, 1000*  
magnification).
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stains for the B-cell antigen CD20 can be used to highlight the infil-
trate. Other features characteristic of HCL include Annexin A1 and 
CD123 staining and BRAF V600E mutation.4–6 HCL is an indolent 
disease. Long-lasting complete remissions are often obtained with the 
chemotherapy agent 2-chlorodeoxyadenosine (2-CDA/cladribine).

FMC-7, and absence of CD23. B-PLL is not associated with a charac-
teristic chromosome abnormality, but the short arm of chromosome 
17 is often deleted, del(17p), resulting in inactivation of the p53 gene 
(a tumor suppressor gene). B-PLL does not respond well to chemo-
therapy and has a poor prognosis.

Hairy Cell Leukemia
Hairy cell leukemia (HCL) (Figure 28-3 ■) is an uncommon B-cell 
neoplasm presenting in middle age. Males have a significantly higher 
incidence (male-to-female ratio =  7:1). At presentation, patients usu-
ally have massive splenomegaly but lack lymphadenopathy. Extensive 
bone marrow involvement often exists; therefore, patients with HCL 
usually present with pancytopenia. The white blood cell (WBC) count 
is low because of both neutropenia and monocytopenia; patients thus 
have an increased susceptibility to infection, especially with mycobac-
terial organisms. Although neoplastic cells (hairy cells) are usually 
present on a peripheral smear, they are usually too few to elevate the 
WBC count. The hairy cells have a characteristic abnormal appearance 
with abundant pale-staining cytoplasm, circumferential cytoplasmic 
projections (“hairs”), usually oval or reniform nuclei, and relatively fine 
chromatin (Figure 28-3a). Flow cytometric immunophenotyping is 
used to establish a diagnosis of HCL. HCL cells are mature B lympho-
cytes that are positive for CD19, CD20 (strong intensity), CD22, CD25, 
CD103, and CD11c. There is usually strong-intensity monoclonal sur-
face immunoglobulin present. In addition, the cells of HCL show acid 
phosphatase staining after tartrate incubation (tartrate-resistant 
acid  phosphatase [TRAP]).

Bone marrow involvement is often diffuse, and the neoplastic 
cells are usually surrounded by fibrosis, preventing their aspiration 
from the bone marrow (resulting in a “dry tap”). Bone marrow biopsy 
sections reveal a monotonous infiltrate of abnormal lymphocytes 
with small nuclei and abundant pale-staining cytoplasm (“fried egg” 
appearance) (Figure 28-3b). Splenectomy specimens reveal marked 
expansion of the red pulp because of an infiltrate of abnormal cells 
with the fried egg appearance. Lakes of erythrocytes are often formed 
between the tumor cells (pseudosinuses). Immunohistochemical 

Chronic lymphoid malignancies compose a heterogeneous 
group. What characteristics allow these malignancies to be 
grouped together?

CheCkpoint 28-3

Julia’s CBC revealed a WBC count of 20 * 109/L with 
60% lymphocytes. Examination of the peripheral blood 
revealed mature lymphocytes with scant cytoplasm, 
clumped chromatin, and irregular nuclear outlines.

1. What is the differential diagnosis?

2. What studies could be performed to establish the 
diagnosis?

Case stuDy (continued from page 536)

Follicular Lymphoma
Follicular lymphoma (FL) (grade 1; Figure 28-4 ■) is one of the 
most common types of mature B-cell lymphoid neoplasm within 
the United States, second only to diffuse large B-cell lymphoma. 
Patients usually present with generalized painless lymphadenopathy, 
most have advanced stage disease (Figure 28-4a) with bone marrow 
involvement (Figure 28-4a), and a few have peripheral blood involve-
ment (Figure 28-4b). Involvement of other extranodal sites is unusual.

■  Figure 28-3 Hairy cell leukemia. (a) Two abnormal lymphocytes with abundant  pale-staining 
cytoplasm with hairlike projections and relatively finely distributed chromatin (peripheral blood, 
Wright stain, 1000*  magnification). (b) Replacement of hematopoietic  precursors by abnormal 
small lymphocytes with abundant clear cytoplasm (“fried-egg” appearance) (bone marrow, 
H&E stain, 1000*  magnification).
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M28_MCKE6011_03_SE_C28.indd   541 01/08/14   11:37 pm



542 SECTION V   •   NEOplaSTIC HEmaTOlOgIC DISOrDErS

Conventional histologic evaluation is usually insufficient to 
establish a diagnosis of FL. Immunophenotyping can be used to 
confirm the presence of lymphoma (monoclonal lymphocytes) 
and confirm the subtype of lymphoma (CD10 + ). Most FL cases 
arise because of a chromosome translocation t(14;18) involving 
the BCL-2 gene that leads to overexpression of BCL-2 protein in 
lymphocytes. BCL-2 protein inhibits individual cell death (apop-
tosis), allowing follicle center cells to accumulate and produce 
lymphadenopathy.

Lymph node biopsy of FL reveals an infiltrate of lymphoid cells 
forming poorly circumscribed nodules that resemble follicular germinal 
centers (Figure 28-4c). In addition, the lymphoma cells grow in a diffuse 
pattern in some areas. Neoplastic follicles differ from reactive follicles 
in that neoplastic follicles lack evidence of lymphocyte apoptosis. This 
is manifest on histologic sections as a lack of macrophages engulfing 
fragments of dead cells (tingible body macrophages), which are 
usually found in areas of extensive apoptosis (reactive germinal centers 
and high-grade lymphoma). The neoplastic infiltrate always contains a 
mixed population of small cleaved (centrocytes) and large cells (centro-
blasts) but is often more homogeneous than a normal germinal center 
(Figure 28-4d). The proportion of large cells varies and is used to sepa-
rate FL into three grades (1, 2, or 3) (Table 28-3 ★). The presence of more 
large cells is often associated with a more aggressive clinical course. FL 
cells in the peripheral blood and bone marrow usually have very irregu-
lar nuclear outlines and a deep indentation (cleft) of the nuclear mem-
brane (“buttock” or “butt” cells) (Figure 28-4b).

■  Figure 28-4 Follicular lymphoma, grade 1. (a) Bone marrow involvement by low grade 
follicular lymphoma displaying a characteristic paratrabecular growth pattern (bone marrow 
biopsy, H&E stain, 20*  magnification). (b) Circulating lymphoma cells with irregular nuclear 
outlines (peripheral blood, Wright stain, 1000*  magnification). (c) Loss of the normal lymph 
node architecture. The abnormal infiltrate forms numerous poorly defined nodules (follicles) 
(lymph node biopsy, H&E stain, 20*  magnification). (d) Neoplastic follicle composed of a 
 relatively homogeneous population of small lymphoid cells containing angulated, twisted 
nuclei (lymph node biopsy, H&E stain, 200*  magnification).

a b

c d

grade Definition

1 0–5 centroblasts per defined high-power field

2 6–15 centroblasts per defined high-power field

3 715 centroblasts per defined high-power field

★ tabLe 28-3 Grading of Follicular Lymphoma
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Mantle Cell Lymphoma (MCL)
Patients who have mantle cell lymphoma (MCL) (Figure 28-5 ■) 
usually present with disseminated disease involving multiple lymph 
node groups, bone marrow, peripheral blood, spleen, liver, and 
ga strointestinal tract. Gastrointestinal tract involvement can present 
as multiple polyps involving the small bowel ( lymphomatous pol-
yposis) (Figure 28-5a). On histologic sections, MCL can demonstrate 
either a diffuse or vaguely nodular growth pattern (Figure 28-5b). 
MCL with a nodular growth pattern can be difficult to distinguish 
from FL by morphologic evaluation alone. The neoplastic infiltrate 
occasionally surrounds a reactive  germinal center (mantle zone pat-
tern). The neoplastic cells are usually small to intermediate in size 
with round to slightly irregular nuclear outlines (Figure 28-5c). How-
ever, there are morphologic variants of MCL with cells resembling 
lymphoblasts (blastoid MCL) or large cells (pleomorphic MCL). 
Establishing an MCL diagnosis usually requires the use of ancillary 
studies. The following immunophenotype is characteristic of MCL: 
CD19+ , CD5+ , CD23- , FMC@7+ , and sIg +  (strong intensity), 

Most patients with FL have an indolent disease with a median  survival 
of 7–9 years. Patients with grade 3 FL are sometimes cured. However, the 
lower-grade FLs (grades 1 and 2) are incurable with current therapies and 
are therefore treated for relief of symptoms. Low-grade FL can progress to 
a diffuse large cell lymphoma with a median survival of 61 year.

Julia’s cervical lymph node biopsy reveals effacement of 
the normal architecture by a lymphoid infiltrate with a 
nodular growth pattern. The nodules contain a relatively 
homogeneous population of small lymphocytes and a few 
admixed large cells. The infiltrating lymphoid cells have 
irregular nuclear outlines. Tingible body macrophages 
are lacking, and very few mitotic figures are present.

3. What is the cause of the lymphadenopathy?

4. Is this process low grade or high grade?

Case stuDy (continued from page 541)

■  Figure 28-5 Mantle cell lymphoma. (a) Gross  photograph of the large intestine in a patient with 
 lymphomatous polyposis of gastrointestinal tract. (b) Abnormal lymphoid infiltrate in a lymph node 
displaying a vaguely nodular growth  pattern (lymph node biopsy, H&E stain, 20*  magnification). 
(c) Uniform infiltrate of small lymphoid cells with slightly  irregular nuclear outlines (lymph 
node biopsy, H&E stain, 200*  magnification). (d) Cyclin D1 nuclear  overexpression (lymph 
node biopsy, immunohistochemistry stain, 100*  magnification).
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slightly cleaved nuclei that often have abundant pale-staining cyto-
plasm and are referred to as monocytoid B cells because of their 
resemblance to monocytes (Figure 28-6b). MALT lymphoma can 
contain admixed neoplastic plasma cells. In addition to the neoplastic 
cells, the infiltrate often contains benign germinal centers. Infiltra-
tion of benign germinal centers by neoplastic cells is referred to as 
follicular colonization.

The differential diagnosis includes other lymphomas composed 
of small lymphocytes, including SLL, MCL, and FL. Ancillary studies 
can assist in obtaining the correct diagnosis. Restriction of immu-
noglobulin light chains can be demonstrated by immunophenotyp-
ing (surface immunoglobulin on lymphocytes) or paraffin section 
immunohistochemistry (cytoplasmic immunoglobulin in cells dem-
onstrating plasma cell differentiation). In contrast to FL and small 
lymphocytic lymphoma, MALT lymphoma is usually negative for 
CD10 and CD5.

MALT lymphoma is an indolent disease previously considered 
to be a reactive condition mimicking lymphoma (pseudolymphoma) 
but is now considered malignant because, like other NHLs, it is com-
posed of monoclonal lymphocytes and has the potential to transform 
to higher-grade, large B-cell lymphoma. Although, patients with H. 
pylori–associated gastric MALT lymphoma are often cured with 
antimicrobial therapy, the polymerase chain reaction (PCR) assay for 
a monoclonal B-cell population can remain positive after complete 
remission.8 MALT lymphoma that is unresponsive to antimicrobial 
therapy or that occurs at other sites is often treated with local excision 
or radiation therapy.

Lymphoplasmacytic Lymphoma
Lymphoplasmacytic lymphoma (LPL) is a neoplasm that primarily 
involves the bone marrow and sometimes the spleen and lymph nodes 
and is composed of a mixture of neoplastic small lymphocytes and 

and almost all are positive for cyclin D1 by immunohistochemistry 
(Fi gure 28-5d). Cyclin D1 is involved in regulating progression of 
cells from the G1 to S phase of the cell cycle (Chapter 2). Overex-
pression of cyclin D1 in MCL is usually the result of a chromosome 
translocation, t(11;14), which involves the BCL-1 gene. The BCL-1 
translocation is thought to lead to neoplastic transformation through 
loss of cell-cycle control. This translocation can be demonstrated by 
FISH studies in the vast majority of cases of MCL.

MCL is a relatively aggressive lymphoma with a poor response to 
current therapies. However, recent findings regarding the pathogen-
esis of the disease may help in the development of new therapeutic 
approaches.7 Currently, the overall median survival is approximately 
3–4 years. Therefore, distinction of MCL from the other small lym-
phoid B-cell neoplasms (follicular lymphoma, SLL, and MALT 
lymphoma [see “Extranodal Marginal Zone Lymphoma of Mucosa 
Associated Lymphoid Tissue”]) is important.

Extranodal Marginal Zone Lymphoma of 
Mucosa Associated Lymphoid Tissue
Patients with extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue (MALT) usually present with localized 
extranodal disease (e.g., involving the stomach, salivary gland, lacri-
mal gland, thyroid, lung). A preceding chronic inflammatory disor-
der such as chronic gastritis from Helicobacter pylori infection or 
autoimmune disease (Sjögren’s syndrome or Hashimoto’s thyroiditis) 
often occurs.

A biopsy of MALT lymphoma (Figure 28-6a ■) reveals an infil-
trate of small to intermediate size lymphocytes intimately associated 
with epithelial cells (e.g., gastric mucosa, salivary gland ducts). Epi-
thelial structures infiltrated by neoplastic lymphocytes are referred 
to as lymphoepithelial lesions (Figure 28-6a). MALT lymphoma 
is composed predominantly of small lymphocytes with round or 

■  Figure 28-6 Extranodal marginal zone lymphoma of mucosa-associated slymphoid tissue 
(MALT lymphoma). (a) Parotid salivary gland involved by MALT lymphoma. Two lymphoepithe-
lial lesions are present demonstrating infiltration of ducts by neoplastic lymphoid cells (parotid 
gland biopsy, H&E stain, 50*  magnification). (b) Lymphoid infiltrate of MALT lymphoma. Many 
of the neoplastic cells have abundant pale-staining cytoplasm (i.e., a “ monocytoid” appear-
ance) (parotid gland biopsy, H&E stain, 100*  magnification).
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Burkitt Lymphoma
Burkitt lymphoma is a high-grade NHL with a high incidence in 
Africa (endemic subtype). It represents approximately one-third of 
all pediatric lymphomas occurring outside Africa (sporadic Burkitt 
lymphoma). Many adult cases occur in immunocompromised 
individuals such as those infected with the HIV virus. Burkitt lym-
phoma often involves extranodal sites. Endemic Burkitt lymphoma 
has a predilection for involvement of the facial bones and jaw; spo-
radic Burkitt lymphoma often presents with disease involving the 
intestine, ovaries, or kidney. EBV is thought to play a role in the 
pathogenesis of Burkitt lymphoma. DNA of EBV is present in most 
cases of endemic Burkitt lymphoma and approximately one-third 
of the HIV-associated tumors. EBV is found less frequently in the 
sporadic form.

A biopsy of Burkitt lymphoma usually reveals a diffuse infil-
trate of neoplastic cells demonstrating a “starry sky” appearance 
(Figure 28-8 ■). The “sky” represents the blue nuclei of the neoplas-
tic lymphocytes; the “stars” are formed by scattered  pale-staining 
tingible body macrophages. The infiltrating  lymphoid cells are 
intermediate in size with nuclei approximately the same size as 
those of the tingible body macrophages. Multiple small nucleoli 
are usually present, and mitotic figures and apoptotic bodies are 
frequent. The latter two features are characteristic of high-grade 
lymphoma.

The differential diagnosis for Burkitt lymphoma includes 
B lymphoblastic leukemia/lymphoma and DLBCL. The presence of 
surface immunoglobulin and absence of terminal deoxynucleotidyl 
transferase (TdT) allow distinction of Burkitt lymphoma from B lym-
phoblastic leukemia/lymphoma (Chapter 27). Distinguishing Burkitt 
lymphoma from DLBCL is often more difficult because the two can 
share the same immunophenotype: CD19+ , sIg+ , CD10+ , CD5- . 

plasma cells. LPL must be distinguished from small B-cell lymphoid 
neoplasms, other types of lymphoma that can have plasmacytic dif-
ferentiation, such as MALT lymphoma, and neoplasms composed 
entirely of plasma cells (plasma cell neoplasms). Unlike those with 
plasma cell neoplasm multiple myeloma, patients with LPL lack lytic 
bone lesions. The neoplastic plasma cells in LPL often secrete mono-
typic immunoglobulin, leading to a paraprotein, often of IgM type. 
High plasma levels of the large pentamer IgM result in hyperviscosity 
that can lead to poor circulation in small blood vessels, visual impair-
ment, headache, dizziness, and deafness. Waldenström macroglob-
ulinemia is the combination of LPL with bone marrow involvement 
and an IgM monoclonal paraprotein.

Histologic sections usually demonstrate a diffuse infiltrate 
composed of lymphocytes, plasma cells, and lymphoid cells that 
demonstrate some evidence of differentiation toward plasma cells 
(plasmacytoid lymphocytes). Immunohistochemistry can be per-
formed to demonstrate the presence of cytoplasmic monoclonal 
immunoglobulin light chain (k or l) and IgM heavy chain.

Treatment of symptomatic patients includes rituximab, which 
can be used in combination with chemotherapy. Autologous bone 
marrow transplant is a recent treatment option. Plasmapheresis to 
treat hyperviscosity is used to reduce paraprotein levels. The median 
survival for patients with LPL is typically 5–10 years.

Diffuse Large B-Cell Lymphoma
Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous group of 
tumors composed of large B-lymphoid cells (Figure 28-7 ■). Some 
DLBCLs develop as a result of transformation from a lower-grade 
lymphoma (e.g., follicular lymphoma or small lymphocytic lym-
phoma), whereas others arise de novo. The possibility of the pleo-
morphic variant of mantle cell lymphoma should be excluded using 
lack of staining for cyclin D1 in DLBCL. The immunophenotype of 
DLBCL is quite variable and has been associated with the clinical 
course. Diffuse large B-cell lymphoma with a phenotype similar to 
follicular lymphoma (germinal center phenotype) often has a better 
prognosis than does diffuse large B-cell lymphoma with a nongermi-
nal center phenotype. With multiagent chemotherapy and anti-CD20 
monoclonal antibody therapy (rituximab), the long-term remission 
rate of DLBCL is 50–60%.

■  Figure 28-7 Diffuse large B-cell lymphoma. 
 Abnormal infiltrate composed of large lymphoid cells 
with pale-staining, vesicular chromatin, irregular nuclear 
outlines, and basophilic nucleoli. Several mitotic  figures 
are present (lymph node biopsy, H&E stain, 200*  
magnification).

The previous biopsy had established a diagnosis of low-
grade NHL, follicular type. Julia received multiagent che-
motherapy for symptomatic relief. Two years following 
the diagnosis, she returned with rapidly expanding lymph 
nodes in her neck. Repeat biopsy revealed effacement 
of the lymph node architecture by a diffuse infiltrate of 
large B cells.

5. What is the diagnosis?

6. What is the relationship of this disease to the previous 
diagnosis?

Case stuDy (continued from page 543)
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of immunoglobulin light chains, light chains only, heavy chains only, 
or no immunoglobulin (nonsecretory). Patients with light chain only 
disease can have a normal SPEP because the protein passes into the 
urine. The presence of free immunoglobulin light chains in the urine 
is referred to as Bence-Jones proteinuria.

The plasma cell neoplasms can be divided into disease entities 
based on the distribution and extent of disease (solitary versus mul-
tiple lesions and bone versus extraosseous) and the characteristics of 
the immunosecretory protein produced (class of heavy chain and 
the presence of amyloid production, immunoglobulin heavy, or light 
chain) (Table 28-4 ★ and Table 28-5 ★).

Plasma Cell Myeloma
Plasma cell myeloma is a plasma cell neoplasm that usually has 
diffuse bone marrow involvement. Several clinical variants range 
from asymptomatic to an aggressive disease that is identified on 
the presentation, radiologic findings, and laboratory information. 
Symptomatic plasma cell myeloma is characterized by an M pro-
tein in the urine or serum, clonal plasma cells in the bone marrow 
whose symptoms are hypercalcemia, renal insufficiency, anemia, 
lytic bone lesions (CRAB), and evidence of related organ or tissue 
impairment. Patients often present with bone pain and/or pathologic 
fractures because of tumor infiltration. Asymptomatic (smoldering) 
myeloma is characterized by M protein in serum at a level 730 g/L 
and/or 10% or more of clonal plasma cells in the bone marrow but 
no organ or tissue impairment or symptoms. This smoldering form 
is distinguished from monoclonal gammopathy of undetermined 
significance by the requirement for 10% or more clonal plasma cells 
in the bone marrow.

Cytogenetic abnormalities can be found in 790% of patients if 
FISH is used. There are two genetic subtypes based on chromosome 
content: hyperdiploid and nonhyperdiploid.9 The hyperdiploid 
group includes trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21. 
The nonhyperdiploid group is characterized by reciprocal trans-
locations, deletions, and complex karyotypes. The most frequent 
translocation involves the immunoglobulin heavy chain variable 
region on chromosome 14q32 and involves cyclin D1. Examination 
of either the bone marrow from a lytic lesion or the posterior iliac 
crest reveals an abnormal infiltrate of plasma cells replacing the 
normal hematopoietic cells (Figure 28-10a, b ■). For symptomatic 
plasma cell myeloma, there is no requirement on the proportion 
of bone marrow plasma cells. Although neoplastic plasma cells 
can appear normal, abnormal forms with more finely distributed 
chromatin or nucleoli are often present. In addition, abnormal 
plasma cells can contain intranuclear inclusions composed of 
immunoglobulin (Dutcher bodies) (Figure  28-11a ■)  or  red-
tinged  cytoplasm (flame cells) (Figure 28-11b). Although intracy-
toplasmic inclusions composed of immunoglobulin are also seen, 
either as single inclusions (Russell body) or multiple inclusions 
(Mott cell) (Figure 28-11c), they can also be seen in reactive plasma 
cells.  Neoplastic plasma cells rarely circulate in the blood, but the 
 peripheral smear is often abnormal because of stacking of the 
erythrocytes (rouleaux formation) (Figure 28-11d). In addition, 

Most cases of Burkitt lymphoma have an isolated chromosome 
translocation leading to rearrangement of the MYC and IGH genes, 
typically t(8;14) or less frequently t(2;8) or t(8;22). MYC gene rear-
rangement occurs in only 5% of DLBCL. This distinction is impor-
tant because the therapeutic regimen used for Burkitt lymphoma 
usually differs from that used for DLBCL. With the appropriate 
aggressive multiagent chemotherapy, Burkitt lymphoma is poten-
tially curable.

Plasma Cell Neoplasms
The plasma cell neoplasms are considered to be a group of dis-
eases composed of immunoglobulin-secreting cells in the absence 
of neoplastic B lymphocytes. It is important to distinguish this 
group of neoplasms from the mature lymphoid neoplasms that can 
demonstrate plasmacytic differentiation (e.g., LPL). Plasma cell neo-
plasms are diverse disorders that rarely involve lymph nodes and 
usually secrete monoclonal immunoglobulin into the serum and/or 
urine. Serum or urine protein electrophoresis (SPEP or UPEP) reveal 
increased protein with a narrow range of electrophoretic mobility (M 
spike) (Figure 28-9a, b ■). The M spike can be further characterized 
by immunofixation electrophoresis (IFE) to confirm the presence 
of a monoclonal protein and determine the immunoglobulin class 
 (Figure 28-9c). The monoclonal protein usually contains one immu-
noglobulin light chain (k or l) and one heavy chain with the following 
incidence: IgG 7 IgA 7 IgM 7 IgD 7 IgE. Normal immuno-
globulin production is usually decreased, leading to functional hypo-
gammaglobulinemia. Plasma cell neoplasms can produce an excess 

■  Figure 28-8 Burkitt lymphoma. Intermediate size 
lymphocytes with multiple nucleoli and scant cytoplasm. 
Numerous mitotic figures are present. The presence of 
apoptotic bodies indicates individual cell necrosis. There  
is a “starry-sky” appearance because of pale-staining 
tingible body macrophages scattered in an infiltrate 
that appears basophilic because of staining of the 
tumor cell nuclei (lymph node biopsy, H&E stain, 100*  
magnification).
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Plasma cell myeloma Symptomatic

Asymptomatic (smoldering)

Osteosclerotic

monoclonal gammopathy of undetermined significance (mgUS)

Plasmacytoma Solitary plasmacytoma of bone

Extraosseous plasmacytoma

Monoclonal immunoglobulin deposition disease Primary amyloidosis

Light and heavy chain deposition disease

★ tabLe 28-4 Plasma Cell Neoplasms

■  Figure 28-9 Monoclonal gammopathy. (a) Serum protein electrophoresis. Sample 1681 
displays a band in the early gamma region. (b) Densitometry scan reveals a “spike” in the 
gamma region. A similar spike was found in the urine. (c) Immunofixation electrophoresis 
 performed on a urine sample reveals two monoclonal bands composed of IgG kappa and free 
kappa light chains (Bence-Jones proteins).
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neoplasm Features

Symptomatic myeloma M spike in serum or urine

Clonal plasma cells in bone marrow

Related organ or tissue damage (CRAB)

Asymptomatic myeloma M spike in serum or urine (730 g/L)

Clonal plasma cells in bone marrow 710%

No related organ or tissue damage

monoclonal gammopathy of undetermined significance (mgUS) M spike in serum or urine (630 g/L)

Clonal plasma cells in bone marrow 610%

No related organ or tissue damage

Plasmacytoma Solitary collection of clonal plasma cells

Can have M spike

No clonal plasma cells elsewhere in bone marrow

No related organ or tissue damage

CRAB = hypercalcemia, renal insufficiency, anemia, bone lesions

★ tabLe 28-5 Key Features of Selected Plasma Cell Neoplasms

the stained blood smear often has a blue background because of 
increased serum protein.

Patients under 65 years of age can be treated with high-dose 
c hemotherapy followed by autologous or allogeneic stem cell transplant. 
Those over the age of 65 can be treated with chemotherapy (melphalan) 
and prednisone. The prognosis of symptomatic plasma cell myeloma is 
poor with a median survival of 3–4 years. Patients with asymptomatic 
plasma cell myeloma can have stable disease for many years but often 
progress to symptomatic myeloma.

Monoclonal gammopathy of undetermined significance
Identification of a monoclonal spike is not sufficient to diagnose 
plasma cell myeloma. The term monoclonal gammopathy of 
undetermined significance (MGUS) is used to describe a low 
level of serum monoclonal protein without evidence of an overt neo-
plasm. Therefore, MGUS is a diagnosis that requires exclusion of other 
plasma cell and lymphoid malignancies. The prevalence of a mono-
clonal serum spike increases with age and is present in 3% of asymp-
tomatic patients over 70 years of age. There is no treatment for MGUS. 

■  Figure 28-10 Symptomatic plasma cell myeloma. (a) Skull x-ray demonstrating multiple 
lytic bone lesions giving a “moth-eaten” appearance. (b) Replacement of bone marrow 
hematopoietic precursors by an infiltrate of plasma cells (bone marrow aspirate, Wright stain, 
1000*  magnification).
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incidence of dissemination. Sometimes distinguishing extraosseous 
plasmacytoma from MALT lymphoma with plasmacytic differentia-
tion is difficult.

Mature t- anD nK-CeLL neoPLasMs
T-Cell Prolymphocytic Leukemia
T-cell prolymphocytic leukemia (T-PLL) is a rare disorder of adults 
that, like B-PLL, usually presents with marked lymphocytosis and 
splenomegaly. However, patients with T-PLL have more frequent 
lymphadenopathy, hepatomegaly, and skin lesions (infiltration) 

Although most patients have stable disease and die of other causes, 
MGUS can progress to an overt plasma cell neoplasm.

Plasmacytoma
A plasmacytoma is a localized, tumorous collection of clonal 
plasma cells. The prognosis of a plasmacytoma is related to its loca-
tion. Many patients with plasmacytoma of bone go on to develop 
additional plasmacytomas and ultimately meet the criteria for 
symptomatic plasma cell myeloma. In contrast, plasmacytoma of 
extraosseous locations, such as the upper respiratory tract, have a 
good prognosis with only rare recurrence after excision and a low 

■  Figure 28-11 Symptomatic plasma cell myeloma. (a) Plasma cell with intranuclear inclu-
sion indicated with arrow (Dutcher body) (H&E stain, 1000*  magnification). (b) Many plasma 
cells with a red tinge to the cytoplasm imparting a flame-cell appearance (bone marrow, 
Wright stain, 1000*  magnification). (c) Plasma cell with multiple cytoplasmic inclusions (Mott 
cell) (bone marrow, Wright stain, 1000*  magnification). (d) Stacking of peripheral blood 
erythrocytes resulting from the presence of increased immunoglobulin (Rouleaux) (peripheral 
blood, Wright stain; 1000*  magnification).
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outline (Figure 28-12 ■). Although the marked nuclear convolutions 
can be easily identified on electron microscopy, this technique is rarely 
used for diagnosis. Abnormal cells can be counted in a blood smear 
leukocyte differential to determine a Sézary count; an absolute count 
of 71000 cells/mm3 is required for diagnosis. Sézary cells are mature 
helper T cells (CD3+ , CD4+ ) but usually lack expression of CD7. 
Flow cytometric studies can be performed to identify these cells and 
the presence of a CD4:CD8 ratio of 710, or aberrant antigen expres-
sion can be used to support the presence of a neoplasm. Molecular 
diagnostic studies can be used to confirm the presence of neoplastic 
cells by demonstrating clonal T-cell receptor gene rearrangement. 
Sézary syndrome is closely related to the primary cutaneous T-cell 
lymphoma mycosis fungoides (MF) and has neoplastic cells with a 
similar phenotype and appearance but differs in clinical presentation 
and distribution of disease. MF is usually characterized by cutaneous 
patches and plaques, rather than diffuse erythroderma, and has less 
frequent blood involvement. Treatment is usually palliative to relieve 
symptoms and improve the quality of life. Clinical trials with ultravio-
let B radiation and high-dose chemotherapy and radiation with stem 
cell transplant are ongoing.

Anaplastic Large Cell Lymphoma (ALCL)
One of the best-characterized subtypes of T/NK-cell lymphoma is 
anaplastic large cell lymphoma. Most ALCL cases have large 
bizarre anaplastic cells that can resemble Reed-Sternberg cells and 
Hodgkin variant cells (Figure 28-13a ■). Like HL and some large 
cell NHLs, ALCL is usually positive for the CD30 antigen (initially 
referred to as the Ki-1 antigen). However, in contrast to classic HL, 
ALCL usually lacks CD15 expression and evidence of Epstein-Barr 
virus infection and is often positive for leukocyte common antigen 

than do patients with B-PLL. In addition, the morphologic appear-
ance of T-PLL is more variable than that of B-cell PLL. The cells 
of T-PLL often have a prominent nucleolus but can be medium in 
size or small and can have convoluted nuclear outlines. T-PLL has 
a mature phenotype with expression of CD3, CD2, CD5, and CD7. 
Most cases are CD4 + . Like T lymphoblastic leukemia, some cases of 
T-PLL express both CD4 and CD8, but PLL is negative for TdT. The 
majority of cases of T-PLL have cytogenetic abnormalities, most fre-
quently inv(14)q11q32, del(11q), i(8q), and trisomy 8q. T-PLL is an 
aggressive disorder with a median survival time of only 7.5 months, 
although some response has been seen with anti-CD52 monoclonal 
antibody therapy. 

T-Cell Large Granular Lymphocytic 
(T-LGL) Leukemia
T-cell large granular lymphocytic (T-LGL) leukemia often has a pre-
sentation similar to chronic lymphocytic leukemia, but is composed 
of mature T cells. T-LGL is characterized by a modest lymphocy-
tosis composed of cells with abundant pale-staining cytoplasm, 
azurophilic cytoplasmic granules, and nuclei with mature clumped 
chromatin. Large granular lymphocytes are normal components 
of the peripheral blood and are usually NK-like T cells (CD3+ ) or 
NK cells (CD3- ) (Chapter 8). Distinction of T-LGL leukemia from 
reactive lymphocytosis requires using molecular diagnostic or cyto-
genetic studies to demonstrate an abnormal phenotype or evidence 
of clonality. T-LGL leukemia must also be distinguished from neo-
plasms of NK cells, including indolent chronic lymphoproliferative 
disorders of NK cells and aggressive NK-cell leukemia. The neoplas-
tic cells of T-LGL leukemia are T lymphocytes with the following 
 phenotype: CD2+ , CD3+ , CD4- , CD5+ , CD7+ , CD8+ , CD16+ , 
CD56- /+ , CD57+ /-  (usually CD56- /CD57+ ). The cells can 
demonstrate an abnormal phenotype with loss of pan T-cell antigens. 
Molecular diagnostic studies can be used to confirm the diagnosis by 
demonstration of clonal T-cell receptor rearrangement. In addition 
to lymphocytosis, patients with T-LGL leukemia often have anemia, 
neutropenia, and thrombocytopenia. Anemia can be related to bone 
marrow infiltration or aplasia of erythroid precursors (pure red cell 
aplasia). Neutropenia and thrombocytopenia can be the result of 
immune destruction, splenic sequestration, or marrow infiltration. 
Although splenomegaly is common, lymphadenopathy and hepato-
megaly are uncommon. Approximately 25% of patients with T-LGL 
leukemia have symptomatic rheumatoid arthritis, and many more are 
positive for rheumatoid factor. Therefore, many patients with T-LGL 
leukemia have the triad (rheumatoid arthritis, splenomegaly, and 
neutropenia) defining Felty’s syndrome. Patients with T-LGL leuke-
mia usually have an indolent course with 780% overall survival after 
10 years.

Sézary’s Syndrome
Sézary syndrome is a neoplasm of mature T cells that is defined by the 
combination of erythroderma (red skin), generalized lymphadenopa-
thy, and clonally related abnormal T cells (Sézary cells) in the skin, 
lymph nodes, and peripheral blood. Sézary cells are neoplastic T lym-
phocytes that have a very irregular, convoluted (cerebriform) nuclear 

■  Figure 28-12 Sézary syndrome. Abnormal large 
l ymphocyte with relatively finely distributed chromatin 
and numerous nuclear folds (Sézary cell) (peripheral blood, 
H&E stain, 1000*  magnification).
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irregular nuclear outlines. The infiltrate is often heterogeneous with 
histiocytes, plasma cells, and eosinophils in addition to the neoplastic 
cells. However, immunophenotyping is essential for distinction from 
B-cell NHL and, in some cases, HL. Peripheral T/NK-cell  lymphoma, 
NOS demonstrates expression of pan-T-cell antigens with frequent 
abnormal lack of staining for one or more of the expected T-cell anti-
gens (e.g., CD5-  and/or CD7- ). The presence of an abnormal immu-
nophenotype or clonal rearrangement of the T-cell receptor can assist 
in the distinction of T-cell lymphoma from a reactive process. Nodal 
cases usually show a CD4+ /CD8-  phenotype. CD4/CD8 double 
positivity or double negativity can be seen. Cytogenetics usually 
reveals a complex karyotype. The normal cell counterpart is thought 
to be the activated, mature, CD4+  T lymphocyte.

Peripheral lymph node enlargement with node involvement is 
usually present. Other sites can be involved including bone marrow, 
spleen, and liver. In general, peripheral T-cell lymphoma is an aggres-
sive disease with a poor response to therapy and frequent relapses. 
However, some patients are cured by combination chemotherapy.

Hodgkin LympHoma (HL)
HL differs from NHL in its clinical presentation and histologic 
appearance. Separation of these two broad categories of lymphoma 
is important because they are treated with different combinations of 
chemotherapeutic agents. HL is composed of large tumor cells that 
do not resemble a normal cell counterpart and are accompanied by 
many reactive cells. HL has several histologic subtypes that differ in 
phenotype, appearance of large neoplastic cells, and nature of reactive 
component. The main histologic types are lymphocyte-predominant 
(LP) HL and classic HL. Classic HL is further classified into nodular 
sclerosis (NS), mixed cellularity (MC), lymphocyte-rich (LR), and lym-
phocyte depletion (LD) subtypes (Table 28-6 ★).

(LCA) and epithelial membrane antigen (EMA). Although ALCL is 
derived from T cells, frequent loss of T-cell antigen expression can 
result in a null phenotype (lack of expression of either T- or B-cell 
antigens). Most, but not all, ALCL cases involving lymph nodes con-
tain the translocation t(2;5) that joins the nucleophosmin (NPM1) 
and anaplastic large-cell kinase (ALK) genes. This leads to abnormal 
expression of ALK protein that can be detected by immunohisto-
chemistry (Figure 28-13b). The presence of ALK protein expression 
can assist in the distinction of ALCL from Hodgkin lymphoma and 
most other subtypes of NHL. However, absence of staining for ALK 
protein does not exclude a diagnosis of ALCL. Most cases of cuta-
neous ALCL are ALK negative. Primary cutaneous ALCL can be 
treated successfully by local excision or radiation therapy. Approxi-
mately 70% of patients with systemic ALCL go into remission with 
systemic multiagent chemotherapy, but the rate of relapse is high.

Peripheral T-Cell Lymphoma, Not 
Otherwise Specified (NOS)
NHL with a mature T-cell or NK-cell (T/NK) phenotype represents 
only 15% of lymphomas in the United States. Several subtypes of 
peripheral T/NK-cell lymphoma are defined using a combination 
of parameters including the clinical presentation, distribution of 
disease (nodal or extranodal), association with Epstein-Barr virus, 
and immunophenotype (CD4+  or CD8+ , and presence of NK- 
associated or cytotoxic markers). However, a large category of periph-
eral T-cell lymphoma (30% in Western countries) cannot be put into 
one of the other subtypes in the current classification. This category 
is classified as peripheral T-cell lymphoma, not otherwise specified.

Although it has the morphologic appearance of peripheral 
T/NK-cell lymphoma, NOS is quite variable, and a number of mor-
phologic features suggest this diagnosis. The tumor cells vary in 
size and can display abundant clear or pale-staining cytoplasm and 

■  Figure 28-13 Anaplastic large cell lymphoma. (a) Abnormal infiltrate of large cells with 
eosinophilic cytoplasm, including cells with multilobated nuclei (lymph node biopsy, H&E 
stain, 100*  magnification). (b) ALK expression (lymph node biopsy, immunohistochemical 
stain, 200*  magnification).

a b
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LP HL is composed of numerous reactive small lympho-
cytes and rare tumor cells that often grow in loose nodular aggre-
gates. The tumor cells in LP HL (L&H cells) characteristically have 
a large multilobated nucleus with delicate nuclear membranes, 
finely granular chromatin, and small indistinct nucleoli (pop-
corn cells [L&H cells]) (Figure 28-14 ■). Unlike the neoplas-
tic cells of classical HL, those of LP HL have a B-cell phenotype: 
LCA+ , CD45+ , CD20+ , CD30- /+ , CD15-  (Table 28-6). There-
fore, the phenotype of LP HL overlaps that of B-cell NHL. The reactive 
small lymphocytes that surround the neoplastic cells of LP HL often 
include an unusual subset of CD57 positive T cells.

The tumor cells in classical HL have large prominent eosino-
philic nucleoli and coarse nuclear membranes. One variant of tumor 
cell is found in all cases of classic HL: the Reed-Sternberg (R-S) 
cell, which has two or more nuclear lobes containing inclusion-like 
nucleoli and an area of perinucleolar clearing imparting an owl’s 
eye appearance (Figure 28-15a ■). The reactive cells accompanying 
the neoplastic cells of classical HL include a heterogeneous mixture 
of small lymphocytes, histiocytes, eosinophils, and plasma cells. 
The tumor cells of classical HL are negative for LCA and ALK but 

■  Figure 28-14 Nodular lymphocyte predominant 
Hodgkin lymphoma. Large L&H (“popcorn”) cell with mul-
tilobated nucleus, delicate nuclear membranes, and small 
basophilic nucleoli. The background contains many histio-
cytes with pale-staining eosinophilic cytoplasm and small 
lymphocytes (H&E stain, 200* magnification).

Name and describe the cell that is characteristic of Hodg-
kin lymphoma.

CheCkpoint 28-4

What clinical finding differentiates multiple myeloma from 
other plasma cell neoplasms?

CheCkpoint 28-5

subtype sclerosis Lymphocytes tumor Cells variants Cell type

LP - + + + + + L&H B-cell

NS Present + + + + Lacunar ?

MC - + + + + - ?

LR - + + + + + - ?

LD -/+ + + + + + - ?

NS = nodular sclerosis classical HL; MC = mixed cellularity classical HL; LD = lymphocyte depletion classical HL; LR = lymphocyte@rich classic HL; 
LP = lymphocyte@predominant HL; L&H = malignant cells characteristic of LP HL; ? = uncertain cell of origin, + = few; + + + + = many

★ tabLe 28-6 Classification of Hodgkin Lymphoma

positive for the CD30 antigen. They can also be positive for CD15 
and/or EBV.

Classical HL is further divided into histologic subtypes based 
on the presence of sclerosis (fibrosis), type of tumor cell variants, 
and  proportion of reactive lymphocytes. The NS subtype of HL 
is characterized by C-shaped bands of birefringent fibrous tissue 
( Figure 28-15b), nodular aggregates of cells, and tumor cell variants 
with cytoplasmic clearing and delicate, multilobated nuclei (lacunar 
cells) (Figure 28-15c). The LR form of classical HL has a background 
of reactive cells including many small lymphocytes, but in contrast 
to LP HL, the neoplastic cells have the phenotype of classical HL. LD 
HL is a rare subtype that has many tumor cells and only rare reactive 
lymphocytes. A diagnosis of MC HL is made after excluding the other 
classic subtypes: NS, LR, and LD. However, the histologic subtypes of 
classical HL do not have independent prognostic significance. The 
stage of HL is one of the most important prognostic markers. The 
5-year survival for patients with Stage I or IIA Hodgkin lymphoma 
currently is approximately 90% and for Stage IV is 60–70%. Treatment 
options depend on the stage of disease and can include chemotherapy 
with or without radiation.10
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■  Figure 28-15 Hodgkin lymphoma, classic type,  nodular sclerosis subtype. (a) Reed-Sternberg 
cell with two nuclear lobes and prominent, eosinophilic nucleoli giving an owl’s eye appearance. 
The background contains many small lymphocytes and a few pale eosinophilic histiocytes (lymph 
node biopsy, H&E stain, 200*  magnification). (b) Bands of fibrous tissue isolate nodules contain-
ing an abnormal cellular infiltrate (nodular sclerosing pattern) (lymph node biopsy, H&E stain, 20*  
magnification). (c) Lacunar cells with abundant clear-staining cytoplasm, delicate nuclear mem-
branes, and small basophilic nucleoli (lymph node biopsy, H&E stain, 100*  magnification).

a

b c

Summary
The mature lymphoid neoplasms represent a diverse group 
of neoplasms that vary in clinical presentation, morphologic 
appearance, immunophenotype, and genotype. The WHO 
classifies these neoplasms into mature B-cell and mature T/ NK-
cell neoplasms. As in the precursor B-cell and T-cell neoplasms, 
the leukemic entities are characterized by peripheral blood and 
bone marrow involvement whereas the lymphomas have tumor-
ous masses involving the lymph nodes and other lymphoid tis-
sue. The malignant cells often resemble one or more stages of 
normal lymphocyte development and, therefore, must be distin-
guished from reactive proliferations of these cells. The diagnosis 

usually requires a combination of conventional morphology, 
immunophenotyping, molecular analysis, and cytogenetics. HL 
differs from other lymphomas clinically and histologically; it is 
composed of large tumor cells that do not resemble a normal 
cell counterpart and are accompanied by many reactive cells. 
HL has several histologic subtypes that differ in phenotype, 
appearance of the large neoplastic cells, and nature of the 
reactive component. Although the classification of lymphoid 
malignancies is complicated, it is important to separate distinct 
disease entities that have a predictable outcome and response 
to specific therapy.
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Review Questions
Level i

 1. Which of the following is the most likely distribution of 
disease in a patient with leukemia? (Objective 3)

 A. lytic bone lesion

 B. tumorous mass involving lymph nodes

 C. tumorous mass involving the tonsil

 D. widespread involvement of the bone marrow

 2. A 60-year-old male being evaluated for insurance purposes 
was found to have lymphocytosis. The peripheral smear 
revealed a uniform population of small mature lympho-
cytes. Which of the following is helpful in differentiating a 
benign from a malignant lymphocytosis? (Objectives 8, 9)

 A. cytochemistry

 B. immunophenotyping

 C. morphology

 D. absolute lymphocyte count

 3. Which of the following indicate(s) the presence of a mature 
lymphoid neoplasm? (Objective 2)

 A. clonal immunoglobulin gene rearrangement

 B. population of lymphocytes expressing only one immu-
noglobulin light chain

 C. population of lymphocytes expressing an abnormal 
phenotype

 D. all of the above

 4. A patient with chronic lymphocytic leukemia had a complete 
blood count (CBC) with differential. The differential showed 
20% nucleated cells similar to the ones in F igure 28-2. This 
indicates: (Objective 8)

 A. transformation of CLL to ALL

 B. development of hairy cell leukemia

 C. Richter’s transformation

 D. prolymphocytic transformation of CLL

 5. You are asked to perform a peripheral blood smear review 
on a 56-year-old male with a history of lytic bone lesions, 
hypercalcemia, and a recent diagnosis of plasmacytoma. 
Which of the following is the most likely peripheral blood 
finding? (Objective 10)

 A. plasmacytosis

 B. lymphocytosis

 C. agglutination

 D. rouleaux

 6. A bone marrow biopsy was performed on a patient with 
bone pain. The bone marrow differential revealed 40% 
plasma cells. Serum electrophoresis showed an increased 
protein with an M spike. What would you expect to find 
on the peripheral blood smear in this patient? (Objectives 
3, 10)

 A. rouleaux

 B. spherocytes

 C. plasma cells

 D. 720% blasts

 7. The WHO classification of lymphoid neoplasms recom-
mends which of the following studies to identify neoplastic 
cells and type of lymphoid malignancy? (Objective 9)

 A. genotype

 B. morphology

 C. phenotype

 D. all of the above

 8. The Reed-Sternberg cell is found in what type of lymphoid 
malignancy? (Objective 6)

 A. chronic lymphocytic leukemia

 B. multiple myeloma

 C. HL

 D. NHL

 9. A peripheral smear performed on a 35-year-old male with 
lymphocytosis reveals numerous smudge cells. Which of 
the following does this finding indicate? (Objectives 3, 8)

 A. chronic lymphocytic leukemia

 B. infectious mononucleosis

 C. lymphoblastic leukemia

 D. none because the finding is not diagnostic

 10. Peripheral smear examination of a patient with chronic 
lymphocytic leukemia reveals 8% prolymphocytes. This 
finding is consistent with which of the following diagno-
ses? (Objective 8)

 A. chronic lymphocytic leukemia

 B. prolymphocytic leukemia

 C. prolymphocytoid transformation of CLL

 D. Richter’s transformation
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 7. A patient presents with pancytopenia and massive sple-
nomegaly but no lymphadenopathy. Unusual cells noted 
on the blood smear had abundant pale-staining cytoplasm 
and cytoplasmic projections. The nuclei were oval with a 
fine chromatin pattern. What cytochemical stain would be 
helpful in identifying these cells? (Objective 5)

 A. acid phosphatase stain after incubation with tartrate

 B. periodic acid-Schiff

 C. Sudan black B

 D. myeloperoxidase

 8. A CBC performed on a 60-year-old male with a history 
of rheumatoid arthritis revealed neutropenia and an abso-
lute lymphocytosis. Examination of the peripheral smear 
revealed many lymphocytes with abundant pale-staining 
cytoplasm and cytoplasmic granules. Which of the follow-
ing is the most likely phenotype? (Objectives 1, 5)

 A. CD3+ , CD2+ , CD57+

 B. CD19+ , CD5+ , CD57-

 C. CD2+ , CD3- , CD56+

 D. CD19+ , CD10+ , CD34+

 9. A patient previously diagnosed with SLL is found to have 
peripheral blood lymphocytosis. The lymphocytes are 
small and have round nuclei with clumped chromatin. 
Which of the following is the most appropriate interpreta-
tion? (Objective 3)

 A. This is a different presentation (CLL) of the same dis-
ease process.

 B. The patient has a new lymphoid neoplasm: chronic 
lymphocytic leukemia.

 C. The lymphoma has transformed.

 D. The patient has developed a therapy-related 
neoplasm.

 10. A lymph node biopsy revealed an infiltrate of small lymphoid 
cells with a vaguely nodular growth pattern. Flow cytome-
try revealed a monoclonal population of B cells expressing 
CD5. Immunohistochemistry revealed nuclear staining for 
cyclin-D1 protein. Which of the following translocations is 
associated with these neoplastic cells? (Objective 3)

 A. t(11;14)

 B. t(15;17)

 C. t(1;14)

 D. t(8;14) follicular lymphoma

Level ii

 1. Which of the following is(are) involved in the pathogenesis 
of low-grade follicular lymphoma? (Objective 8)

 A. genes involved in apoptosis

 B. inherited immunodeficiency

 C. proto-oncogenes

 D. tumor suppressor genes

 2. Which type of lymphoma can antimicrobial therapy cure? 
(Objective 8)

 A. Burkitt lymphoma

 B. Hodgkin lymphoma

 C. MALT lymphoma

 D. HIV-associated non-Hodgkin lymphoma

 3. A lymph node biopsy is performed on a patient with 
lymphadenopathy. Which of the following findings is(are) 
characteristic of a reactive proliferation rather than malig-
nant lymphoma? (Objective 9)

 A. a mixed population of cells varying in size, shape, and 
color

 B. clonality of cells

 C. presence of large, bizarre cells

 D. many cells with mitotic activity

 4. A CBC performed on a 65-year-old female reveals lym-
phocytosis. A bone marrow reveals replacement of the 
hematopoietic precursors by an infiltrate of mature lym-
phocytes. Which of the following is the most likely course 
of the disease? (Objective 5)

 A. cure following therapy

 B. rapid progression

 C. slow progression

 D. spontaneous remission

 5. Which of the following phenotypes is characteristic of 
chronic lymphocytic leukemia? (Objective 1)

 A. CD19+ , CD5+ , CD23+

 B. CD19+ , CD5- , CD23+

 C. CD19+ , CD5+ , CD23-

 D. CD19+ , CD5- , CD23-

 6. A CBC performed on an 80-year-old female reveals an 
absolute lymphocyte count of 8 * 109/L. Examination of 
the peripheral blood smear reveals a uniform population 
of small lymphocytes. Which of the following procedures 
is most likely to establish a diagnosis? (Objectives 1, 5)

 A. cytogenetics

 B. flow cytometry immunophenotyping

 C. immunoglobulin gene rearrangement

 D. lymph node biopsy
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the sources of hematopoietic stem cells and characteristics 

of each source.
 2. Identify the diseases that can be treated with different sources of 

hematopoietic stem cells.
 3. List characteristics of stem cells.
 4. Describe the significance of ABO and HLA antigens for stem cell 

transplant.
 5. Identify the infections that are serious complications during the 

 peritransplant period.
 6. Describe the significance and effects of graft-versus-host disease 

(GVHD), and compare them to those of the graft-versus-leukemia (GVL) 
process.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Summarize the collection and processing of hematopoietic stem cells, 

and assess the success of these procedures.
 2. Explain the role of the clinical laboratory professional in stem cell 

transplantation.
 3. Select and outline methods to enumerate hematopoietic stem cells.
 4. Explain the complications of stem cell transplant, and assess the 

patient’s risk of developing them.
 5. Formulate the sequence of events for a patient who will receive a stem 

cell transplant.
 6. Select laboratory tests used to determine engraftment and assess 

engraftment given the results obtained by these tests.
 7. Differentiate between the types of stem cell transplantation (SCT), 

and select the most appropriate type for the patient’s clinical condition.
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only the associated laboratory tests but also why the tests are necessary 
and how they relate to the overall process of stem cell transplantation 
(SCT). The stem cell transplant procedure is also referred to as bone 
marrow transplant, peripheral stem cell transplant, and umbilical 
cord blood transplant depending on the source of the stem cells. This 
chapter reviews the sources of hematopoietic stem cells (HSCs); the 
use of allogeneic, autologous, and umbilical cord stem cells in treat-
ing a variety of malignant and nonmalignant disorders; the mobili-
zation, collection, and enumeration of mononuclear cells (MNCs) 
and CD34+ cells; the procedures used to assess transplant success 
(engraftment); and the role of the clinical laboratory professional 
during this process.

IntroductIon
Hematopoietic stem cell transplantation (HSCT) is a recognized 
therapeutic modality for leukemias, lymphomas, solid organ tumors, 
and a variety of metabolic and immunologic disorders (Table 29-1 ★). 
The concept of SCT came from experiments done five decades ago 
when it was observed that mice given intravenous marrow infusions 

overvIew
The use of stem cells in the therapy of neoplastic hematopoietic disor-
ders has become commonplace. The laboratory’s role in this therapy is 
critical and requires that the clinical laboratory professional knows not 

Key Terms
allogeneic
apheresis
autologous
Chimerism

Clonogenic
Conditioning regimen
Cryopreserved
Engraftment

Background Basics

We will refer to this case study throughout the chapter.

Brandon, a 35-year-old male (weight 80 kg), was recently 
diagnosed with aml with  differentiation and received 
induction chemotherapy. Day 21 bone marrow reveals no 
evidence of residual leukemia. Two weeks later, circulat-
ing blasts were seen in the peripheral blood. Brandon is 
being evaluated for a stem cell transplant.

Consider the laboratory’s role in evaluating the trans-
plant, collecting and processing the stem cells, and 
determining engraftment.

case study

Hematologic nonhematologic

neoplastic non-neoplastic
acute lymphoblastic leukemia
acute myeloid leukemia

aplastic anemia
paroxysmal nocturnal hemoglobinuria

Solid organ malignancies (breast and ovarian cancer,  neuroblastoma, 
Wilms’ tumor, germ cell)

Chronic myelogenous leukemia Thalassemia Inborn errors of metabolism (e.g., Hurler’s syndrome)

primary (idiopathic) myelofibrosis Sickle cell disease Severe combined immunodeficiency disease

Chronic lymphocytic leukemia Fanconi’s anemia Wiskott-aldrich syndrome

myelodysplastic syndrome Congenital pure red cell aplasia Congenital leukocyte dysfunction syndromes

Non-Hodgkin lymphoma malignant osteopetrosis

Hodgkin lymphoma

multiple myeloma

★ table 29-1 Diseases Treatable with Stem Cell Transplantation

graft-versus-host disease 
(gVHD)

graft-versus-leukemia (gVl)
polymorphic

purging
Syngeneic

level II
• Describe the role of cytokines and bone marrow microenviron-

ment in maturation and differentiation of hematopoietic stem 
cells; explain the role of oncogenes in cancer development. 
(Chapters 2, 4, 23)

• Explain the use of molecular genetic technology and cytoge-
netics in diagnosis and prognosis of neoplastic hematopoietic 
disorders. (Chapters 41, 42)

• Correlate subgroups of neoplastic hematologic disorders with 
laboratory findings and prognosis. (Chapter 23)

This chapter builds on concepts learned in previous chapters. To 
maximize your learning experience, you should review the following 
material before starting this unit of study:

level I
• Describe the origin and differentiation of hematopoietic cells. 

(Chapters 2, 3, 4)
• Outline the classification and explain the etiology and patho-

physiology of neoplastic hematologic disorders. (Chapter 23)
• Explain the role of chemotherapy and radiotherapy in treat-

ment of neoplastic hematologic disorders. (Chapters 23–28)
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could overcome lethal doses of radiation.1,2 Later, in the 1960s, the 
first  successful bone marrow transplant was performed on a leukemia 
patient using marrow donated by the leukemic patient’s brother.

Stem cells can be obtained from the patient (autologous), from 
a genetically dissimilar but human leukocyte antigen (HLA)-matched 
donor (allogeneic), or from an identical twin (syngeneic). After the 
early successful allogeneic bone marrow SCTs using fresh anticoagu-
lated bone marrow from HLA-matched siblings or family members, 
clinical practice has expanded to include the use of autologous bone 
marrow stem cells, autologous and allogeneic peripheral blood stem 
cells (PBSCs), and umbilical cord stem cells. HLA genes control the 
body’s ability to mount an immune response. These genes code for 
histocompatible antigens found on the surface of essentially all nucle-
ated cells (Chapters 7, 8).

origin AnD DiffErEnTiATion 
of hEmAToPoiETic sTEm cElls
HSCs are rare cells that can be found in the bone marrow and occa-
sionally in the peripheral blood of healthy individuals. Self-renewal 
and multilineage differentiation are the two distinct biologic prop-
erties that make HSCs remarkable. Pluripotent stem cells differen-
tiate into myeloid and lymphoid progenitor cells (Figure 4-3). The 
common myeloid progenitor cells (CMPs) produce three types 
of committed progenitor cells that differentiate into erythroid, 
granulocyte- macrophage, and megakaryocytic cell pathways. The 
common lymphoid progenitor cells (CLPs) differentiate into T cells, 
B cells, natural killer cells, and lymphoid dendritic cells. The commit-
ted progenitor cells have been called colony-forming units (CFUs) 
because they give rise to colonies of differentiated progeny in vitro 
(Chapter 4). From these CFUs arise morphologically recognizable 
precursors of differentiated cells (pronormoblast, myeloblast, mono-
blast, megakaryoblast) that further differentiate into mature cells. In 
summary, pluripotent stem cells have the capacity to self-renew and 
differentiate along multiple lineages. With additional divisions, their 
progeny differentiate into a single cell lineage and become progres-
sively restricted to proliferation. The progenitor cells and committed 
cells lack the property of self-renewal.

sourcEs of hEmAToPoiETic sTEm 
cElls AnD TYPEs of sTEm cEll 
TrAnsPlAnTs
HSCs for clinical use can be harvested from the bone marrow, periph-
eral blood, and umbilical cord blood (UCB).3 Fetal bone marrow 
and liver are also rich in stem cells, but ethical issues limit their use. 

Unlike other tissues and organs destined for transplant, HSCs are not 
 routinely taken from cadavers because in most situations, the stem cell 
donor receives hematopoietic cytokines for a few days before the stem 
cells are harvested to maximize stem cell yield.

Allogeneic Stem Cell Transplantation
In the past, the usual source of stem cells has been the bone  marrow, 
but now allogeneic transplants using PBSCs are more common. 
Allogeneic transplants are often indicated when the disease  process 
involves the patient’s own stem cells (Table 29-2 ★). Allogeneic 
transplant can be performed for therapy of acute leukemias, chronic 
myelogenous leukemia (CML), aplastic anemia, hemoglobinopathies, 
immune deficiencies, and metabolic genetic disorders.4,5

Three important factors must be considered in order to achieve 
successful allogeneic SCT. First, adequate numbers of HSCs should be 
present in the graft so that when infused into the recipient’s circula-
tion, engraftment in the marrow microenvironment will occur. Sec-
ond, the recipient’s immune system should tolerate donor stem cells 
so that graft rejection does not occur. Third, the donor’s immune cells 
should tolerate host tissue to avoid severe graft-versus-host disease 
(GVHD), which occurs when immunocompetent donor T lympho-
cytes recognize HLA antigens on the host cells as foreign and initiate 
cell injury.

Highly incompatible tissues are almost certain to be rejected. 
Compatibility is based on the immune system’s recognition of certain 
cell markers as “self.” The most critical of these cell markers appear to 
be the HLA molecules, also known as the major histocompatibility 
complex (MHC). The HLA system is highly polymorphic (geneti-
cally variable).

Genes present on the short arm of chromosome 6 encode HLA 
antigens (Chapter 8). Class I HLA antigens are encoded by three loci: 
HLA-A, HLA-B, and HLA-C. Class II HLA antigens are encoded by 
another three loci: HLA-DR, HLA-DP, and HLA-DQ. Serological and 
molecular testing methods are available to determine an individual’s 
HLA type.6,7 Although the candidate donors and recipients are tested 
for HLA-A, -B, -C, -DR, and -DQ antigens, an HLA match requires 
only that the donor and recipient have compatible HLA-A, HLA-B, 
and usually HLA-DR antigens. An optimum clinical result occurs 
when the donor and recipient are matched at the HLA-A, HLA-B, and 
HLA-DR loci. Even with a complete match, graft rejection and GVHD 
can occur, indicating the possibility that current testing methods will 
not recognize antigens that are incompatible or not encoded by MHC. 
On the other hand, successful transplant can occur even with some 
degree of HLA mismatch.8,9

Approximately 30% of patients requiring allogeneic transplant 
have a matched sibling donor, ,and another 2–5% have a partially 

Type of Transplant source of stem cells Diseases

Allogeneic Bone marrow
Peripheral blood
Cord blood

Acute leukemias, chronic myelogenous leukemia, non-neoplastic hematologic conditions 
(Table 29-1), immunologic and inherited diseases

Autologous Peripheral blood
Bone marrow

Hodgkin lymphoma, non-Hodgkin lymphoma, solid organ tumors, plasma cell myeloma

Syngeneic Peripheral blood
Bone marrow

Any disorder treated by allogeneic/autologous transplant except a genetic disease

★ TAblE 29-2 Type of Transplant, Sources of Stem Cells, and Diseases for Which the Cells Are Used
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matched related donor.10 If family members do not match or are not 
available, the search for an unrelated HLA-matched donor is made 
through the National Marrow Donor Program (NMDP) estab-
lished in 1986 and World Marrow Donor Association (WMDA) 
founded in 1988.11,12 This type of transplant is called a matched 
unrelated donor (MUD) transplant. The NMDP and WMDA 
promote  volunteer donation of bone marrow and peripheral blood 
stem cells and establish and promote the practice of sharing stem 
cell sources by need rather than the donor’s geographic location.12 
Although  millions are in the donor pool, the MUD transplant has 
certain limitations. First, because of HLA polymorphisms, locating 
HLA-matched donors is  difficult. Second, the length of time to find 
a compatible allograft is often about 4–6 months. Third, the cost of 
donor search and  procurement is high. Fourth, the racial distribution 
in the NMDP is unbalanced, limiting its usefulness for patients of 
minority origins, particularly those of African, Mexican, and Asian 
heritage. However, considerable efforts are being made to recruit 
minority donors and in 2010, 40% of new donors in the NMDP reg-
istry were from diverse  ethnic and racial backgrounds. Finally, the 
chance of graft failure, GVHD, and opportunistic infections with 
MUD transplant increases.

The initial donor selection for an allogeneic transplant is based 
on HLA compatibility with the recipient. ABO blood group antigens 
of the donor and recipient do not need to be matched to accomplish 
successful transplantation because these antigens are not expressed on 
HSCs and recipients will become the blood type of the donor or of a 
mixed chimera of donor and recipient blood types. Although 730% 
of SCT recipients receive HSCs from ABO-incompatible donors, 
there are potential adverse consequences, including delayed red blood 
cell recovery or pure red cell aplasia (recipient’s antibodies directed 
against donor ABO blood type) or delayed hemolysis (from donor 
B lymphocytes producing ABO antibodies against residual recipient 
red blood cells [RBCs]).

Stem cell donors are tested for infectious diseases required by the 
Food and Drug Administration (FDA) for volunteer blood donors. 
Most transplant centers absolutely exclude donors only if they are 
found to have serologic evidence of HIV infection.

Before receiving the allogeneic HSC infusion, the recipient is 
treated with conditioning chemotherapy and/or total body irradia-
tion.13 Depending on the underlying disease, this regimen can serve 
two purposes. First, it provides an antitumor effect if the transplant 
is being done as part of a treatment regimen for a malignant disease. 
Second, it is immunosuppressive to enable the recipient to better toler-
ate the donor cells. The goal of giving high-dose chemotherapy/radio-
therapy is to destroy all malignant cells, but the therapy is also toxic to 
normal bone marrow cells. The patient’s marrow is then rescued with 
infused donor stem cells. As in solid organ transplantation, recipients 
must also be given additional immunosuppressive therapy such as 
cyclosporine or tacrolimus to minimize graft rejection and GVHD.

Syngeneic transplantation is the use of bone marrow or PBSCs 
from an identical twin. This type of transplant is rare but could be used 
for any disorder treated by allogeneic or autologous transplant except 
genetic diseases that affect both twins. Syngeneic transplants should 
have no risk of rejection or GVHD, and no special immunosuppres-
sive drugs need be given.

A physician is evaluating a 28-year-old patient with a 
history of acute lymphoblastic leukemia for PBSC trans-
plantation. The laboratory professional found circulating 
leukemic blasts in the peripheral blood. Is this patient a 
candidate for an autologous PBSC transplant?

CheCkpoint 29-1

Autologous Stem Cell Transplantation
Autologous stem cell transplantation infuses the patient’s own bone 
marrow or PBSCs. These stem cells are collected prior to intensive 
or myeloablative chemotherapy and/or radiotherapy, which seek to 
eliminate the malignant cells. After therapy, the collected stem cells 
are infused into the patient to re-establish hematopoiesis. Autologous 
transplantation is usually indicated when the patient’s stem cells are 
not affected by the disease and the underlying disease is potentially 
responsive to high-dose chemotherapy and/or radiotherapy. This 
type of transplant is commonly utilized for Hodgkin lymphoma; non-
Hodgkin lymphoma; plasma cell myeloma; solid organ tumors includ-
ing breast, ovarian, and testicular cancers; and pediatric neoplasms 
such as neuroblastoma and Wilms’ tumor (Table 29-2).

Autologous PBSC transplant can be performed if the disease 
involves the patient’s own marrow. However, in this case, a number of 
other factors should be evaluated: age, underlying disease, degree of 
marrow involvement, response to previous chemotherapy, and donor 
availability. The use of autologous stem cells for transplant in a subset 
of acute leukemias, myeloproliferative disorders, and myelodysplastic 
syndrome (MDS) has been attempted but without great success.14–16

Autologous stem cell transplantation has both advantages and 
disadvantages. One important advantage is that it is not necessary to 
identify HLA-matched donors. Graft rejection and GVHD do not 
occur, so immunosuppression is not used. Peritransplant mortality is 
low, and older patients tolerate the procedure relatively well. Some dis-
advantages of autologous transplant include the possibility of neoplas-
tic cells in the stem cell product that could cause disease recurrence, 
difficulty in obtaining adequate stem cells if the patient has received 
extensive prior therapy, and the graft-versus-leukemia (GVL) 
effect that is sometimes seen with allogeneic transplant is not possible. 
GVL effect is a favorable effect seen when immunocompetent donor 
T cells present in the allograft destroy the recipient’s leukemic cells. 
The significance of GVL is described later in the chapter.

Umbilical Cord Stem Cell Transplantation
Umbilical cord blood contains sufficient numbers of HSCs to 
provide short-term and long-term engraftment in related and 
unrelated recipients.17–19 The first cord blood transplantation was 
performed in a 5-year-old boy with Fanconi’s anemia in 1988.20 
Clinical data indicate that cord blood from siblings and unre-
lated donors can be used to reconstitute hematopoiesis in patients 
with malignant and nonmalignant disorders.17–19,21 As a result of 
the early successes with cord blood transplantation from sibling 
donors, pilot programs for banking unrelated donor cord blood 
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marrow per kilogram of recipient body weight is harvested to pro-
vide an adequate number of MNCs. When the marrow is harvested, it 
contains a mixture of red blood cells, white blood cells, MNCs, plate-
lets, plasma, and fat particles. If a marrow recipient is ABO compatible 
with the donor, the marrow can be infused immediately after filtering 
the fat and small bone particles. If the donor and recipient are ABO 
incompatible, erythrocytes and/or plasma can be removed to avoid 
adverse reactions by the recipient upon administration. In some cases, 
the marrow can be further processed to remove a mononuclear cell 
layer that can be frozen and stored. Stem cell collection by this method 
is rarely used now and is being replaced by peripheral stem cell collec-
tion (see “Peripheral Blood”).

Peripheral Blood
Because stem cells are rare in the peripheral blood (60.01%), vari-
ous regimens have been tried to mobilize stem cells in the marrow 
to enter the peripheral blood and increase the number of circulating 
MNCs. Transplanting more stem cells means more rapid hematopoi-
etic recovery.23 For autologous PBSC collection, patients can receive 
cytotoxic chemotherapy (e.g., Cytoxan), hematopoietic cytokines 
(e.g., granulocyte colony-stimulating factor [G-CSF], granulocyte-
macrophage colony-stimulating factor [GM-CSF]), or a combination 
of chemotherapy and cytokines to mobilize stem cells.

After cytotoxic and cytokine therapy, the stem cells in the marrow 
are mobilized to the peripheral blood where they can be collected by 
apheresis, an automated procedure that uses a blood cell separator. 
Whole blood is withdrawn from the donor and anticoagulated. The 
components are separated using centrifugation or filtration, and the 
desired component is collected (in this case, mononuclear cells that 
contain HSCs). The remaining components are combined and infused 
back into the donor.

For allogeneic PBSC collection, hematopoietic cytokines (G-CSF 
or GM-CSF) are given to normal, healthy donors to mobilize stem 
cells, and then the MNCs are collected by apheresis.

The optimum timing for collection of PBSCs after cytotoxic 
and growth factor therapy is sometimes unpredictable, and the time 
of harvest varies depending on the mobilization protocol. Some cen-
ters determine the timing of PBSC collection based on a preapheresis 
peripheral blood CD34 count.24

collEcTion AnD ProcEssing 
of hEmAToPoiETic sTEm cElls
Collecting and processing HSCs requires a team of clinical laboratory 
professionals as well as physicians.

Bone Marrow
Collection of bone marrow stem cells (allogeneic or autologous) is a 
surgical procedure performed in the operating room using general 
or local anesthesia. The marrow is taken from the posterior iliac crest 
with harvest needles and syringes. Approximately 10 to 15 mL of 

Brandon had a bone marrow examination, and 6% blasts 
were present. He has four siblings.

1. Is Brandon a candidate for a stem cell transplant?

2. If yes, what form of transplant is required?

3. What testing should be done on Brandon to proceed 
with the transplant?

cAsE sTuDY (continued from page 558)

What would be the best form of transplant for a patient 
with Cml who needs an SCT, and what antigen type 
needs to be matched?

CheCkpoint 29-2

were initiated in various countries around the world. Cord blood 
contains sufficient numbers of HSCs for engraftment in most 
recipients weighing 640 kg. However, cord blood transplants have 
been attempted with some success in patients weighing 740 kg. To 
obtain an adequate HSC dose, the transplantation of two partially 
HLA-matched cord blood units has been used with success in some 
adults.22 See Table 29-3 ★ for the advantages and disadvantages of 
using cord blood over marrow.

Advantages Disadvantages

Cord blood is abundantly available.

Cord blood stem cells can be collected without risk to mother or infant.

Cord blood can be frozen and made readily available on demand.

Ethnic balance of a given population of donors can be maintained.

The risk of latent viral contamination (CmV, EBV) is low.

Cord blood does not contain mature T cells and therefore is likely to be less 
 immunogenic and will reduce the incidence of GVHD.

Total number of stem cells is generally inadequate for most adult 
 transplant patients.

GVL effect can be reduced.

Only one unit is available for each transplant procedure.

CmV = cytomegalovirus; EBV = Epstein-Barr virus; GVHD = grat-versus-host disease; GVL = graft-versus-leukemia

★ TAblE 29-3 Advantages and Disadvantages of Using Cord Blood Stem Cells versus Marrow Stem Cells 
from Donors
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Cryopreservation and Storage 
of Hematopoietic Stem Cells
HSCs from bone marrow, PBSCs, or cord blood can be effectively 
cryopreserved (stored at very low temperatures) to maintain cell 
viability for months or years. When the stem cells are frozen or thawed, 
cell injury or loss of stem cell viability results from intracellular crystal 
formation and cellular dehydration.

To achieve the optimum cryopreservation without compromis-
ing the cell viability, a cryoprotectant agent is used.27 The most com-
mon cryoprotectants are either 10% dimethylsulfoxide (DMSO) or 5% 
DMSO with 6% HES. The DMSO diffuses rapidly into the cells and 
increases intracellular solute concentration, thus decreasing intracel-
lular ice crystal formation and preventing cell lysis.

After optimizing the concentration of the stem cells in the pres-
ence of cryoprotectant, tissue culture media and autologous plasma 
are frozen in many small plastic bags. The freezing rate seems to be an 
important factor for viable cell recovery. The freezing is usually per-
formed in the chamber of a programmable device into which liquid 
nitrogen is pumped to maintain the desired rate. When the freezing 
program has been completed, the bags are removed from the chamber 
and placed in a liquid nitrogen storage unit in either liquid or vapor 
phase at -196° C.

Infusion of Hematopoietic Stem Cells
The patient to be infused is premedicated with antihistamine and 
antiemetic (sometimes diuretics and/or steroids). The frozen bags are 
immediately thawed in a 37°C water bath just before the infusion. The 
infusion is carried out as quickly as possible to dilute the cell suspen-
sion with the patient’s blood volume because DMSO in liquid phase 
can be toxic to stem cells. The most common adverse reactions associ-
ated with cryopreserved stem cells are chills, nausea, vomiting, fever, 
allergic reactions, transient cough, and shortness of breath. Adverse 
events from HSC infusion can be related to DMSO-induced hista-
mine release; therefore, some centers thaw and dilute or wash the cell 
suspension to remove the DMSO, but cell loss and clumping can be a 
problem with this approach.

QuAnTiTATion of hEmAToPoiETic  
sTEm cElls
The number of stem cells or CD34+  cells that can be obtained varies 
greatly from donor to donor. For PBSC, one or more apheresis proce-
dures are needed to acquire the appropriate dose for engraftment and 
hematopoietic recovery. Because the engraftment outcome depends 
on the number of stem cells present in the product, the HSCs (from 
bone marrow, PBSCs, or cord blood) are quantitated by one of the 
three methods described next.

Determination of Mononuclear Cell Count
Stem cells are mononuclear cells (as are immature myeloid cells, 
lymphocytes, and monocytes); thus, counting the MNCs provides 
a very indirect estimate of the number of stem cells present in the 
sample (Figure 29-1 ■). The volume of cells necessary to achieve 
a satisfactory dose for successful engraftment can be determined 
from the MNC count. The dose is usually specified as the number 

An HLA-matched sibling has agreed to be a donor for 
Brandon.

4. Should the source of stem cells be peripheral blood or 
bone marrow? Why?

cAsE sTuDY (continued from page 561)

Inadequate volume collected from individual placenta (640 mL)

Preterm delivery (636 weeks)

Fever higher than 100° F (38°C) in mother

Premature rupture of membranes

meconium staining of fluid

Family history of inherited diseases

Congenital anomalies in infant

★ TAblE 29-4 Conditions in Which Stem Cells Are 
Not Usually Collected and/or Processed from the 
Cord Blood

Umbilical Cord Blood (UCB)
If UCB is to be collected as a source of stem cells, the mother must 
sign an informed consent, and a complete medical history of the 
parents is obtained. Cord blood is usually collected from a deliv-
ered placenta or sometimes from an undelivered placenta (after 
the baby is delivered and the cord is being clamped). A large-bore 
needle is inserted into the umbilical vein to collect blood in a sterile 
 collection bag containing anticoagulant. Several methods are used to 
separate MNCs from the whole cord blood: Ficoll-Hypaque, modi-
fied Ficoll-Hypaque g radient method, and addition of hydroxyethyl 
starch (HES).25,26 The cord blood is not usually processed if certain 
conditions are  present (Table 29-4 ★).

Purging
Purging is a technique to reduce possible tumor cell contamination 
or in the setting of allogeneic transplant, to reduce the number of 
T lymphocytes present in the product. Purging is performed on stem 
cell products that have been collected by apheresis. Depending on the 
source of stem cells and clinical conditions in which the cells are used, 
various purging techniques (mechanical, immunological, and phar-
macological) are available.27

In an allogeneic transplantation, GVHD, an immunologic 
response that results from the presence of the donor’s T lymphocytes 
that can interact with the host’s cells, is a potential complication, but 
purging the donor T lymphocytes from the allograft can prevent or 
reduce its severity. However, some of these donor T cells seem to be 
necessary for marrow engraftment and for achievement of the GVL 
effect. A favorable response, GVL is usually seen because the T cells 
present in the graft can have an active role in destroying the residual 
leukemic cells of the recipient. In support of this possibility, patients 
receiving T-cell–depleted grafts are known to be at higher risk for 
disease relapse than patients receiving unmanipulated grafts for the 
same disease.
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The CD34+ count is calculated in conjunction with the total leu-
kocyte counts.29,30 CD34+ counts can be performed on peripheral 
blood and the stem cell product. Results should be reported as soon 
as possible because the decision to collect more stem cells depends 
on CD34+ yield. Some centers determine the timing of PBSC collec-
tion based on a peripheral blood CD34+  count.24,31 If the CD34+  
cells are lower than required, the decision can be made to perform 
(or postpone) more apheresis or to mobilize the stem cells in a dif-
ferent manner.

Cell Culture for Colony Forming Units
Flow cytometry analysis identifies cells only by their antigenic markers 
and thus cannot identify cells that are clonogenic (capable of prolif-
erating and forming colonies of cells when grown in vitro); only cul-
ture techniques can demonstrate clonogenicity. An in vitro clonogenic 
assay is a culture system containing stem cells and various growth fac-
tors. The culture is incubated for 14–15 days on a semisolid medium 
(agar or methylcellulose). The colonies generated from committed 
myeloid and erythroid hematopoietic progenitors can be differenti-
ated and counted (Figure 29-2 ■).

The advantage of the clonogenic assay is that this system tests the 
capacity of progenitor cells to divide and can predict the engraftment 
potential of the stem cell product.32,33 The 2-week incubation period 
needed in this method is a distinct disadvantage when data are needed 
for immediate clinical decisions. The results of clonogenic assay sys-
tems from different institutions vary greatly because of variability in 
reagent lots and the level of staff expertise. Commercial kits are now 
available to aid in the standardization of clonogenic assays.

of MNCs per  kilogram of the recipient’s body weight. Labora-
tories use automated cell counters or hemacytometers to count 
the MNCs.

CD34 Enumeration by Flow Cytometry
Enumerating cells that express CD34 antigen (stem cells and pro-
genitor cells) by immunophenotyping has become a routine  practice. 
When bound to fluorescent dyes, anti-CD34 antibodies offer a rapid 
method of enumerating these cells using a flow cytometer. Flow 
cytometric enumeration of CD34+  cells has been shown to be the 
most useful indicator of the hematopoietic reconstitutive capacity 
of SCT.

The major difficulty with the analysis of CD34+  cells is the 
low number of cells present in the specimen. The method’s sensitiv-
ity is 1 in 10,000. Procedures to measure CD34+  cells vary widely. 
Optimally, 100 CD34+  cells and 75,000 CD34+  (leukocytes) 
events should be acquired to optimize the accuracy of analysis.28,29 

■  figurE 29-1 Wright’s stain slide prepared for the 
manual differential count from the stem cell product show-
ing myeloid precursors and mononuclear cells (peripheral 
blood, Wright’s stain, 1000*  magnification).

You receive a peripheral blood specimen in the hema-
tology laboratory with a request for a mononuclear cell 
count and analysis of CD34+  cells. Without any other 
information, why should you consider this a STAT request?

CheCkpoint 29-3

■  figurE 29-2 Cell culture colonies. (a) Erythroid colonies. (b) Myeloid colonies (original 
magnification ×100, no stain on semisolid medium).

ba
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recipient can type as group A after hematopoietic engraftment with 
complete chimerism. However, because of the long life span of red 
cells and multiple blood transfusions during transplantation, the red 
cell antigens are no longer used for chimerism studies.

Several molecular techniques can be used to evaluate chi-
merism in transplant patients. If the donor and recipient are of 
opposite sex, fluorescent in situ hybridization (FISH) analysis 
of X and Y chromosomes can be used to monitor engraftment 
(Chapter 42).38,39

Currently, the most widely used methodology for monitor-
ing chimerism is by polymerase chain reaction amplification of 
short tandem repeat (STR) loci followed by capillary electropho-
resis to distinguish the amplicons (Chapter  42).38–40 STRs are 
short sequences of DNA repeated numerous times. Individuals 
can have unique numbers of copies of the repeat element, and this 
individual copy number is referred to as a polymorphism. SCT 
generally involves donation between closely related individuals, 
so multiple STR loci must be analyzed to differentiate donor from 
recipient cells. Loci that discriminate between individuals are 
said to be informative; loci that do not discriminate are said to be 
not-informative.

In summary, the clinical applications of chimerism tests in 
marrow transplantation are to document donor cell engraftment, 
evaluate the persistence of donor cells, and assess the recurrence of 
disease.

hEmAToPoiETic EngrAfTmEnT
The conditioning regimen given to patients for SCT causes 
severe myelosuppression and can affect T- and B-cell immunologic 
responses (usually in an allogeneic setting). After the conditioning 
regimen, the HSCs are infused to restore the marrow function. A 
period of pancytopenia typically follows during which the patient is 
prone to develop infections and bleeding complications. To reduce the 
period of pancytopenia, which can last from a few days to 2–4 weeks, 
growth factors such as G-CSF or GM-CSF can be given.35,36 Recovery 
of myeloid cells usually occurs first and is followed by platelet and red 
cell recovery.

Evidence of Initial Engraftment
Evidence of hematopoietic engraftment exists when the abso-
lute neutrophil count is 7500/mcL (mL) and the platelet count is 
720,000 mcL with no need for platelet transfusions. Compared 
with bone marrow transplants, the time a recipient is pancytopenic 
fo llowing a PBSC transplant is somewhat shorter. After cord blood 
transplants, neutrophil recovery can take 5–6 weeks, and the platelets 
usually engraft late (median time 80 days).25

Evidence of Long-Term Engraftment
When all hematopoietic cells in an SCT recipient are derived from 
an allogeneic donor, the condition is referred to as full or complete 
chimerism (the presence of only donor hematopoietic cells in a 
recipient). When a recipient’s hematopoietic cells persist together with 
donor cells after SCT, the condition is referred to as partial or mixed 
chimerism.

To evaluate the long-term engraftment of HSCs, various labora-
tory methods have evolved.37 Detection of red cell antigens was among 
the first tests used to evaluate donor cell engraftment. For example, if 
the recipient’s blood group is O and the donor’s blood group is A, the 

PBSCs were collected by apheresis from the sibling. Enu-
meration of CD34 count indicates that the total CD34+  
cells collected are 6 * 106/kg.

5. Is this an adequate dose for SCT?

cAsE sTuDY (continued from page 562)

A physician wants to evaluate the engraftment on a male 
patient who received SCT from his brother 4 months ago. 
What laboratory tests should be performed to make this 
assessment?

CheCkpoint 29-4

Stem cells were collected and frozen for Brandon.

6. Does Brandon need to undergo any form of therapy 
before the transplant?

cAsE sTuDY

collEcTion TArgET for sTEm cElls
The recipient’s body weight determines the required dose of stem 
cells. The exact number of HSCs needed to ensure engraftment 
is not known, but cell doses of 2.595.0 * 106 CD34+  cells/kg of 
recipient weight are desirable; earlier engraftment is observed with 
even higher doses.34,35 For a transplant using umbilical cord blood, 
73.0 * 107 of total nucleated cells per kg of recipient weight is 
desirable.

rolE of ThE clinicAl 
lAborATorY ProfEssionAl in 
sTEm cEll TrAnsPlAnTATion
When the decision to undertake an SCT has been made, collecting 
and processing stem cells involves a dedicated clinical laboratory 
staff who work as a team (Figure 29-3 ■). The SCT process involves 
the clinical laboratory professionals working in the departments of 
hematology, apheresis, blood bank, microbiology, flow cytometry, 

M29_MCKE6011_03_SE_C29.indd   564 01/08/14   2:01 pm



 565CHapTEr 29   •   HEmaTOpOIETIC STEm CEll TraNSplaNTaTION

checked, samples for bacterial cultures taken, and the cell culture set 
up for enumeration of CFUs. On the day of transplant, the clinical 
laboratory staff (usually from the bone marrow laboratory) will thaw 
the stem cell units for the infusion.

After the transplant, hematology will evaluate initial (short-
term) engraftment with a complete blood count. For evaluation of 
long-term engraftment, the sample will be sent to the cytogenetic and 
molecular/HLA laboratories to perform chimerism studies. Through-
out the course of the transplant, the blood bank personnel will pro-
vide special blood components required during the transplantation 
process.

grAfT-vErsus-hosT DisEAsE 
AnD grAfT-vErsus-lEukEmiA EffEcT
The exact mechanism for GVHD is not clearly known. However, its 
suggested pathogenesis is that immunocompetent donor T lympho-
cytes recognize HLA antigens on the host (recipient) cells as foreign 
and initiate secondary inflammatory injury mediated by inflamma-
tory cytokines (interleukin-1, tumor necrosis factor [TNF]). This leads 
to tissue injury.41,42

Three factors necessary to set the stage for GVHD are the pres-
ence of immunocompetent donor T lymphocytes, HLA alloantigens, 
and an immunosuppressed host. GVHD is more frequent and severe 
in recipients of partially HLA-matched sibling allografts or in grafts 
from unrelated donors.8 However, GVHD also occurs after HLA-
identical sibling donor allografts, indicating the role of other HLA 
minor antigens or factors that are not usually tested for at the time 
of transplant.

Overall, the risk of acute GVHD (for the degree of HLA mis-
match) is less in recipients of cord SCT than in recipients of a mar-
row transplant, perhaps because of the immature nature of cord 
blood immune cells. GVHD can be prevented or its severity reduced 
by decreasing the number of donor T lymphocytes from the graft 
(purging) and/or administering medications such as cyclosporine A, 
methotrexate, steroids, cyclophosphamide, antithymocyte globulin, 
and tacrolimus.43

Recipients of T-cell–depleted marrow experience GVHD less 
frequently but have a higher incidence of disease relapse and higher 
graft failure than patients treated with unmanipulated marrow for 
the same disease. T lymphocytes are known to be essential for mar-
row engraftment and for achieving desirable GVL effect, which is 
seen when immunocompetent donor T cells present in the allograft 
destroy the recipient’s leukemic cells.44 For example, in allograft recipi-
ents with CML who relapse after allogeneic SCT, infusion of small 
numbers of lymphocytes collected by apheresis from the original graft 
donor (donor lymphocyte infusion or DLI)45 can induce a potent 
GVL effect and re-establish complete remission in most patients.

The critical issue of how many T lymphocytes or which subpopu-
lations of T lymphocytes need to be removed from the allograft to 
avoid GVHD but allow marrow engraftment and the GVL effect is 
unknown. The T-cell concentration and subsets required to achieve 
long-term engraftment, control of GVHD, and beneficial GVL effect 
also depend on the disease and the degree of HLA disparity.

molecular/HLA, cytogenetics, and bone marrow transplant labora-
tories (Figure 29-4 ■).

Consider a patient for whom the clinical decision for autologous 
SCT has been made. This patient will receive cytotoxic chemotherapy, 
G-CSF, or both. For PBSC collection, the patient will undergo apher-
esis. (In an allogeneic transplant setting, both the donor and recipient 
cells are typed for HLA antigens in the molecular/HLA laboratory 
before collecting stem cells.) The apheresis staff will spend 4–6 hours 
with the patient to get a good yield of MNCs. After collecting the prod-
uct, the sample will be sent to the hematology and flow cytometry 
labs where WBCs/MNCs and CD34+ counts will be performed on a 
sample of the stem cell product collected by apheresis.

The bone marrow transplant laboratory staff will process and 
cryopreserve the stem cells for future use. The cells’ viability will be 

■  figurE 29-3 Decision-making process in stem cell 
transplantation. The patient is usually evaluated for SCT 
at the time the primary diagnosis is made. For allogeneic 
SCT, a donor is selected based on HLA compatibility. If 
family members do not match or are not available, the 
search for an unrelated HLA-matched donor is made 
through the NMDP. If the patient is a child or small 
adult (640 kg), the cord blood registry/banks is/are also 
options. In general, if the disease involves the patient’s 
own stem cells, allogeneic transplant is a valid option. 
Autologous transplant is planned when the disease has 
not affected the patient’s own stem cells. On the other 
hand, autologous PBSC transplant can be performed even 
if the disease involves the patient’s marrow, but a num-
ber of other factors should be evaluated as shown in the 
algorithm.
PBSC = peripheral blood stem cell; MUD = matched unrelated donor

Factors to be considered for the SCT
1. Age of patient
2. Underlying disease
3. Involvement of patient’s own bone marrow or stem cells
4. Degree of marrow involvement
5. Response to previous chemotherapy
6. Donor availability

Autologous stem cell transplant
    —PBSC (usually)
    —Bone marrow

Allogeneic stem cell
transplant

Search for HLA-matched siblings
or family members

Not available

MUD transplant Cord transplant
if patient is a child or
adult weighing <40 kg

—Bone marrow
—PBSC

Available
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■  figurE 29-4 Steps involved in stem cell transplantation from the time the 
patient is diagnosed with the disease to the final infusion of stem cell product. For 
autologous transplant, the stem cells are usually collected from peripheral blood 
or are sometimes harvested from the bone marrow. If the stem cells are to be col-
lected from the peripheral blood, the patient can receive cytotoxic chemotherapy or 
growth factors, or both to mobilize stem cells into the blood; the stem cells are then 
collected by apheresis. For an allogeneic transplant, an HLA-matched family member 
donor or an HLA-matched donor from the NMDP is considered. During a surgical 
procedure, the stem cells are collected from the iliac crests. In an allogeneic setting, 
stem cells can also be collected by apheresis from peripheral blood after mobilizing 
the donor stem cells with growth factors. Whatever the method used, after collect-
ing the required number of stem cells from peripheral blood, bone marrow, or cord 
blood, samples are taken for appropriate tests, and stem cells are cryopreserved 
for later infusion. Before the transplant, the patient receives a high dose of chemo-
therapy and/or radiotherapy to destroy the tumor cells. This therapy can be toxic to 
normal organs, including bone marrow. The marrow is rescued by transplanting fro-
zen stem cells that have been reserved for a particular patient.

Steps involved in stem cell processing

Mononuclear cells are collected in a bag.

Autologous
(a) PBSC—apheresis
(b) Marrow—harvested
      in the operating
      room

Purging can be performed;
technique varies according
to the intended use of
the product.

Samples taken for WBC/MNC counts,
CD34 enumeration by flow cytometry,
CFU analysis, routine microbiological

cultures, and cell viability.

(a) PBSC—apheresis
(b) Marrow—harvested
     in the operating room

Allogeneic
MNCs are separated
and collected.

Cord blood

MNCs are frozen with cryoprotectant.

Patient receives preparative regimen for SCT
(chemotherapy/total body irradiation.)

MNC are thawed and infused.
(After infusion, G-CSF/GM-CSF can be given to
potentially reduce the period of pancytopenia.)

Patient evaluated for engraftment.

Short-term engraftment

Absolute neutrophil count >500 mcL
Platelet count >20,000/mcL with no
transfusion

Long-term engraftment

Chimerism studies
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A seronegative recipient of a seropositive transplant is at significant 
risk of primary transfusion-transmitted CMV infection. Seroposi-
tive recipients of seropositive transplants can develop reactivation or 
superinfection of CMV.

A donor for a CMV-negative patient should be an HLA- 
compatible person who is seronegative for CMV. SCT patients who 
are at significant risk for acquiring transfusion-transmitted CMV 
also should receive cellular components that carry a reduced risk of 
CMV. It has been shown that CMV resides in leukocytes, and stud-
ies have indicated that leukocyte-reduced cellular blood components 
can prevent CMV infection.47–49 However, the equivalent efficacy of 
leukocyte-reduced and CMV-seronegative cellular components in 
preventing transfusion-associated (TA) CMV has not yet been estab-
lished. Most transplant physicians believe that if a CMV-seronegative 
recipient receives stem cells from a CMV-seronegative donor, all sub-
sequent blood components received should be CMV-seronegative. 
If the CMV-negative blood component is not available, transfusing 
a leukocyte-reduced filtered component can effectively prevent the 
transmission of CMV disease.

recurrence of malignant Disease
Patients who undergo autologous transplantation are more at risk of 
dying from disease recurrence than from transplant-related complica-
tions. After an autologous transplant, recurrence of the original dis-
ease can occur because of incomplete eradication of malignant cells 
in the patient or the presence of residual neoplastic cells in the auto-
graft that have not been adequately eliminated by purging techniques. 
Patients who receive an allogeneic rather than an autologous trans-
plant for hematologic malignancies have a lower relapse rate; however, 
the risk of leukemic relapse varies widely from 5–70%. This variability 
depends on the diagnosis and stage of the disease, the degree of immu-
nosuppression, the degree of match or mismatch of the allograft, and 
the presence or absence of GVHD.

other complications
Symptoms and clinical signs of toxicity related to chemotherapy 
and radiotherapy—including mucositis, myocarditis, pericarditis, 
pneumonitis, hemorrhagic cystitis, and adverse drug reactions—
can occur after SCT. A serious liver disorder that complicates up 
to 50% of marrow transplants is called veno-occlusive disease. It 
is characterized by right upper quadrant pain, weight gain, and 
jaundice and is diagnosed clinically. Other features include ascites, 
hepatomegaly, hyperbilirubinemia, encephalopathy, and renal or 
multiorgan failure.

Late Complications
Late complications can be secondary to pretransplantation chemo-
therapy/radiotherapy, continued effects of acute complications, and/
or immunosuppressive states leading to delayed infections. These 
complications include hypothyroidism, hypogonadism, cataracts, 
growth retardation in pediatric patients, neuropathies, and some-
times development of post-transplant lymphoproliferative dis-
orders and second malignancies (myelodysplastic syndrome and 
leukemia).

comPlicATions AssociATED wiTh 
sTEm cEll TrAnsPlAnTATion
Complications with SCT can be categorized as early and late. Compli-
cations that occur during the first 100 days after transplantation are 
considered early complications; those that occur from a few months 
(73 months) to several years after transplantation are considered late 
complications.

Early Complications
Early complications include graft failure, GVHD, peritransplant infec-
tions, and recurrence of malignant disease.

graft failure
Primary graft failure is the failure to establish hematologic engraft-
ment and can be defined as failure to attain an absolute neutrophil 
count 7500 mcL by 28 days after transplant. Secondary graft fail-
ure is the loss of an established graft and is defined as the redevelop-
ment of pancytopenia at any time after primary engraftment. These 
complications can be seen in the allogeneic transplant setting but 
rarely in the autologous setting. See Table 29-5 ★ for causes of graft 
failure.

graft-versus-host Disease (gvhD)
Classification of GVHD can be either acute or chronic. Acute GVHD 
generally occurs in the first 3 months after allogeneic SCT and usually 
involves the recipient’s skin (maculopapular dermatitis), liver (eleva-
tion of bilirubin, abnormal liver function tests), and gastrointestinal 
tract (nausea, vomiting, diarrhea). Chronic GVHD is defined as symp-
toms appearing 80–100 days after transplantation.

Peritransplant infections
During the peritransplant period when the patient has been immuno-
suppressed and has a low neutrophil count, the risk of opportunistic 
infection is very high. These infections during the first 3 months post-
transplant can be serious but rarely life threatening. Infections can be 
bacterial, protozoal, fungal, and/or viral. Reactivated cytomegalovirus 
(CMV), a member of the herpes virus family, and herpes simplex are 
the most common. In the United States, the range of CMV prevalence 
in the population is 50–85%. SCT patients are particularly vulnerable 
to CMV infection, which can be primary, but superinfection with a 
second strain or a reactivation of latent disease also can occur. The 
complications include pneumonitis, gastroenteritis, and retinitis. Fatal 
CMV pneumonia occurs in 10–15% of patients.

The relative risk for CMV infection among SCT patients depends 
on the serological status of both the donor and the recipient.46 

Inadequate number of stem cells

HLA disparity between donor and recipient

Significant T-cell depletion of the allograft

Decreased degree of immunosuppression

★ TAblE 29-5 Causes of Graft Failure
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improving with reduced mortality, which can be related to reductions 
in organ damage, infection, and severe GVHD.51 According to one 
study, of patients who survived at least 2 years after autologous HSCT 
for a hematologic neoplasm, about 69% were alive 10 years after trans-
plantation.52 These statistics indicate that it is imperative for clinical 
laboratory professionals to work closely with physicians who perform 
these procedures and stay abreast of developments in this area.

Gene Therapy
In addition to HSCT, gene therapy is a technology that offers the pos-
sibility for a complete cure for genetic disease.53 A complete discus-
sion of this technology is beyond the scope of this book. Suffice it to 
say that the goal of gene therapy is to introduce a functional copy of 
the patient’s defective gene into a sufficient number of the appropriate 
cell types (such as stem cells) and to have sufficient expression of that 
gene so that its product functions to correct the deficiency. Attempts 
have been made to use genetically engineered viruses to carry the 
DNA of interest into host cells. Viral genes required for propagation 
are replaced with a working copy of the human gene. This form of 
therapy has been used (with variable success) to treat conditions such 
as adenosine deaminase deficiency, chronic granulomatous disease, 
X-linked combined severe immune deficiency, and hemophilia B. For 
stem cell gene therapy to find more widespread clinical utility, several 
important related issues—such as the isolation of the appropriate cell 
population for transduction, efficiency of the transduction process, 
and safe insertion of the functionally correct gene into the recipient’s 
genome—must be overcome.

incrEAsED AvAilAbiliTY 
AnD succEss of sTEm cEll 
TrAnsPlAnTATion
About 28,000 autologous and 21,000 allogeneic hematopoietic 
stem cell transplants are performed every year worldwide,50 and 
the number increases by about 10–20% annually. Outcomes are 

a CmV-seronegative patient requires SCT. Two Hla-
matched donors are available. Is it important to know 
the stem cell donor’s CmV status? If the stem cell donor 
is CmV seronegative and the patient requires red cell 
transfusion during the peritransplant period, what blood 
components (in terms of CmV status) would you select 
for this patient?

CheCkpoint 29-5

Brandon received stem cells from his HLA-matched sib-
ling that successfully engrafted. Three months later, he 
developed diarrhea, skin rash, and jaundice.

7. What could be the possible cause for this?

cAsE sTuDY (continued from page 564)

Summary
HSCT is a recognized therapeutic modality for leukemias, lym-
phomas, solid organ tumors, and a variety of metabolic/immu-
nologic disorders. Sources of HSCs are bone marrow, peripheral 
blood, and umbilical cord blood. For an autologous transplant, 
the patient’s own stem cells are collected, frozen, and used 
later for hematopoietic reconstitution. For an allogeneic trans-
plant, the donor is selected based on the best HLA match 
from either family members or an unrelated donor. A team of 
health care professionals including clinical laboratory profes-
sionals is needed to collect, process, and quantitate stem cells 
before administering them to the patient. For autologous PBSC 
co llection, patients can receive chemotherapy and cytokines to 

mobilize stem cells. For allogeneic PBSC collection, hematopoi-
etic cytokines can be given to the donor. The number of stem 
cells  collected varies from donor to donor, and engraftment 
partially depends on the number of stem cells in the product. 
The number of stem cells in the transplant collection can be 
determined by quantitating the mNCs, cells, and CFUs. Before 
transplant, the patient undergoes conditioning chemotherapy/
radiotherapy after which the stem cells are infused. Routine 
blood counts and chimerism studies (in allogeneic SCT only) 
can be performed to assess engraftment. Complications of SCT 
include graft failure, GVHD, opportunistic infections, and recur-
rence of malignant disease.

Review Questions
Level i

 1. Which of the following property(ies) can be attributable to 
stem cells? (Objective 3)

 A. self-renewal

 B. multilineage differentiation

 C. mononuclear morphology

 D. all the above

 2. What is (are) the source(s) of hematopoietic stem cells? 
(Objective 1)

 A. bone marrow

 B. peripheral blood

 C. umbilical cord blood

 D. all of the above
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 3. What form of transplant can be used for inherited genetic 
diseases? (Objective 2)

 A. autologous stem cell transplant

 B. allogeneic stem cell transplant

 C. syngeneic stem cell transplant

 D. stored autologous cord blood

 4. What is a syngeneic transplant? (Objective 1)

 A. infusion of stem cells from any donor into the recipient

 B. infusion of patient’s own stem cells

 C. infusion of stem cells from an identical twin

 D. infusion of stem cells from different species

 5. What cells are usually CD34+? (Objective 3)

 A. maturing myeloid cells

 B. stem cells

 C. B lymphocytes

 D. T lymphocytes

 6. Which of the following is correct regarding allogeneic stem 
cell transplant and ABO antigens? (Objective 4)

 A. ABO antigens do not need to be matched.

 B. ABO antigens are strongly expressed on stem cells.

 C. The O group patient should not receive stem cells 
from A or B blood group donors.

 D. ABO antigens should always be matched.

 7. What is the single most important factor to consider in 
donor selection for an allogeneic transplant? (Objective 4)

 A. HLA compatibility with the recipient

 B. ABO compatibility with the recipient

 C. CmV status of the donor

 D. HLA and ABO compatibility with the recipient

 8. Which of the following infections can be serious in the peri-
transplant period? (Objective 5)

 A. bacterial

 B. fungal

 C. cytomegalovirus

 D. all of the above

 9. Severe GVHD usually is seen in which group of patients? 
(Objective 6)

 A. syngeneic SCT

 B. autologous SCT

 C. unmatched allogeneic SCT

 D. umbilical cord stem transplant

 10. What organ(s)/tissue(s) is(are) usually involved in GVHD? 
(Objective 6)

 A. skin only

 B. skin, liver, and/or the gastrointestinal tract

 C. liver only

 D. gastrointestinal tract only

Level ii

 1. What does the term chimerism mean? (Objective 6)

 A. recovery of recipient’s red cells

 B. absence of malignant cells

 C. presence of donor hematopoietic stem cells in a 
recipient

 D. recovery of patient’s white cells and platelets only

 2. What is the most appropriate form of transplant for an 
adult patient with CML weighing 80 kg? (Objective 7)

 A. autologous SCT

 B. umbilical cord SCT

 C. allogeneic SCT

 D. none of the above; transplant is not indicated in 
patients with Cml

 3. A risk for GVHD is carried by a patient who has: (Objective 4)

 A. received allogeneic SCT

 B. received autologous SCT

 C. received both allogeneic and autologous SCT

 D. received autologous SCT for only solid organ tumors

 4. What are the three factors necessary to set the stage for 
GVHD? (Objective 4)

 A. immunocompetent donor T lymphocytes, ABO anti-
gens, and immunosuppressed host

 B. immunosuppressed donor T lymphocytes, HLA alloan-
tigens, and immunosuppressed host

 C. immunocompetent donor B lymphocytes, HLA alloan-
tigens, and immunosuppressed host

 D. immunocompetent donor T lymphocytes, HLA alloan-
tigens, and immunosuppressed host

 5. What procedure usually is used to quantify HSCs? 
 (Objective 3)

 A. lymphocyte count

 B. CD4+ count by flow cytometry

 C. monocyte count by automated cell counter

 D. CD34+ count by flow cytometry
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 9. For autologous peripheral SCT, the patient usually under-
goes therapy in which sequence? (Objective 5)

 A. myeloablative therapy, apheresis, and then G-CSF

 B. G-CSF followed by myeloablative therapy and then 
apheresis

 C. apheresis to collect CD34+  cells, myeloablative ther-
apy, and then infusion of collected CD34+  cells.

 D. myeloablative therapy and then apheresis to collect 
CD34+  cells

 10. What is the sequence in which successful engraftment 
occurs after SCT? (Objective 6)

 A. Neutrophils are increased first followed by an increase 
in platelets.

 B. Platelets are increased first followed by an increase in 
neutrophils.

 C. Red cells are increased first followed by an increase in 
platelets.

 D. Red cells and platelets are increased first followed by 
an increase in neutrophils.

 6. Patients who receive this type of stem cell transplant are 
more at risk for disease recurrence than of transplant-
related complications. (Objective 4)

 A. allogenic

 B. syngeneic

 C. cord blood

 D. autologous

 7. This test is appropriate to determine long-term engraft-
ment of HSCs only when donor and recipient are of the 
opposite sex. (Objective 6)

 A. detection of RBC antigens

 B. Fluorescent in situ hybridization with sex 
chromosomes

 C. CD34+  cell enumeration by flow cytometry

 D. platelet and neutrophil counts

 8. GVL effect is seen after SCT in patients who have received: 
(Objective 4)

 A. autologous transplant

 B. allogeneic transplant

 C. either autologous or allogeneic transplant

 D. umbilical cord transplant

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. List the types of body fluids studied in the clinical laboratory, and 

describe the body cavities in which they are found.
 2. List physical characteristics of various fluids.
 3. Describe cell-counting and slide preparation techniques
 4. List and describe the normal cells seen in each body fluid type.
 5. Describe various artifact types that can be seen in body fluid 

 preparations including those in cytocentrifuged specimens.
 6. Describe the appearance of bacterial and fungal organisms in 

 Wright-stained preparations.
 7. List the differentiating morphologic features of benign and malignant 

cells on Wright-stained preparations.
 8. List the types of crystals that can be found in joint fluids.
 9. Describe routine hematologic methods for semen analysis.
 10. Interpret automated lamellar body counts in amniotic fluid.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Identify the procedure used to obtain each type of body fluid.
 2. Describe the production of serous, synovial, and cerebrospinal fluid 

(CSF).
 3. Define and differentiate exudates and transudates, chylous and 

 pseudochylous fluids.
 4. Identify common cell types seen in CSF, serous, synovial, and 

 broncoalveolar lavage fluids.
 5. Evaluate the significance of microorganisms found in Wright-stained 

body fluid preparations and suggest methods to confirm them.
 6. Compare and contrast the morphologic distinction between benign 

 tissue cells and malignant cells in cytocentrifuged Wright-stained 
 preparations of body fluids, and identify these cells when seen.

(continued)
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OvervieW
The hematology laboratory usually receives body fluids for cell 
counts and morphologic evaluation. The types of cells found and 
their concentration are helpful information for the clinician in 
arriving at a diagnosis. The cells that can be found in these fluids 
include white blood cells (WBCs) and red blood cells (RBCs) as well 
as tissue and tumor cells. The cytocentrifuge is used to prepare slide 
preparations for morphologic review, and Wright stain commonly 
is used to stain the cells on the slide. Identifying and differentiat-
ing the various types of cells seen in body fluids requires experi-
ence. However, all laboratory professionals who perform body fluid 
analysis should be able to differentiate the types of WBCs, normal 
tissue lining cells, and most malignant cells from benign cells. This 
chapter describes the sites where body fluids are found, the methods 
by which the fluids are obtained, and an explanation of why fluids 

 7. Recognize erythrophagocytosis, and explain its signifi-
cance in CSF.

 8. Define birefringence, and explain its use in the identifica-
tion of crystals in body fluids.

Key Terms
Arachnoid mater
Ascite
Ascitic fluid
Birefringence
Bronchoalveolar lavage (BAL)
Central nervous system (Cns)

Cerebrospinal fluid (CSF)
Chylous
Dura mater
Effusion fluid
Exudate
Lamellar body

Background Basics

We will address this case study throughout the chapter.

Carolyn, a 51-year-old woman who is otherwise in her 
usual state of good health, has flulike symptoms. After 
two weeks, her cough and fever persist. Antibiotics were 
started, and 2 days later she has severe right-side chest pain 
and worsening shortness of breath. Radiologic studies show 
a large effusion in the right pleural cavity. A thoracentesis 
is performed, and 1 liter of thick, yellow fluid is aspirated.

As you read and study this chapter, think about the 
type of fluid this could be and the laboratory studies that 
should be done on the fluid to assist in diagnosis.

Case stuDy

 9. Identify and differentiate the various types of crystals 
that can be found in joint fluids, and associate them with 
 particular disorders.

 10. given Csf parameters, differentiate a true hemorrhage 
from a traumatic tap.

Objectives—Level II (continued)

Meninges
Pericardial cavity
Pericardium
Peritoneal cavity
Peritoneum
Pia mater

Pleocytosis
Pleural cavity
Pseudochylous
Semen
Sperm
Synovium
Transudate

Although the study of body fluids is not generally included in 
textbooks of hematology, most clinical hematology laboratories 
have the responsibility to perform total cell counts and differential 
cell counts on body fluid samples. Although much of this chapter 
can be read independently of the other chapters, the chapter 
builds on the general knowledge of hematologic morphology, 
cell counting, and hematologic neoplasms. you should review the 
 following concepts before beginning this chapter:

level i
• recognize the common types of normal cells found in the 

peripheral blood. (Chapters 1, 5, 7, 8)
• list the major types of neoplastic hematopoietic disorders. 

(Chapter 23)
• describe and understand the use of the hemacytometer to 

 perform manual cell counts. (Chapter 37)
• describe the major types of lymphoma. (Chapter 28)

level ii
• recognize reactive hematopoietic cells found in the peripheral 

blood. (Chapters 7, 8, 21, 22)
• describe and recognize the hematopoietic precursors found in 

the normal bone marrow. (Chapters 4, 5, 7, 8, 38)
• describe and identify the cells associated with the various types 

of acute (precursor) leukemia. (Chapters 26, 27)
• Compare and contrast the various types of lymphoproliferative 

disorders. (Chapter 28)
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accumulate at these sites. The focus of the chapter is the hematologic 
analysis of these fluids and identification of the types of cells and 
inclusions that can be found in each fluid. The artifacts that can be 
found and the way to differentiate them from significant inclusions 
are also described and depicted. This chapter is presented in atlas 
format because this is the most helpful way to discuss the morphol-
ogy of body fluid cells.

intrODuCtiOn
The hematology laboratory plays an increasingly important role in the 
morphologic evaluation of body fluids. This is primarily because of 
the use of the cytocentrifuge, which markedly improves morphology 
over the previously used direct smear technique. The cytocentrifuge 
is an instrument used to prepare slides from body fluid specimens 
other than peripheral blood. The sample is centrifuged directly onto 
a glass slide and yields a concentrate of cells with excellent morphol-
ogy. Properly prepared, a cytocentrifuge slide yields an approximate 
20-fold concentration of cells.

The Wright-stained cytocentrifuge-prepared slide is made in 
the hematology laboratory to perform a differential of the nucleated 
cells present in the fluid. In addition, this slide is valuable in mak-
ing many important diagnoses, both benign and malignant. Most 
malignant cells, including hematopoietic malignancies, carcinomas, 
and sarcomas, can be recognized microscopically. The hematopoi-
etic malignancies are generally easier to diagnose from the Wright-
stained slide than from the routine cytology preparation, which is 
prepared by alcohol fixation of cells and Papanicolaou staining. 
Another advantage of the slides made in the hematology labora-
tory is that they are prepared within an hour of specimen receipt, 
whereas cytology preparations take longer. Additionally, important 
nonmalignant findings, such as intracellular bacteria and fungi, 
which can be diagnosed on a Wright-stained slide, frequently are 
not seen on cytology slides. Hematologic slides, however, should 
not replace cytology preparations, which have better retention of 
nuclear detail and are superior to hematologic slides when attempt-
ing to determine the specific type of carcinoma or sarcoma pres-
ent. Both techniques are necessary and aid in arriving at the most 
accurate diagnosis.

types OF BODy FluiDs
The body fluids discussed in this chapter are those commonly ana-
lyzed in the hematology laboratory, including pleural, peritoneal, 
and less commonly pericardial fluids that, as a group, are called 
serous fluids. They also include cerebral spinal fluid from the cen-
tral nervous system (CNS) and synovial fluid from joint spaces. 
The medical techniques for obtaining these fluids (Table 30-1 ★) 
are, at times, inappropriately used to identify the type of fluid. For 
example, the laboratory can receive a fluid labeled thoracentesis 
fluid, but for accuracy of reporting results, the fluid should be iden-
tified as a pleural fluid. This chapter also reviews hematologic test-
ing of less common fluids, including bronchial lavage fluid, semen 
for routine analysis, and amniotic fluid used to obtain lamellar 
body counts.

Serous Fluids
The pleural, pericardial, and peritoneal cavities are similar in structure 
and function. These cavities are often referred to as spaces (i.e., pleural 
space or peritoneal space) but are actually only potential spaces and do 
not normally contain any appreciable amount of fluid. These potential 
spaces are the minimal gap between the serous membrane structures 
that comprise the pleural, peritoneal, or pericardial membrane. The 
serous membranes are identified as the parietal membrane, which is 
the outer membrane, and the visceral membrane, which is the inner 
membrane closest to the internal organs. These membranes are com-
posed of a continuous single layer of mesothelial cells and submeso-
thelial connective tissue. Normally, there is just enough fluid between 
these two serous membrane surfaces to keep them moist. For example, 
the pleural space normally contains 615 mL of fluid. The fluid that 
forms in these spaces is an ultrafiltrate of plasma, which means chemi-
cal constituents such as protein and cholesterol can pass through the 
membranes, but cellular elements cannot. The parietal membrane 
produces the serous fluid that the visceral membrane absorbs at a 
dynamic rate. Fluid transfer across the pleural membranes is thought 
to be as high as 5,000 to 10,000 mL per 24 hours in normal adults. Fluid 
production depends on four factors known as Starling forces: capil-
lary hydrostatic pressure, plasma oncotic pressure, lymphatic resorp-
tion, and capillary permeability.1,2 Any pathologic state affecting one 
or several of these four factors can result in an abnormal collection of 
fluid. As a group, excess fluids that form in the pleural, peritoneal, or 
pericardial space are referred to as effusion fluids, although peri-
toneal effusion fluid is often referred to as ascitic fluid or ascites.

The pleural cavities (left and right) consist of the space between 
the lung and the inside portion of the chest wall. The pleural mem-
brane’s purpose is to provide a moist surface to minimize friction 
between the lung and chest wall as respiration occurs (Figure 30-1 ■).

The peritoneal cavity consists of the space between the inside 
of the abdominal wall and the outside of the stomach, small and large 
intestine, liver, and superior aspect of the urinary bladder and uterus. 
The kidneys are positioned posterior to the peritoneal membrane (the 
peritoneum) and are referred to as retroperitoneal (Figure 30-2 ■).

The pericardial cavity is the space between the outermost 
aspect of the heart and the innermost aspect of the pericardial sac. 
The pericardium is the membrane that provides a continuous cover-
ing of the pericardial cavity (Figure 30-1). With advances in imaging, 
pericardial fluids are seen infrequently in the laboratory.

anatomic site procedure Fluid Obtained

Pleural cavity Thoracentesis Pleural fluid

Pericardial cavity Pericardial aspiration Pericardial fluid

Peritoneal cavity Paracentesis Peritoneal fluid (ascitic 
fluid)

Joint space Joint aspiration 
(arthrocentesis)

Synovial fluid

Spinal cord Spinal tap, lumbar 
puncture

Cerebrospinal fluid

★ taBle 30-1 Sites of Origin of Body Fluids, 
 Procedure to Obtain Fluid, and Type of Fluid
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Current criteria for differentiating peritoneal effusions use a 
 calculation known as the serum–ascites albumin gradient (SAGG).4 
If the serum albumin minus the fluid albumin is equal to or greater 
than 1.1 g/dL the fluid is classified as a transudate. A result of 
61.1 g/dL indicates an exudate.

Differentiation of transudate and exudate effusion fluids can 
assist the physician in determining whether the cause of the effusion 
is a systemic disease (transudate) or a primary pathologic local disease 
(exudate). Although hematologic results such as cell counts and cell 
types are not included in the transudate/exudate differential equa-
tion, they do provide significant information in discerning the cause 
of many exudates.

Cerebrospinal Fluid
The central nervous system (CNS), consisting of the brain and 
spinal cord, is normally lined by special membranes referred to as 
meningeal membranes, or meninges, that protect it. The meninges 
consist of a relatively thick dura mater, the outermost membrane; a 
thinner arachnoid mater, the middle membrane; and an innermost 
pia mater that lies directly on the surface of the brain and spinal cord.

The cerebrospinal fluid (CSF) occupies the subarachnoid 
space between the arachnoid mater and pia mater and protects the 
brain and spinal cord from sudden changes in pressure, provides a 
stable chemical environment, and allows for the exchange of nutri-
ents and waste products (Figure 30-3 ■). The choroid plexus cells 
and ependymal lining cells found in the ventricles produce the CSF. 
This CSF circulates through the ventricular system in the cerebrum, 
 cerebellum, and brain stem and completely covers the surface of 
the brain and spinal cord. The CSF, a product of ultrafiltration and 
active secretion, is made at a rate of approximately 21 mL/hour5 and 
is reabsorbed by the arachnoid cells. The total CSF volume in adults is 
90–150 mL, but the constant production and reabsorption of nearly 

Effusion fluids are traditionally classified as transudates or 
 exudates to aid in clinical diagnosis. An effusion can accumulate from 
a systemic disease state (transudate) or a primary pathologic state of 
the area (exudate). Transudates are frequently a result of increased 
capillary hydrostatic pressure as seen with congestive heart failure 
or of decreased plasma oncotic pressure as seen with hypoprotein-
emia because of nephrotic syndrome or liver failure. The capillary 
hydrostatic pressure and plasma oncotic pressure control the rate of 
filtration and reabsorption of the serous fluid. Changes in these pres-
sures can cause fluid to accumulate, but the fluid is still an ultrafil-
trate of plasma, resulting in an effusion fluid that is fairly clear and 
uncomplicated.

An exudate is formed by increased capillary permeability and/or 
decreased lymphatic resorption. Many different pathologic processes, 
such as bacterial infections, viral infections, neoplasms, and collagen 
vascular diseases, can cause an exudative effusion. These diseases can 
damage the serous membrane, rendering it incapable of providing an 
ultrafiltrate of plasma. As a result, plasma constituents normally filtered 
are allowed to seep into the fluid resulting in a more complicated fluid.

Although traditional criteria for differentiating transudates 
from exudates included specific gravity measurements and leukocyte 
counts, the current criteria for pleural effusions, known as Light’s 
criteria, use serum and fluid measurements for protein and lactate 
dehydrogenase (LDH).3 According to Light’s criteria, if a pleural effu-
sion meets one of the following criteria, it is classified as an exudate.

•	 Pleural fluid/serum protein ratio 70.5
•	 Pleural fluid/serum LDH ratio 70.6
•	 Pleural fluid LDH 7 ⅔ the normal upper limit for serum

■  Figure 30-1 Diagram of right lung illustrating the 
pleural cavity and inset showing mesothelial cells of the 
parietal and visceral pleura. Illustration of heart shows the 
pericardial cavity. Diagram of the lung shows the abnormal 
accumulation of fluid (effusion) in the pleural cavity com-
pressing the lower left lung.
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■  Figure 30-2 Abdominal cavity illustrating the perito-
neal space between the inside of the abdominal wall and 
the outside of the liver, stomach, intestine, and dome of 
the bladder.
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membrane and the pia mater. SAH is a life-threatening event with 
a mortality rate as high as 25–50%. Thus, prompt diagnosis is criti-
cally important. The current gold standard for detection of an SAH is 
 computed tomography (CT), which has a reported sensitivity and speci-
ficity approaching 100% if performed within 6 hours of the onset of 
symptoms (e.g., severe or “thunderclap” headache).6 Unfortunately, the 
sensitivity and specificity decrease if testing extends beyond 6 hours. 
In cases when patients can delay seeking treatment or CT might not be 
readily available, the physician likely performs a lumbar puncture and 
submits CSF to the hematology laboratory for testing to assess the prob-
ability of an SAH. A patient with an SAH has significant RBCs in the 
spinal fluid. However, the diagnostic accuracy of detecting an SAH by 
examination of CSF is an imperfect science at best. A lumbar puncture 
can result in a “traumatic tap,” meaning peripheral blood is introduced 
into the CSF sample during the puncture. It is estimated that 20% of 
lumbar punctures are traumatic, making it difficult to determine the 
actual source of the RBCs. See Table 30-2 ★ for traditional criteria for 
differentiating a traumatic tap from a true SAH. It should be noted, 
 however, that the differentiating characteristics are not infallible because 
it is possible to have a traumatic tap overlying an SAH.7,8

500 mL per day results in a dynamic fluid that is replaced every 5 to 6 
hours. Neonates have a CSF volume of 10–60 mL. The four primary 
reasons to test CSF in the laboratory are2:

•	 To detect meningitis
•	 To detect a subarachnoid hemorrhage
•	 To detect a malignancy
•	 To detect demyelinating disease

Meningitis is an inflammation of the meningeal membranes 
most often caused by viral, bacterial, or fungal infection in the CSF. 
Regardless of the cause, the universal finding in meningitis is an 
 elevated leukocyte count. The presence of an elevated leukocyte count 
is called pleocytosis, a term unique to CSF. Determining the cause of 
meningitis is of great importance because bacterial meningitis can be 
life threating. Although serious, viral meningitis is rarely fatal. Fungal 
meningitis is more commonly seen in individuals with compromised 
immune systems.

Subarachnoid hemorrhage (SAH) is bleeding into the space 
between the two innermost meningeal membranes—the arachnoid 

■  Figure 30-3 Central nervous system showing the subarachnoid space 
containing cerebral spinal fluid (CSF) covering the brain and spinal cord. Inset 
illustrates the meninges: dura mater, arachnoid mater, and pia mater.

Skull

Brain

Subarachnoid
space with CSF

Spinal cord

Vertibral bone
Skull

Dura mater

Subdural
space

Arachnoid
mater

Subarachnoid
space

Pia mater

M30_MCKE6011_03_SE_C30.indd   576 01/08/14   11:47 pm



 577Chapter 30   •   MorphologiC analysis of Body fluids in the heMatology laBoratory

an aliquot of synovial fluid to decrease the viscosity and allow accu-
rate cell counting and proper slide preparation. Synovial fluids are not 
identified as transudates or exudates for diagnostic purposes but are 
classified into groups based on laboratory findings (Table 30-3 ★). 
The two conditions in which laboratory results are essentially diag-
nostic of specific joint disease are a positive gram stain and culture 
indicating infection, and the identification of monosodium urate 
or calcium pyrophosphate dehydrate crystals indicating a crystal-
induced arthritis.1

Bronchoalveolar Lavage (BAL)
A bronchoalveolar lavage (BAL) is not a normally occurring fluid 
but is obtained by a diagnostic procedure of infusing and removing 
a sterile saline solution into the alveolar and bronchial airspaces of 
the lung via a bronchoscope. The lavage procedure allows harvesting 
the cellular and noncellular elements of the lower respiratory tract; it 
is a valuable tool in diagnosing interstitial lung diseases, infections, 
and malignancies. BAL is especially helpful in diagnosing infec-
tions caused by difficult-to-culture organisms such as Pnemocystis 
 jirovecii (formerly P. carinii). Other conditions that have fairly specific 

It must be noted that currently there is no D-dimer test that has 
been approved for CSF testing by the FDA, although a fair amount of 
published literature describing its use does exist.6,9

The detection of malignant cells in CSF can be critically impor-
tant in both treatment and prognosis, including leukemic cells. Many 
current chemotherapeutic agents do not cross the blood brain barrier; 
thus, malignant cells harbored in the CNS can be a source of disease 
relapse. Intrathecal chemotherapy (injection directly into the spinal 
canal) is a therapeutic option in these cases. Malignant cells found 
in the CSF are often from metastatic disease, most commonly from 
breast and lung tumors. Primary brain tumors seldom involve the 
meninges, and the malignant cells from these tumors are not often 
seen in the CSF.

Examination of the CSF for the detection of demyelinat-
ing  disease includes immunoglobulin and electrophoresis test-
ing, which is typically not performed in the general hematology 
laboratory.

subarachnoid Hemorrhage traumatic tap

Decreasing amount of blood in sequential tubes Equal amount of blood in all tubes

Blood does not clot Blood clots detected in 1 or more tubes

Xanthrochromia Colorless supernatant

negative d-dimer testa Positive D-dimer testa

aCurrently, no FDA-approved D-dimer test for CSF testing is used although a fair amount of 
 published literature describing its use does exist.

Morgenstern lB, luna-gonzales h, huber JC et al. Worst headache and subarachnoid hemor-
rhage: prospective, modern computed tomography and spinal fluid analysis. Ann Emerg Med. 
1998;32:297–304; Julia-sanchis Ml. rapid differential diagnosis between subarachnoid hemorrhage 
and traumatic lumbar puncture by D-dimer assay. Clin Chem. 2007;53:993

★ taBle 30-2 Criteria for Differentiation of Subarachnoid Hemorrhage 
(SAH) and Traumatic Tap

To obtain a sample of CSF for analysis, the needle must 
be inserted into what area of the central nervous system?

checkpoint 30-1

■  Figure 30-4 Knee joint illustrating synovial membrane 
lining and synovial fluid.
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Synovial Fluid
Some bony joints of the body are lined with special membranes called 
the synovium that normally consists of a single layer of synovial cells 
(Figure 30-4 ■). The joint space contains synovial fluid that acts as a 
lubricant and a transport medium for nutrients to get to the joint’s 
bone surfaces. Minimal fluid normally is present with the largest syno-
vial joint, the knee, containing 64 mL. The synovial fluid is produced 
in part by the synovial cells and is an ultrafiltrate of plasma. Synovial 
fluid also contains a mucopolysaccharide called hyaluronic acid, 
which sometimes makes the fluid so thick that it hampers laboratory 
studies. A small amount of hyaluronidase powder can be added to 

M30_MCKE6011_03_SE_C30.indd   577 01/08/14   11:47 pm



578 seCtion Vi   •   Body fluids

the laboratory handling or processing of BAL, it is generally agreed 
the sample should not be filtered to remove any interfering mucus 
because this will result in loss of cells.1 Samples can be treated with a 
commercially available mucolytic agent such as Mucolexx™ to digest 
the mucus and allow accurate cell counting and cytocentrifuge slide 
preparation.13

Clotted samples of any type of body fluid negatively affect the 
accuracy of both cell count and differential results. However, because 
body fluids are considered “irretrievable” samples, clotted samples 
should not be summarily rejected for analysis. Small fibrin clots can be 
removed from the sample and the cell count reported as “approximate, 
small clots present.” The approximate count can be helpful if it indi-
cates an increased cell count and, in truth, the type of cell present often 
has more importance than the actual cell count. Cell counts should not 
be performed on samples that are solidly clotted, but a valid attempt 
should be made to get some cells on a slide either by cytocentrifuging 
any free liquid or by a touch-prep technique.

Physical Characteristics
The clarity and color of all fluids should be noted and reported. Clar-
ity can be graded simply as clear, hazy, or cloudy. Some laboratory 
professionals use the ability to read print through a sample to differen-
tiate hazy from cloudy. Color can vary widely from colorless to yellow, 
pink, red, or brown. Samples can also be described as grossly bloody.

CSF is normally clear and colorless. As few as 200 WBCs/mcL 
(mL) or 400 RBCs/mcL can cause a hazy appearance. CSF that is 
bloody requires examination of all tubes received to aid in differenti-
ating a traumatic tap from a subarachnoid hemorrhage. The presence 
of blood because of a traumatic tap decreases as the fluid is collected 
in sequential tubes; thus, the last tube collected will be less bloody 
than the first tube collected. An equal amount of blood in all tubes is 
suggestive of a subarachnoid hemorrhage. Some laboratories perform 
RBC counts on the first and last tube to aid in identifying the cause of 
the bloody CSF. Having the total RBC count in the first tube collected 
is significantly higher than that in the last tube collected suggests a 
traumatic tap.

CSF should always be examined for xanthochromia, a yellow, 
orange, or pink coloration of the CSF, often caused by the presence of 
breakdown products of red blood cells; it is usually thought to indicate 
true CNS hemorrhage (Figure 30-5 ■). If the CSF is cloudy or bloody, 
an aliquot of fluid should be centrifuged and the supernatant exam-
ined for xanthochromia. Xanthochromia appears within in  several 
hours of the bleed and can persist for a week or more. Xanthochromia 
also can occur if a grossly bloody fluid from a traumatic tap sits for 
some time before it is centrifuged or the amount of plasma accom-
panying the blood introduced during collection is sufficient to color 

findings in BAL include alveolar proteinosis, pulmonary hemorrhage 
syndrome, eosinophilic pneumonia, hypersensitivity pneumonitis, 
and sarcoidosis.10

The hematologic analysis of BAL centers on the enumeration 
and morphologic differentiation of the nucleated cells present. The 
concentration of cells varies with the quality of the sample (amount 
of saline infused and retrieved) but as with other body fluids, the 
type of cell present typically has more importance than the cell count 
itself. The majority of cells normally present are macrophages (780%) 
and a few hematopoietic cells, primarily lymphocytes (considered a 
contaminant caused by the procedure).11 Both fungal and bacterial 
microorganisms can be seen in the hematology-stained smear and 
should be noted, but proper identification of these elements should 
be left to the microbiology laboratory.

HeMatOlOgiC analysis 
OF BODy FluiDs
Specimen Collection and Handling
Normal serous synovial fluid does not clot. However, body fluids are 
submitted to the laboratory because of a suspected abnormal condi-
tion. That, along with the possibility of peripheral blood contamina-
tion introduced in the process of obtaining the sample, increases the 
possibility of clotting occurring in the sample. To ensure accurate cell 
counts, the preferred sample for hematology analysis is one submitted 
in an anticoagulant tube containing EDTA or sodium heparin. There 
are anecdotal reports of lithium heparin forming rhomboid crystals 
that can be confused with calcium pyrophosphate dehydrate crystals, 
so it should be avoided as an anticoagulant for synovial fluids.12

Viscous synovial fluids should be treated with hyaluronidase 
before performing cell counts or preparing cytocentrifuge slides. The 
volume of fluid received by the laboratory should be recorded.

Normal CSF also does not clot, but it is never submitted in an 
anticoagulant tube because the presence of a clot is an indicator of a 
traumatic tap rather than a subarachnoid hemorrhage.1 CSF is typi-
cally collected in a sequential series of three or four nonanticoagulant 
sterile tubes. The last tube collected should be used for hematologic 
analysis because it is the least likely to be affected by any peripheral 
blood contamination as a result of performing the lumbar puncture. 
Knowing the sequence in which the tubes were collected to differen-
tiate a subarachnoid bleed from a traumatic tap is essential. The total 
volume of CSF and number of tubes received in the laboratory should 
be recorded.

BAL samples do not require anticoagulants, and a portion of the 
lavage is usually submitted to the hematology laboratory in a sterile 
container. Whereas there is no published consensus at this time for 

group i
noninflammatory

group ii
inflammatory

group iii
septic

group iv
Crystal induced

group v
Hemorrhagic

Osteoarthritis, traumatic arthritis, 
other degenerative joint disorders

Rheumatoid arthritis, lupus 
 erythematosus, other  immunologic 
disorders

Infection: bacterial, 
 mycobacterial, or 
fungal

gout, pseudo gout Traumatic injury, hemophilia

★ taBle 30-3 Diagnostic Joint Fluid Groups
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traumatic tap but can be seen in hemophilic hemarthrosis and poorly 
controlled anticoagulation therapy.

Viscosity is an important component of synovial fluid. The high 
viscosity results from the glycoproteins hyaluronic acid and lubricin 
produced by the synovial lining cells, and these glycoproteins lubri-
cate the joint. As seen in rheumatoid arthritis and other inflamma-
tory conditions, inflammation can cause a decrease in the viscosity 
often to the point that the synovial fluid has the consistency of a serous 
fluid. Viscosity can be assessed at the bedside or in the laboratory by 
performing the simple string test. Synovial fluid with normal viscos-
ity will form a string 75910 cm in length or longer when dripped 
from a syringe or disposable transfer pipet. Inflammatory synovial 
fluid forms small drops like water.16 Viscosity is typically reported as 
normal or decreased.

The color and clarity of BAL samples can have limited clinical 
correlation because of variances in volume retrieved and concentra-
tion, but should be reported none the less.

the supernatant. Additionally, patients with very high serum biliru-
bin levels can have spillover into the CSF, causing the fluid to appear 
xanthochromic. More than 90% of patients with a serum bilirubin 
of 10 to 15 mg/dL have xanthochromic CSF. Because of infection or 
inflammatory conditions, high CSF protein levels (7150 mg/dL) can 
also exhibit xanthochromia.1 Spectrophotometric methods for a more 
accurate detection of xanthochromia have been proposed, but recent 
literature supports visual examination as a more clinically appropriate 
method.14 Long considered one of the better indicators of a subarach-
noid hemorrhage, xanthochromia does have limitations in its predic-
tive accuracy and can indicate a previous rather than current bleed.

Normal serous fluids (pleural, peritoneal, pericardial) are clear 
and pale yellow. Increased cellular elements, infection, or malignancy 
can cause hazy or cloudy fluids. Bloody fluids can be caused by a trau-
matic tap, pulmonary or intestinal infarction, malignancy, or trauma. It 
is generally not necessary to examine the supernatant of serous fluids 
unless a chylous fluid is suspected.

A chylous effusion has a characteristic milky, opaque appearance 
that remains in the supernatant after centrifugation. Chylous effusions 
result from lymphatic vessel leakage and are not commonly seen. In 
the pleural cavity (chylothorax), this results from leakage of the major 
thoracic duct. In the peritoneal cavity, chylous effusions result from 
blockage of the lymphatic vessels. In both the pleural and peritoneal 
cavities, chylous effusions most often result from a malignancy such 
as lymphoma or carcinoma or from trauma. This type of fluid is rich 
in chylomicrons, has elevated triglycerides, normal cholesterol, and its 
predominant cells are lymphocytes.2,15 A pseudochylous effusion is 
also milky and results from a chronic, long-standing effusion because 
of conditions such as tuberculosis and rheumatoid pleuritis.2 Pseu-
dochylous effusions do not contain chylomicrons and have elevated 
cholesterol and low triglycerides. Cholesterol crystals are commonly 
seen, as is a mixed reactive cell population with many inflammatory 
and necrotic cells.

Synovial fluid is normally pale yellow, clear, and viscous. Hazy 
or cloudy synovial fluid can be the result of infection, inflammation, or 
crystal formation. Bloody synovial fluid is often the result of trauma or 

Radiologic studies show a large effusion in the right 
 pleural cavity. A thoracentesis is performed, and 1 liter of 
thick, yellow fluid is aspirated. Laboratory studies show a 
total protein of 4.5 g/dL (serum = 6 g/dL), lactate dehy-
drogenase 40 u/L (serum = 50 u/L), and total leukocyte 
count of 20,000/mcL with 90% segmented neutrophils, 
10% histiocytes, and many degenerating cells.

1. Is this a transudate or exudate?

2. Is this a chylous fluid?

Case stuDy (continued from page 573)

■  Figure 30-5 CSF samples showing xanthochromic 
(left) and colorless (right) supernatant.

Cell Counting
Cell counts of body fluids should be performed as soon as possible 
because of the risk of WBC lysis. WBCs, especially neutrophils, are less 
stable in body fluids because they are not in the usual nutritive plasma 
environment where they normally exist.

A common rule is to perform the cell count within 1 hour of 
 collection. This 1 hour limit is critical for accurate CSF analysis because 
studies have shown significant WBC loss, particularly  neutrophils, at 
1 hour postcollection.17 Serous and synovial fluids have been shown 
to have improved cellular stability when refrigerated for 24 hours, but 
these guidelines may not apply to fluids that form because of sepsis 
or inflammation.

Cell counts can be performed by manual or automated methods. 
Automated methods provide more efficiency and precision compared 
with manual methods. Regardless of the method used, the WBC count 
performed on body fluids is more correctly reported as a total nucle-
ated cell count (TNCC). Monocytes, macrophages, normal tissue 
 lining cells, and some malignant cells often have the same cellular size 
and nuclear content, making it impossible to count just the WBCs; 
thus, all nucleated cells should be included in the count. Cell counts 
performed on CSF traditionally include both the TNCC and the RBC 
count because the RBCs can be helpful in detecting a subarachnoid 
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hemorrhage. The RBC count can be performed on both the first and 
last tube collected when there is suspicion of a traumatic tap as an 
aid in differentiating the two conditions. RBC counts are of limited 
use in serous and synovial fluids and are not performed routinely.2 
When necessary, RBC counts in grossly bloody or hemorrhagic  fluids 
should be performed by automated methods. A hematocrit can be 
more  helpful in these cases.

Synovial fluid should be treated with hyaluronidase before cell 
counting or slide preparation. A small amount of dry hyaluronidase 
powder pinched between two clean applicator sticks should be added 
to a 0.5–1 mL aliquot of the fluid.18 The sample is then mixed gently 
for 20–30 seconds until it liquefies. If the sample aliquot is still viscous, 
an additional small amount of hyaluronidae powder can be added. 
The dry powder will not cause a dilutional effect. Cell counting should 
be performed immediately following hyaluronidase treatment.

Mucoid BAL samples should be treated with a mucolytic agent 
before performing the cell count and preparing the slide. Mucolytic 
agents are usually liquid and can add a significant dilution to the fluid. 
This dilution must be taken into consideration when calculating the 
final cell count result.

Manual Cell Counts
Manual cell counts are performed using a hemacytometer. Disposable 
hematometers, such as the C-chipTM (Web Figure 30-1), are  preferred 
over the standard glass Neubauer chamber (Web Figure 30-2). The 
disposable hemacytometer has an integral coverslip, is for single 
use, and avoids the hazards of cleaning glass hemacytometers. The 
Neubauer hemacytometer consists of a glass counting chamber and 
a separate glass coverslip that must be properly placed for accurate 
counting. The hemacytometer has two counting chambers, one on 
each side. Each counting chamber is divided into nine large squares 
that are further subdivided into smaller squares. Each of the nine large 
squares measures 1 mm2. The coverslip gives the counting chamber 
a depth of 0.1 mm; thus, the total volume of each counting chamber 
is 0.9 mm3 (Chapter 37 describes detailed use of a hemacytometer).

Clear fluids can be counted undiluted. The pipet used to insert 
the fluid into the counting chamber can be rinsed with a stain 
such as new methylene blue before drawing up the fluid to assist in 
 differentiating RBCs from WBCs when performing the cell count. To 
prevent any dilutional effect, the stain should be thoroughly expelled 
from the pipet before drawing the sample. Sufficient stain clings to the 
wall of the pipet to stain the WBCs, allowing more accurate identifica-
tion. Refer to Web Figure 30-3 for an unstained mixture of RBCs and 
WBCs on a hemacytometer and to Web Figure 30-4 for the same fluid 
aspirated with a pipet rinsed with new methylene blue and plated on 
the hemacytometer.

Dilutions should be made for hazy, cloudy, or bloody f luids 
based on an estimate of cellularity that can be performed by observ-
ing a cover-slipped drop of fluid on a slide. Dilutions can be made 
with sterile saline or isotonic instrument diluent for counting both 
RBCs and WBCs. Samples with increased RBCs can make it  difficult 
to identify the WBCs. These samples can be diluted with a com-
mercially available diluent containing acetic acid (to lyse the RBCs) 
or a combined acetic acid/dye solution (to stain the WBCs) such 
as Turk’s solution. Dilutions must be made with accurate pipetting 
devices (Table 30-4 ★).

Hazy (1:2) Cloudy (1:5)a Bloody (1:10)

1 part fluid 1 part fluid 1 part fluid

1 part diluent 4 parts diluent 9 parts diluent

aFor example, for a 1:5 dilution, use 100 mcL of fluid and 400 mcL of diluent.

★ taBle 30-4 Example of Suggested Dilutions 
for Manual Cell Counts in Hazy, Cloudy, and Bloody 
Body Fluids

exaMple

The number of cells counted in four large corner squares 
on each side of the hemacytometer:

Side 1: 115
Side 2: 125
Mean of cells counted: 120
Dilution = 1:5
Area counted: four large squares (4 mm2)
Depth: 0.1 mm

120 * 5

4 * 1 mm2 * 0.1 mm
= 1,500 cells/mm3 (1.5 * 109/L)

Total cell count (cells/mm3) =
Mean number of cells on both sides * Reciprocal of dilution

Number of large squares on one side * Area of square * Depth

Both chambers (sides) of the hemacytometer should be plated 
with the fluid so that the count is performed in duplicate. If a dilu-
tion is necessary, duplicate dilutions should be used to fill each side 
of the chamber to reduce potential error. The cell counts on each side 
should match within 10 cells on cell counts 6100/mcL and 10% on 
cell counts 7100/mcL.19

The average number of cells counted on both sides is used to 
calculate the final result. The area of the hemacytometer counted is 
determined by the cellularity of the sample. Low cell counts require 
counting all nine squares on each side of the hemacytometer. Higher 
cell counts can be identified by counting the four large corner 
squares (WBC area on each side). If numerous RBCs are present, as 
in a bloody CSF, the usual RBC area (five small squares within the 
center large square) can be used to count the red blood cells (1/5, or 
0.2 of 1 mm2). The laboratory should provide guidelines indicating 
acceptable dilutions and the area to be counted based on cellularity 
(Web Table 30-1).

The cell count is calculated using the standard hemacytom-
eter formula by taking into account the dilution made, if any, and 
the area counted. The formula for calculating hemacytometer cell 
counts is
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from age 1 year to adolescence.3 In both adults and neonates, the pre-
dominant WBCs normally present are monocytes and lymphocytes.

The most important considerations for the interpretation of 
results are the types of WBCs present and the correlation with clini-
cal findings. An increased WBC count in CSF indicates  meningitis. 
Increased counts with predominantly neutrophils are associated with 
bacterial meningitis, whereas those with predominantly lymphocytes 
are associated with viral meningitis. Normally, RBCs are not present. 
The presence of RBCs indicates a subarachnoid hemorrhage or blood 
introduced by a traumatic tap.

The total WBC count cannot be interpreted without the total 
RBCs count. When a specimen is obtained as a traumatic tap, the 
WBCs and RBCs reflect the same WBC/RBC ratio as the patient’s 
peripheral blood. A general rule is to expect 1 to 2 WBCs for every 
1000 RBCs in the CSF in this situation. For example, if the total WBC 
count in a CSF specimen is 10/mcL and the RBC count is 10,000/mcL, 
no significant increase of WBCs (pleocytosis) is evident. If, however, 
the total RBC count is 100/mcL with a WBC count of 10/mcL, a sig-
nificant increase of WBCs indicates a pathologic state.

serous Fluids: pleural, peritoneal, pericardial
Normal serous fluids have a total nucleated cell count 61000/mcL. 
The cells are predominantly mononuclear cells and can include a 
few mesothelial lining cells. Increased cell counts with a predomi-
nance of neutrophils suggest infection. An increased cell count with 
a  predominance of lymphocytes is associated with a lymphoprolif-
erative disorder, tuberculosis, or a chylous effusion. RBCs are not 
normally seen in serous fluids. Bloody serous fluid can result from a 
malignancy, trauma, or a traumatic tap.

synovial Fluids
Normal synovial fluid has a total nucleated cell count of 6200/mcL 
with predominantly mononuclear cells. Increased cell counts are 
associated with inflammation and infection. Certain diagnoses can 
be suspected when comparing the total WBC count with percent of 
segmented neutrophils present; however, there is significant overlap, 
and morphologic examination by cytocentrifuge preparations can be 
extremely helpful24,25 (Web Table 30-2).

Joint fluids that have a total WBC count of 50,000 to 200,000/
mcL  suggest an infectious or crystal-induced etiology. If the differen-
tial count shows 90% or more segmented neutrophils, an infectious 
agent is most likely, and cultures must be obtained. Microorganisms 
can be seen in joint fluid if present in sufficient numbers and have 
the same morphology as previously described. Bacterial organisms are 
more common, and pathogenic yeasts are seen only rarely.

When the total WBC counts is in the range of 2,000 to 200,000/
mcL with 750% neutrophils in the differential count, entities such as 
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and 
Reiter’s syndrome should be considered.

Bronchoalveolar lavage
Reference intervals for nucleated cell counts in BAL samples are  difficult 
to determine because the concentration depends on the  volume 
of fluid infused and the return yield. Studies performed on normal 
subjects show a range of nucleated cell counts of 100–400/mcL.26 
 Microscopic  findings in BAL samples have more importance than the 
cell count itself.

A second person should verify manual calculations performed 
in the laboratory whenever possible.

Quality control (QC) should be performed for manual body fluid 
cell counts. Acceptable QC methods include commercially available 
controls or a procedural control. An acceptable procedural control is 
to correlate the nucleated cell count with the number of nucleated cells 
seen per field on the properly made cytocentrifuge-prepared slide.20 
As a general rule, a properly prepared cytocentrifuge slide concen-
trates the cells 20-fold. Thus, a fluid sample with a TNCC of 3/mcL 
should have 6100 nucleated cells on the cytocentrifuge slide. If a 
100-cell differential can easily be performed on the slide, the TNCC 
result of 3 cells/mcL should be suspect. Conversely, a TNCC of 30/mcL 
should provide sufficient cells on the cytocentrifuge slide to easily 
 perform a 100-cell manual differential.

automated Cell Counts
Automated body fluid cell counts can be performed on a variety 
of current generation hematology analyzers21,22 (Chapter 39). It is 
imperative to know and understand the acceptable fluid types, analytic 
measurement range, clinical reportable range, and result interpreta-
tion for the analyzer in use. As with manual cell counts, synovial fluid 
should be treated with hyaluronidase before automated cell counting, 
and BAL samples should be treated with a mucolytic agent.

Restrictive low linearity limits on some analyzers can preclude 
analysis of clear, colorless fluids such as CSF, but more cellular fluids 
can usually be analyzed. For example, if the lower limit of an instru-
ment’s analytic measurement range for nucleated cells is 100/mcL, 
the clinical reportable range for serous and synovial fluids could be 
6100/mcL because 6100 nucleated cells is well within the normal 
range for these fluids. Newer hematology analyzers have dedicated 
body fluid channels that use fluorescent dyes and extended count 
times to achieve an analytical measurement range accurate to one 
nucleated cell per microliter.23 Bloody fluids can be analyzed on most 
hematology analyzers. Regardless of the cause of the bloody sample—
traumatic tap or hemorrhagic condition—the blood present is periph-
eral blood, which these instruments were designed to analyze.

Interpreting acceptability of results is critically important. Body 
fluids often contain debris and noncellular elements that can interfere 
with accuracy. The scattergram or histogram accompanying the cell 
count must be examined for any interference.

See Web Figure 30-5,  for examples of acceptable and unaccept-
able body fluid cell counts performed on an analyzer with a dedicated 
body fluid channel. Because scattergrams and histograms associated 
with cell counts vary by analyzer, it is essential to understand and appro-
priately interpret results generated by the particular analyzer in use.

Cell Count reference intervals and Correlation 
with Disease
The number and types of cells found in body fluids is important infor-
mation that is used with clinical findings to help make a diagnosis.
Cerebrospinal Fluid (CsF)
The reference interval for WBCs in CSF is 0–5 cells/mcL for adults 
and 0–30 cells/mcL for neonates.2,7 The higher upper reference 
 interval seen in neonates decreases with age, so the reference interval 
for children up to 1 year old is 0–20 cells/mcL and 0–10 cells/mcL 
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to lyse the RBCs.  Acetic acid should never be added to synovial f luids 
because it can cause precipitation of the proteins.

Cytocentrifuges with adjustable speed, time, and acceleration 
can be adjusted for optimum slide preparation on various fluids. As a 
 general rule, serous fluids and CSF samples should be cytocentrifuged 
at a low speed (600 rpm) for 10 minutes with low acceleration. Syno-
vial fluids can be cytocentrifuged at the same speed and time settings, 
but high acceleration, if available, can be helpful in harvesting cells in 
these samples.

Care must be taken when disassembling the slide assembly  following 
cytocentrifugation. After removing the clip, the sample  chamber must be 
pulled directly away from the slide. Allowing the chamber to slide up or 
down the slide will disrupt and remove the cells. Allow the slide to dry 
before staining with a Wright or Wright-Giemsa stain.

Manual slide preparation
Cytocentrifugation is the gold standard for body fluid slide prepara-
tion. However, there may be rare instances when a cytocentrifuge is 
not available or functional, in which case a smear must be made man-
ually. Samples with low nucleated cell counts (61,000 or 2,000/mcL) 
should be concentrated before making the smear. An aliquot (1–2 mL) 
of the fluid can be centrifuged to concentrate the cells in a button on 
the bottom of the tube. Centrifuging at a fairly low speed (1000–1500 
rpm) for 10 minutes causes less disruption of the cells than centrifug-
ing at a higher speed. The supernatant is removed and the button of 
cells is gently resuspended. One drop of 10–22% albumin should be 
added to the resuspended cells for serous and CSF samples. A drop 
of the concentrated cells can then be used to prepare a wedge smear 
similar to a peripheral blood smear; the wedge smear can be made 
directly from the sample on highly cellular fluids.

Cell types and Microscopic Findings 
Common to all Fluids
Segmented neutrophils (segs) are frequently seen in the pleural, peri-
cardial, and peritoneal fluids in varying numbers. The neutrophils 
have the same appearance as in peripheral blood smears. However, 

Nucleated Cell Differential
Body fluid analysis requires not only enumeration of cells but also 
microscopic examination. The types of cells present as well as artifacts 
and crystals can be identified microscopically. In many cases, the types 
of cells present can be more important than the cell count. Morpho-
logic examination and differentiation of cells require concentration 
techniques that preserve cellular integrity and morphology.

Cytocentrifuge slide preparation
Cytocentrifugation is a method that concentrates cells in a monolayer 
on a defined area of a slide with minimal morphologic distortion. A 
cytocentrifuge is a centrifuge with a bowl or rotor, usually removable, 
that can hold multiple slide assemblies (Figure 30-6 ■). The cytocen-
trifuge slide assembly consists of a funnel-shaped chamber, an absor-
bent filter material, and a slide. A clip holds the components together. 
Disposable chambers with attached filter material are available as are 
commercially available slides with pre-marked zones to identify the 
area where the cells are deposited. Slides should be made in dupli-
cate, or commercially available dual chambers and slides should be 
used (Figure 30-7 ■). As with cell counts, slides should be made as 
soon as possible to avoid cellular degeneration and viscous synovial 
samples should be treated with hyaluronidase before slide preparation. 
To produce the best slides for morphologic examination, the amount 
of fluid used should be based on the cell count. Specific manufacturer 
instructions should be followed, but a general guideline is given in 
Web Table 30-3. Fluid should be added to the chamber with a dispos-
able pipet. A drop of sterile 10–22% albumin should be added to the 
chamber when preparing slides on serous fluids and CSF. The albu-
min helps preserve cellular morphology in low protein samples and 
improves the adhesion of cells to the slide. Albumin should not be 
added to synovial samples because they have a high protein content. 
To obtain suitable slides for bloody samples, dilution of the RBCs to 
65000/mcL is recommended.1 In samples with low nucleated cell 
counts, this can be counterproductive because doing so can result 
in too few nucleated cells available. An alternate option for bloody 
serous fluid and CSF is to make a small dilution using 10% acetic acid 

■  Figure 30-6 Cytocentrifuge with removable head.

■  Figure 30-7 Cytocentrifuge slide assembly with 
 disposable dual chamber cytofunnel.
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cytocentrifuge artifactual changes sometimes can be seen with nuclear 
segments being thrown to the periphery of the cytoplasm, creating a 
“windmill” and hypersegmented appearance (Figure 30-8 ■; all slides 
in this chapter were cytocentrifuge-prepared body fluids, Wright 
stained, magnification 1000* , unless otherwise noted). Degenera-
tion of neutrophils is seen more frequently in body fluid samples 
than in peripheral blood smears. Peripheral blood cells, especially 
neutrophils, are less stable in body fluids because they are not in their 
normal plasma environment. Studies have shown that in CSF, up to 
32% of the neutrophils can be lost in 1 hour because of degenera-
tion.17 The dying cells show cytoplasmic vacuolization and separation 
of nuclear segments with dense-staining chromatin (Figure 30-9 ■). 
These cells can be mistaken for nucleated RBCs and even yeast organ-
isms.  Neutrophilic precursors, such as promyelocytes, myelocytes, 
and metamyelocytes, are not commonly seen, but if present they can 
 represent a chronic inflammatory process or true marrow disorder, 
such as myeloproliferative disorders, myelodysplastic states, and 
l eukemia. Myeloblasts are usually seen only in the latter three.

Lymphocytes are frequently present in all types of fluids in vari-
able numbers. The lymphocytes vary in morphology from small to 
large and transformed (reactive). In cytocentrifuge preparations, 
the lymphocyte nucleoli can be artifactually more prominent than 
in peripheral blood smears, the nuclear shape can be irregular, and 
the cytoplasm can have artifactual projections3 (Figures 30-10 ■ 
and 30-11 ■). If neoplastic lymphocytes (leukemias, lymphomas) 
are present, the morphology depends on the type of neoplasm, and 
the cells are usually homogeneous in appearance. Flow cytometry 
or immunoperoxidase techniques can be helpful in distinguishing 
benign versus malignant lymphocytes.

Monocytes in body fluids can appear similar to that seen in 
peripheral blood smears or can be larger with abundant, vacuolated 
cytoplasm (histiocyte), or they can have actual phagocytosed mate-
rial (macrophage, phagocyte) (Figures 30-12 ■ through 30-14 ■). The 
distinction among the three morphologic types (monocytes, histio-
cytes, and macrophages) is not clinically important, and these cells 
can be reported as a combined population of mono/macrophages. In 
some cases, however, the phagocytosed material or organisms can be 
diagnostically important. Vacuoles that develop in phagocytic cells can 
fuse into a single large vacuole resulting in a “signet ring” appearance 
with the nucleus flattened against the cell membrane (Figure 30-15 ■). 
These signet ring cells can be seen in both benign and malignant 
c onditions. Only a few monocytes are present in CSF, and histiocytes/
macrophages usually are seen in the CSF only in pathologic states. 
Plasma cells are not seen in normal fluids and usually are present only 
in chronic inflammatory disorders (Figure 30-16 ■).

Eosinophils, basophils, and mast cells can be present in small 
numbers in pleural, pericardial, peritoneal, or joint fluids. Increased 
numbers of these cell types are seen in various disorders and can 
correlate with peripheral blood eosinophilia or basophilia.4 Eosino-
phils are frequently seen in nonspecific or idiopathic effusions and 
can be present in effusions caused by various infectious agents, 
malignancies, and connective tissue disorders. Mast cells can be 
distinguished from basophils because mast cells have a round (not 
segmented) nucleus and a higher number of cytoplasmic granules 
than basophils. The granules in mast cells are smaller than those 
seen in basophils (Figures 30-17 ■ and 30-18 ■). An increase in the 

■  Figure 30-8 Artifactual change in neutrophils showing 
nuclear lobes thrown to the periphery of the cytoplasm. 
(Slides in this chapter are all cytocentrifuge-prepared 
body fluids, Wright stained, magnification 1000*  unless 
 otherwise noted).

■  Figure 30-9 In the center (arrow) is a degenerating 
neutrophil with separation of nuclear lobes and dense 
staining of the chromatin.

■  Figure 30-10 Artifactual change in lymphocytes with 
overly prominent nucleoli.
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■  Figure 30-12 Monocytes in pleural fluid.

■  Figure 30-13 Histiocyte (arrow) in pleural fluid. ■  Figure 30-14 Macrophage in pleural fluid.

■  Figure 30-15 Macrophage in pleural fluid with single 
large vacuole giving a “signet ring” appearance.

■  Figure 30-16 Plasma cell in pleural fluid.

■  Figure 30-11 Artifactual change in lymphocytes with 
cytoplasmic projections.
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stain can look like bacterial organisms. If the precipitate appears to be 
intracellular, changing the fine focus usually reveals the precipitate to 
be in a different plane of focus than the cell. True intracellular bacteria 
are in the same plane of focus as the cell. Stain precipitate is darker than 
bacteria and variable in size and can be seen extracellularly, sometimes 
in distant areas of the slide (F igure 30-20 ■). In difficult cases, an extra 
slide should be prepared for a gram stain. The cytocentrifuge exag-
gerates early cellular degeneration, and cellular nuclei show irregular 
nuclear margins and separating chromatin. This can be mistaken for 
malignant cells (Figure 30-21 ■).

nonspecific reactive Changes
The term nonspecific reactive changes refers to effusions that 
have an inflammatory cell response that is not diagnostic for any 
 specific d isorder. In various pathologic states, certain types of WBCs 
can be present in increased numbers. Bacterial infections have a 
 predominance of segmented neutrophils, whereas viral, fungal, and 
mycobacterial infections can have a predominance of lymphocytes 
or show a mixed inflammatory response. 

number of basophils can correlate with myeloproliferative disorders 
involving body fluids.

Benign tissue cells can be seen in any of the body fluids and must 
be differentiated from malignant cells (Table 30-5 ★). The morphol-
ogy of these tissue cells varies according to the fluid space and is dis-
cussed in the “Microscopic Findings in Specific Fluids” section.

When performing the nucleated cell differential on body fluids, 
all cell types should be differentiated if possible. Abnormal or reactive 
cells that cannot clearly be assigned to a specific category should be 
counted as unclassified cells and described. Clumps of cells (benign 
or malignant) should be noted because they can adversely affect the 
count’s accuracy. A comment such as “cells present in clumps, count 
could be falsely decreased” should be reported.

Morphologic Findings resulting from artifact
Some artifactual findings such as peripheral displacement of the nucleus 
in neutrophils, lymphocyte cytoplasmic extensions, and overly promi-
nent nucleoli of lymphocytes have already been mentioned (Table 30-
6 ★). Other artifactual changes can resemble actual pathologic findings, 
so interpretation must be made cautiously. Starch particles can be an 
in vitro contaminant in any type of body fluid. Although most surgical 
gloves in use are now powder free, starch can be on sterilized surgical 
gloves used by the physician obtaining fluid from the patient. Starch 
particles can look like yeast organisms, even budding yeasts if two 
particles are closely associated. Starch particles usually have a refractile 
center that is not a characteristic feature of yeast. They are also birefrin-
gent (discussed in the section “Joint Fluid”), showing as bright Maltese 
crosslike figures with polarized light (Fi gure 30-19 ■). Precipitated 

■  Figure 30-17 Basophil (arrow) in pleural fluid. ■  Figure 30-18 Mast cell (arrow) in pleural fluid.

Fluid type normal tissue Cells

• Cerebrospinal Ependymal, choroid plexus cells, 
arachnoid

• Pleural, pericardial, peritoneal Mesothelial

• Joint Synovial

• Broncoalveolar lavage Bronchial

★ taBle 30-5 Normal Existing Tissue Cells Found 
in Various Body Fluids

artifact Mistaken interpretation

• Peripheral localization of 
nuclear lobes in neutro-
phils

Hypersegmented neutrophils

• Degenerating neutrophil yeast organisms, nucleated rBCs

• Overprominence of nucle-
oli in lymphocytes

Blast cells

• Cytoplasmic projections of 
lymphocytes

Hairy cell leukemia

• Single large vacuole in 
histiocyte

Signet ring cell carcinoma

• Starch particles yeast organisms, crystals

• Stain precipitate Bacterial organisms

• Degenerating tissue cells Malignant cells

★ taBle 30-6 Artifacts That Can Be Seen 
with  Wright-Stained Cytocentrifuge Prepared 
Slides and Potential Mistaken Interpretation
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■  Figure 30-20 Stain precipitate on top of the cell with 
precipitate in focus and cells slightly out of focus.

■  Figure 30-19 (a) Starch particles with plain light resembling yeast. (b) Starch particles as 
seen with polarized light appearing as Maltese cross shape. (c) Starch particles with polarized 
light and quartz compensator.

a b

c

■  Figure 30-21 Early cell degeneration.
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■  Figure 30-22 Reactive lymphocytes in pleural fluid.

■  Figure 30-23 Reactive lymphocyte (arrow) in pleural 
fluid.

■  Figure 30-24 Intracellular and extracellular bacterial 
cocci in joint fluid.

As in peripheral blood,  neutrophils can have toxic granulation, Döhle 
bodies, and cytoplasmic vacuoles (Chapter 21).

Lymphocytes are frequently reactive and transformed, simulating 
lymphoma cells (Chapters 22, 28). The most helpful feature in distin-
guishing reactive lymphocytes from lymphoma cells is that the former 
consist of a heterogeneous population of cells with varying nuclear 
shape, amount of cytoplasm, and degree of cytoplasmic basophilia 
(Figures 30-22 ■ and 30-23 ■). Lymphoma cells are homogeneous 
with the same nuclear and cytoplasmic features. The morphology of 
the lymphoma cells depends on the particular type of lymphoma.

Microorganisms
Most types of pathogenic bacterial and fungal organisms stain with 
Wright stain and are detectable on a routine cytocentrifuge prepara-
tion. Bacteria stain blue regardless of the Gram stain features. Recog-
nizing the presence of intracellular organisms is important because 
it indicates true pathogenicity rather than in vitro contamination 
(Figure 30-24 ■ and Web Figure 30-6). Once bacteria have been rec-
ognized with Wright stain, preparing a second cytocentrifuge slide for 

a Gram stain is helpful to confirm the presence of bacteria and to give 
additional information to the physician while cultures are pending. 
Caution must be used when suspected bacteria are seen in synovial 
fluids treated with hyaluronidase. Hyaluronidase products can be 
labeled as sterile, but on rare occasions can contain nonviable bacte-
ria. Thus, the cytocentrifuge slide made for a confirmation Gram stain 
should be prepared using the untreated fluid. Likewise, the albumin 
used to provide additional protection and cell stability when mak-
ing cytocentrifuge slides of serous and cerebral spinal fluids can be a 
source of bacterial contamination.

Most pathogenic yeasts are found in CSF rather than in pleural, 
pericardial, or peritoneal fluids, which can be found intracellularly. 
The different types of pathogenic yeast show some distinguish-
ing features on Wright-stained slides. This morphologic variance 
can be used as a clue to an initial impression of the specific type 
of yeast, but cultures must be obtained for definitive identification. 
The most frequently seen fungal organisms in fluids are Crypto-
coccus, Histoplasma, Candida albicans, and Candida tropicalis 
(Web Fi gures 30-7 through 30-10). Refer to Web Table 30-4 for a 
comparison of morphology.

Malignant Cells in Body Fluids
Malignant cells can be seen in any fluid but are found more often in 
serous fluids. They are rare in synovial fluid. Malignant cells in serous 
fluids pose the greatest difficulty for the laboratory because they are 
often difficult to differentiate from mesothelial cells. Differentiating 
characteristics are discussed in the section “Microscopic Findings in 
Specific Fluids.”

In some patients, a diagnosis of malignancy already can have 
been established by other tissue sampling (biopsy or excision), and 
finding the malignant cells in fluid establishes a condition of tumor 
metastasis. For other patients, finding malignant cells in fluid can be 
the initial diagnosis of a malignancy, and if a sample has not been 
sent to cytology, the recognition of malignancy by the hematology 
laboratory is critical in establishing an early diagnosis. Malignant 
cells in fl uids can usually be distinguished as hematopoietic in 
 origin (l eukemia, lymphoma) versus nonhematopoietic (carcinoma, 
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sarcoma), and in some cases, additional specification of cell type is 
also possible. It is important to look at the entire cellular area of the 
slide with a low power objective (10* ) to detect suspicious clusters 
of cells.

Almost any type of hematopoietic malignancy, including lympho-
cytic and nonlymphocytic leukemias, lymphomas, Hodgkin disease, 
and plasma cell neoplasms,27 can be found in body fluids. Generally, 
the abnormal cells found in the body fluids in these disorders have 
the same morphologic features as peripheral blood and bone marrow 
cells. The acute leukemias only occasionally involve the pleural, peri-
cardial, or peritoneal cavities but more often are seen in the CSF. Blasts 
appear larger on cytocentrifuge preparations than on peripheral blood 
smears, and the nuclear membrane can be surprisingly irregular. Auer 
rods can be seen, and, if necessary, unstained slides can be prepared 
for cytochemistry stains and terminal deoxynucleotidyl transferase 
(TdT) to differentiate the blasts (Chapters 23, 37). Lymphoblasts have 
a very high nuclear-cytoplasmic ratio, and the nucleus can be folded 
or convoluted.

The morphology of non-Hodgkin lymphoma in the body flu-
ids depends on the particular type of lymphoma. Again, the nuclear 
membrane can be surprisingly irregular. Large-cell lymphoma 
has cells that are moderate to large in size with irregular nuclei, 
partially clumped chromatin, and sometimes prominent nucleoli 
(Figure 30-26 ■). The cytoplasm is low to moderate in amount and 

A cytocentrifuged, Wright-stained slide is prepared and 
a photomicrograph is taken (Figure 30-25 ■).

3. What is an appropriate next step to determine 
whether the material seen is debris or true organisms?

4. Some of the large tissue cells showed features of 
degeneration and suspicious for malignancy. How 
should this be interpreted?

Case stuDy (continued from page 579)

■  Figure 30-25 Pleural fluid.

■  Figure 30-26 Large-cell lymphoma in pleural fluid.

■  Figure 30-27 Burkitt lymphoma (small noncleaved 
cell) in pleural fluid.

basophilic. The cells are discohesive (a loosely joined cluster), but if 
the fluid is very cellular, the cells can be thrown together and have 
the appearance of carcinoma cell clusters; nuclear molding is not 
seen. Burkitt lymphoma has intermediate size cells with more than 
one nucleoli and an immature blastlike chromatin (Figure 30-27 ■). 
Prominent cytoplasmic vacuoles  frequently are apparent. Small-
cell lymphoma is the most difficult to diagnose and can look like 
a benign lymphocytic infiltrate. In these cases, flow cytometry is 
valuable in demonstrating a clonal population of cells (Chapter 40). 
T-cell lymphoma can show markedly irregular, convoluted nuclei; 
however, marker studies are necessary to confirm the T- or B-cell 
 origin of the neoplastic cells (Figures 30-28 ■ and 30-29 ■). Cell 
origin identification can be accomplished by flow cytometry or 
immunoperoxidase techniques on cytocentrifuge-prepared slides.

Primary effusion (body cavity) lymphoma is a high-grade 
d isease found only in a body cavity without an associated solid tumor 
mass. This unique malignancy has been reported in patients who are 
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the effusion is similar to the morphology of cells found in anaplastic 
large-cell lymphoma, diffuse large B-cell lymphoma, or small lympho-
cytic lymphoma. These malignant cells are usually B-cell derived but 
lack surface-associated antigens for T- or B-cell lineage.

Hodgkin lymphoma can occasionally be seen to involve pleural 
fluid (Figures 30-30 ■ and 30-31 ■). The malignant Hodgkin cell is 
large with a moderate to abundant amount of cytoplasm, large nuclei, 
and prominent nucleoli. If the nucleus is bilobed or if the cell has two 
nuclei, it can be a Reed-Sternberg cell. The other cells present consist 
of varying numbers of small lymphocytes, eosinophils, histiocytes, and 
plasma cells. If other tissue biopsy has already established a patient’s 
Hodgkin disease diagnosis, the malignant cells (either Hodgkin, Reed-
Sternberg, or multinucleated variants) must still be identified in the 
effusion sample to diagnose the fluid’s involvement.

immunocompromised, usually HIV positive, and is associated with 
human Herpes virus 8 (HHV-8; also known as Kaposi sarcoma–
a ssociated herpes virus, KSHV).28–30 The morphology of the cells in 

■  Figure 30-28 Lymphoblastic lymphoma, T-cell type, 
in pleural fluid.

■  Figure 30-29 Small lymphocytic lymphoma.

■  Figure 30-30 Hodgkin disease, pleural fluid.

■  Figure 30-31 Hodgkin disease with Reed-Sternberg 
cell (arrow), pleural fluid.

A 32-year-old woman has right-side chest pain and short-
ness of breath that has worsened over a two-week period. 
Chest radiologic studies reveal a right pleural effusion, 
and a thoracentesis is performed. The pleural fluid speci-
men on a cytocentrifuged, Wright-stained slide reveals 
cells similar to that seen in Figure 30-10. What is the best 
interpretation of this finding? If there is a strong concern 
that this can represent a low-grade lymphoma, what 
would be the best way to determine whether these are 
benign or malignant lymphocytes?

checkpoint 30-2
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malignant cells. Because reactive mesothelial cells are often seen 
in clusters, it can be challenging to differentiate the benign and 
malignant cells in p leural and peritoneal fluids. A useful feature of 
mesothelial cells is their overall uniformity when viewed under low 

Microscopic Findings in specific Fluids

serous: pleural, peritoneal, pericardial
Benign mesothelial cells can be seen in the pleural, pericardial, and 
peritoneal fluids. These are large cells that have a moderate to abundant 
amount of cytoplasm. The cytoplasm can be light or dark blue and occa-
sionally contain granules or phagocytosed debris. The nucleus is eccen-
tric with a homogeneous chromatin pattern. Nucleoli can be seen, and if 
present, are blue with a smooth membrane (Figure 30-33 ■).

The pleural, pericardial, and peritoneal fluids also can contain 
malignant cells, and their identification is critical for making an accu-
rate diagnosis.31–33 Any one sample can have only a few malignant 
cells that are difficult to find. Mesothelial cells can show nonspecific 
reactive changes, which include multinuclearity, presence of nucleoli, 
mitotic activity, basophilic staining, and sometimes an increase in cell 
size (Figures 30-34 ■ and 30-35 ■). Occasionally there also is an 
increased nuclear-cytoplasmic ratio and nuclear folding simulating 
carcinoma.

Reactive mesothelial and malignant cells must be differenti-
ated. Reactive mesothelial cells can tend to cluster and appear cohe-
sive but the clusters appear flat rather than the ball-like clusters of 

After 3 weeks, Carolyn improved significantly, but the 
chest pain and effusion did not resolve. A repeat thora-
centesis was performed. Laboratory studies show pro-
tein 4.7 g/dL (serum = 60 g/dL), lactate dehydrogenase 
50 u/L (serum = 60 u/L), and total nucleated cell count 
3,000/mcL. A cytocentrifuged, Wright-stained slide is 
examined, and the differential count shows 30% seg-
mented neutrophils, 20% lymphocytes, 10% histiocytes, 
and 40% tissue cells. See Figure 30-32 ■ for a photomi-
crograph of the tissue cells.

5. Is this an exudate or transudate?

6. What is the most appropriate interpretation of these 
findings?

Case stuDy (continued from page 588)

■  Figure 30-32 Pleural fluid.

■  Figure 30-33 Benign mesothelial cells in pleural fluid.

■  Figure 30-34 Reactive mesothelial cells in pleural fluid.

■  Figure 30-35 Multinucleated mesothelial cell in 
 pleural fluid.
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power. The round-to-oval nuclei are uniform in appearance as is the 
generally low nuclear-to-cytoplasmic (N:C) ratio. Clusters of meso-
thelial cells are flat and the individual cells can be distinguished 
often showing a clear separation or “window” separating the cells in 
the cluster (Figure 30-36 ■). In cases when distinguishing reactive 
mesothelial cells from malignant cells is difficult, cytology prepara-
tions usually are definitive because alcohol fixation and Papanico-
laou stain yield better nuclear detail. As a general rule, malignant 
cells do not have this uniform appearance, and the nuclear shapes 
and sizes can vary dramatically. The N:C ratio is often high, and 

■  Figure 30-36 Reactive mesothelial cells in pleural fluid.

Cell Features reactive Mesothelial Cells Malignant Cells

nuclear membrane Smooth Irregular, jagged

Chromatin Evenly distributed unevenly distributed

nucleoli Absent or present with smooth membrane Prominent, frequently multiple, irregular membrane

nuclear molding none Present in nonhematopoietic malignancies

★ taBle 30-7 Comparison of Morphologic Features of Reactive Mesothelial Cells versus Malignant Cells

clusters of cells can be ball-like, making distinguishing the indi-
vidual cells difficult.

General features that can be seen in almost any type of malig-
nant cell include an irregular nuclear membrane, unevenly distrib-
uted chromatin, and nucleoli that also have an irregular membrane 
(Table 30-7 ★).32 The N:C ratio varies with small carcinoma cells 
having minimal cytoplasm and adenocarcinoma cells having as much 
or more cytoplasm as a benign mesothelial cell. The nuclear mem-
brane irregularity can be jagged or have multiple folds. When nucle-
oli are present, they are frequently prominent and irregular in shape 
(Figure 30-37 ■). Mitotic activity alone is not a reliable indication 
of malignancy because reactive mesothelial cells can undergo mito-
sis. Nor are cytoplasmic vacuoles a reliable finding for malignancy 
because their presence can be part of early degeneration in many cells. 
None of the features described can be used alone to diagnose malig-
nancy. All of the features must be looked for and evaluated together. 
For example, one type of malignancy can show smooth nuclear mem-
branes but with unevenly distributed chromatin and irregular nucleoli 
(Table 30-8 ★).

The most common nonhematopoietic malignancies seen in 
body fluids are small-cell carcinoma and adenocarcinoma. Small-cell 
 carcinoma cells have the same general morphologic findings of malig-
nant cells but can be distinguished from other types of carcinoma 
cells because of the characteristic high N:C ratio, blastlike chromatin, 
absence of nucleoli or nonprominent nucleoli, and frequent nuclear 
molding (the process of the nucleus of one cell molding around the 
shape of an adjacent cell) (Figure 30-38 ■). Nuclear molding occurs 
with cohesive growth of cells requiring the presence of tight junctions 

Mesothelial Cell adenocarcinoma small-Cell Carcinoma large-Cell lymphoma leukemic Blasts

Cell size large, 15–30 mcM Large to giant Moderate to large Moderate to large Small to moderate

Chromatin Loose, homogeneous Partially clumped, 
heterogeneous

Slightly course, 
homogeneous

Partially clumped, 
heterogeneous

Smooth, lacelike, 
homogeneous

nucleoli none to small and 
regular

Prominent, multiple, 
irregular

none to small, not 
prominent

Small to prominent, 
irregular

Variable

nuclear membrane Smooth Irregular, jagged Irregular, jagged, 
folded

Irregular, jagged, 
folded

Smooth or irregular, 
folded

n:C ratio Low, 1:3–5 Low, 1:3 or less High, 1:1.25 High to moderate 
1:1.25–1:2

High to moderate 
1:1.25–1:1.75

Intercellular 
relationship

Individual or clumped, 
no nuclear molding

usually clumped 
{  nuclear molding

Clumped with nuclear 
molding, occasionally 
individual

Individual, no clumping, 
no nuclear molding

Individual, no clumping, 
no nuclear molding

aany given cell can show variable features, so all must be evaluated before deciding whether a body fluid sample is benign or malignant. no single feature can 
be used to diagnose malignancy.

★ taBle 30-8 General Morphologic Findings of Benign Mesothelial Cells and Malignant Cellsa
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■  Figure 30-37 (a) Malignant cells (adenocarcinoma), pleural fluid. (b) Benign mesothelial cell 
to contrast with features of malignant cell. (c) Single malignant cell (adenocarcinoma), pleural 
fluid.

a b

c

■  Figure 30-38 (a) Small-cell carcinoma, pleural fluid showing tight cell clusters (original 
magnification, 25* ). (b) Small-cell carcinoma.

a b
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Wright stain are not as specific as a cytology preparation; the latter is 
necessary to specifically identify the type of malignancy. For example, 
squamous cell carcinoma can look like adenocarcinoma with Wright 
stain; however, in most cases, the two are  readily  distinguishable on 
cytology preparations (Web Figure 30-15).  Certain types of malignant 
cells can contain clues to their cellular origin. Melanoma cells can have 
melanin pigment that is demonstrable with Wright stain, and hepa-
tocellular carcinoma can have bile pigment (Web Figures 30-16 and 
30-17). The presence of these pigments can be suspected with Wright 
stain but must be confirmed with more  specific staining techniques.

between the cytoplasmic membranes of the cells. Therefore, nuclear 
molding can be seen in any type of carcinoma but is most often seen 
with small-cell carcinoma. Some cells also can have a paranuclear 
“blue body,” which is an inclusion that has not yet been characterized 
and can represent early cell degeneration or phagocytosed mate-
rial. Depending on the cell’s orientation, the blue body can appear 
to be intranuclear and has been described in small-cell carcinoma 
but rarely in sarcoma.34 The blue body is seen only with air-dried, 
Wright-stained preparations (Figure 30-39 ■). If the malignant cells 
are noncohesive, small-cell carcinoma could be mistaken for a hema-
topoietic malignancy, and finding a blue body would be a good clue 
for the diagnosis of small-cell carcinoma.

Adenocarcinoma differs from small-cell carcinoma in that the 
overall size of an adenocarcinoma cell is larger than a small-cell 
carcinoma cell with a moderate to abundant amount of cytoplasm 
(Figure 30-40 ■). The nuclear chromatin is partially clumped and het-
erogeneous and has prominent nucleoli. The presence of cytoplasmic 
vacuoles is not specific and can represent early cell degeneration.

Other types of carcinoma and sarcoma can be found in body 
f luids (Web Figures 30-11 through 30-14). The features seen with 

■  Figure 30-41 Choroid plexus cells in CSF.

■  Figure 30-39 Small-cell carcinoma, paranuclear “blue 
body” (arrow) in malignant cell.

■  Figure 30-40 Adenocarcinoma in pleural fluid.

What are the best features to use in determining whether 
tissue cells are benign or malignant when examining a 
cytocentrifuged, Wright-stained slide of a body fluid 
specimen?

checkpoint 30-3

In rare cases, spontaneous formation of lupus erythematosus 
(LE) cells is seen in serous fluids. An LE cell is a macrophage, either 
neutrophil or monocyte, that has phagocytosed a nucleus showing a 
homogeneous, smooth chromatin pattern (Web Figure 30-18). Find-
ing these cells is suspicious but not diagnostic for SLE. Other autoim-
mune disorders can also show the LE cell phenomenon. Nevertheless, 
the identification of these cells can be extremely helpful in arriving at 
a diagnosis difficult to make. The LE cell should not be mistaken for 
simple phagocytosis of cells by macrophages, which is frequently seen. 
The chromatin of the usual phagocytosed cell is neither smooth nor 
homogeneous.

Cerebral spinal Fluid (CsF)
The tissue cells (choroid plexus and ependymal) that can be seen in 
CSF tend to cluster and can have cytoplasmic granules and slightly 
irregular nuclei (Figure 30-41 ■). The arachnoid cells are frequently 
seen as a syncytium with a mass of cytoplasm containing several nuclei 
(Figure 30-42 ■). These benign tissue cells are usually seen in CSF 
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only from infants and adults who have had some type of manipulation 
such as recent neurosurgery or shunt placement. The appearance of 
these cells from a spinal tap procedure in an adult is very unusual. CSF 
tissue cells can resemble mesothelial cells, but they are found only in 
the serous spaces, not in CSF.

As with the pleural, pericardial, and peritoneal fluids, reactive lym-
phocytes must be distinguished from lymphoma cells (Figure 30-43 ■). 
Hematopoietic precursors, as well as megakaryocytes, can be present if 
the spinal tap needle penetrated the vertebral bone, drawing back a por-
tion of bone marrow. This is most often seen in infants but can occur in 
adults with osteoarthritis.

A definitive sign of CNS hemorrhage is phagocytosis of erythro-
cytes by histiocytes (erythrophagocytosis) (Figure 30-44 ■). It takes 
approximately 18 hours for histiocytes to mobilize and phagocytose 
erythrocytes after a hemorrhage; thus, erythrophagocytosis is not an 
immediate indicator of a current CNS hemorrhage. In older hemor-
rhages, hemosiderin and hematoidin crystals can be seen intracellu-
larly or extracellularly (Figure 30-45 ■). Hemosiderin and hematoidin 
are products of hemoglobin catabolism. Erythrophagocytosis and 
hemosiderin can be seen on other body fluids and should be reported 
but has more clinical significance in CSF.

■  Figure 30-42 Arachnoid cell syncytium in CSF.

■  Figure 30-43 Reactive lymphocytes in CSF.

■  Figure 30-44 Erythrophagocytosis in CSF.

A wife finds her 47-year-old husband comatose at home. 
During examination in the emergency room, a spinal tap 
is performed and grossly bloody spinal fluid is obtained. 
The total RBC count in the first tube is the same as that 
in the third tube. A cytocentrifuged, Wright-stained slide 
shows findings similar to that seen in Figure 30-44. What 
is the most appropriate interpretation of these findings?

checkpoint 30-4

■  Figure 30-45 Hematoidin crystals in macrophage  
in CSF.

Because mesothelial cells are not found in the CSF, the presence 
of any large tissue cells should be considered suspicious for malig-
nancy (Figures 30-46 ■ and 30-47 ■). Malignant cells, however, must 
be differentiated from the benign choroid plexus cells, ependymal 
cells, and arachnoid cells by evaluating them for standard features of 
malignancy as described earlier. Cytology preparations are usually 
definitive.

Cells from primary CNS neoplasms rarely are found in the 
CSF. Medulloblastoma is a malignant tumor usually occurring in 
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■  Figure 30-47 Large-cell undifferentiated carcinoma 
with intense chemical acute meningitis, CSF.

■  Figure 30-48 Small-cell carcinoma, CSF. ■  Figure 30-49 Medulloblastoma, CSF.

■  Figure 30-50 Acute lymphoblastic leukemia, CSF.
■  Figure 30-51 Acute myelomonocytic leukemia, CSF.

■  Figure 30-46 Adenocarcinoma, CSF.

the cerebellum of pediatric patients and has a cellular morphology 
 similar to that of small-cell carcinoma (Figures 30-48 ■ and 30-49 ■). 
The patient history from the physician is necessary to distinguish the 
tumor’s origin.

Acute lymphoblastic leukemia more often involves the CNS 
than acute nonlymphocytic leukemia (Figures 30-50 ■ through 
30-52 ■). When erythrocytes are present, care must be taken not to 
overinterpret the presence of blasts that simply represent peripheral 
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Joint Fluid
The tissue cells present in joint fluids are synovial lining cells and have 
a similar appearance to mesothelial cells with a somewhat denser cyto-
plasm (Figure 30-55 ■). While they can resemble mesothelial cells, 
mesothelial cells only occur in the serous spaces and are not present in 
the synovial spaces. Synovial cells can become proliferative in a reac-
tive setting similar to mesothelial cells. Reactive synovial cells also 
can be multinucleated and occur in clusters, and their nuclei can have 
small, regular nucleoli. Malignant cells can be seen in synovial fluid; 
however, this is extremely rare.36

The so-called rheumatoid arthritis (RA) cell seen in synovial 
fluid is a neutrophil containing granules of immune complexes. 

blood contamination. If no erythrocytes are present, even a low 
number of blasts (1–2%) can indicate CNS involvement.35 Sp ecial 
studies such as cytochemistry stains, TdT, and surface markers 
by immunoperoxidase stains or flow cytometry can be helpful21 
(C hapters 23 and 40).

Any type of lymphoma can involve the CNS, but the high-
grade lymphomas such as lymphoblastic, diffuse large B-cell, and 
Burkitt lymphoma are more often seen. Primary CNS  lymphoma 
is seen more often in patients who are HIV-positive. The lym-
phomas in these patients are high grade and frequently corre-
spond to Burkitt lymphoma or diffuse large B-cell lymphoma 
(Figure 30-53 ■).

The most common yeast organism seen in CSF is  cryptococcus 
(Web Figure  30-7). When cryptococcus is suspected from the 
 cytocentrifuge-prepared slide, the microbiology laboratory should 
perform an India ink preparation to confirm the presence of the 
characteristic large capsule of cryptococcus. If very few organisms are 
present, however, the India ink preparation can be negative because 
unconcentrated CSF is used. Cultures must be obtained to confirm 
the type of organism present.

■  Figure 30-52 Blast crisis of chronic myelocytic 
 leukemia with myeloblasts in CSF.

After an extensive work up, Carolyn is found to have a 
primary adenocarcinoma of the right upper lung lobe. 
A surgical resection is performed. Six months later, 
the patient has severe headaches. A spinal tap is per-
formed, and a photomicrograph of the cells is as seen 
in Figure 30-54 ■.

7. What is the most appropriate interpretation of these 
cells?

Case stuDy (continued from page 590)

■  Figure 30-54 Cerebral Spinal Fluid (CSF).

■  Figure 30-53 High-grade lymphoma, small 
 noncleaved cell type, CSF, pleural fluid.
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Monosodium urate (MSU) crystals should be reported as intra-
cellular and/or extracellular. MSU crystals are typically long, thin, and 
needlelike with pointed ends (Figure 30-56a ■). They can be seen singly 
or in bundles. MSU crystals are strongly birefringent and are brilliant 
with polarized light (Figure 30-56b). A quartz compensator must be 
used to determine positive or negative birefringence. MSU crystals are 
negatively birefringent and when aligned parallel to the axis of the com-
pensator, show a yellow color; when turned perpendicular to the axis of 
the compensator, the color changes to blue 2,7,38 (Figure 30-56c).

Calcium pyrophosphate (CPP) crystals also can be seen intra-
cellularly and/or extracellularly. CPP crystals are typically short, 
rectangular, and weakly birefringent, so they can be difficult to see 
with polarized light (Figures 30-57a and 30-57b ■). When aligned 
parallel to the axis of a quartz compensator, the CPP crystals are blue 
but change to yellow when they are perpendicular to the axis of the 
compensator 2,7,38(Figure 30-57c). A joint fluid occasionally has both 
MSU and CPP crystals; the presence of one does not exclude the other.

Cholesterol crystals have a characteristic notched-plate shape 
and are birefringent (Figure 30-58 ■). These crystals are present in 
chronically inflamed joints as are seen in RA.

Starch particles are distinguished from pathogenic crystals by a 
characteristic Maltese cross shape with polarized light (Fi gure 30-19).

If a joint has been injected with steroids, the steroid particles can 
be seen intracellularly and extracellulary. Steroid particles do not have 
a crystal shape and are amorphous but birefringent (Figure 30-59 ■).

These cells are not specific for a diagnosis of RA. The Reiter’s 
cell is a macrophage with vacuoles containing debris of phago-
cytosed neutrophils. The debris also can be unrecognizable blue 
material. These cells are also nonspecific and not diagnostic for 
Reiter’s disease and are usually classified as neutrophages or 
monomacrophages.

Although crystals can be seen on occasion in other body fluids 
(most commonly cholesterol in serous fluids), they have far greater 
diagnostic importance in joint fluid. The three most common types 
of crystals present in joint fluid are monosodium urate crystals seen 
in gout, calcium pyrophosphate crystals seen in pseudogout, and 
c holesterol crystals present in different types of chronic arthritides 
such as RA.37 Examination for crystals on a cytocentrifuge-prepared 
slide is superior to a standard wet preparation because the cytocen-
trifuge concentrates the specimen. Samples that are negative with 
wet preparation can actually show crystals on the concentrated cyto-
centrifuge slide. Using cytocentrifuge-prepared slides also decreases 
the biologic hazard when handling wet preparations. Cytocentrifuge 
slides prepared for crystal examination should not be stained. Uric 
acid crystals are very hygroscopic and dissolve easily if any water  
or moisture is present in either the fixative or the stain. If sufficient 
numbers of crystals are present, they can be seen with plain light 
microscopy. However, polarized light must be used to confirm bire-
fringence.38 If fewer crystals are present, polarization is necessary to 
see them initially. Every joint fluid sent to the hematology labora-
tory for cell counts should have a crystal examination.39 Although 
Wright-stain techniques can result in the dissolution of the mono-
sodium urate crystals, calcium pyrophosphate crystals are not mois-
ture sensitive and can readily be observed in stained preparations 
(Table 30-9 ★).

Birefringence refers to a particular material’s ability to 
refract light rays. It is determined by using a polarizing micro-
scope. A fixed light filter (analyzer) is placed above the specimen 
and a rotating filter (polarizer) is placed below the specimen. Both 
filters allow light to pass in only one direction. When the polar-
izer is rotated 90 degrees to the analyzer, no light can pass, yield-
ing a “dark field.” If the specimen contains birefringent material, it 
changes the direction (refracts) of the light rays, allowing them to 
pass through the analyzer, and the birefringent material is seen as 
a bright particle or crystal.38 A quartz compensator, often referred 
to as 1 red compensator filter, is used to further identify a crystal 
by determining the velocity of the light rays passing through the 
crystal’s grain (axis).

■  Figure 30-55 Synovial cells in joint fluid.

Crystal Birefringence Color parallel to Quartz Compensator Morphology

Monosodium urate Strong yellow Long, thin, needlelike, intra- and extracellular

Calcium pyrophosphate Weak Blue Short, rectangular, intra- and extracellular

Cholesterol Strong Variable Large platelike, notched, extracellular

Steroids Strong Variable Amorphous, intra- and extracellular

Talc particles Strong yellow and blue Maltese cross shape, extracellular

★ taBle 30-9 Morphologic Comparisons of Commonly Seen Birefringent Crystals and Particles
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■  Figure 30-56 (a) MSU crystal with plain light, 
(b) polarized light, (c) quartz compensator with 
 yellow crystal parallel to quartz line and blue crystal 
 perpendicular to quartz line.

a

b

c
■  Figure 30-57 CPP crystal with (a) plain light, 

(b)  polarized light, (c) quartz compensator with  yellow 
crystal  perpendicular to quartz line and blue crystal 
 parallel to quartz line.

a

b

c
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A microscopic finding that can be important in joint fluids is 
the presence of polyethylene fragments. These fragments, essentially 
pieces of plastic, stain bright blue with most Wright stains and appear 
as artifact or a contaminant, which they can be because plastic devices 
are used to obtain and process most fluids (syringes, cytocentrifuge 
chambers, etc.). However, plastic is also a component in artificial joint 
replacements, and increased numbers of polyethylene pieces seen in 
the fluid in these cases can indicate failure of the replacement joint 
(Figure 30-60 ■).

■  Figure 30-60 Polyethylene pieces (arrow) in joint fluid.

■  Figure 30-58 Cholesterol crystals in joint fluid.

A 57-year-old man has an acutely swollen, painful, red-
dened joint in his left great toe. Joint fluid is aspirated, 
and a photomicrograph is taken (Figure 30-61 ■). This 
picture is taken with polarized light using a quartz com-
pensator. What is the most appropriate interpretation of 
this finding?

checkpoint 30-5

■  Figure 30-59 Steroid particles in joint fluid: (a) polar-
ized light, (b) quartz compensator.

b

a

■  Figure 30-61 Synovial fluid.
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proportional to the amount of surfactant available. Lamellar bodies 
are similar in size and density to platelets and can be counted in the 
platelet channel of most hematology analyzers.40 A meta-analysis of 
studies showed that the LBCs performed equally as well, and in some 
cases, better than the lecithin-to-sphingomyelin (L:S) ratio in predict-
ing RDS.41

Lamellar bodies can be counted by both impedance and  optical 
platelet-counting methodologies. However, it is critical that the labora-
tory establish a maturity cutoff for the methodology used.42 As with 
previous FLM methods, two different cutoffs need to be determined:

•	 One cutoff to indicate maturity when the LBC is higher than the 
cutoff limit

•	 A second cutoff to indicate immaturity when the LBC is less than 
the cutoff limit

LBCs that fall between the two cutoffs are considered indeterminate.
According to CLSI document C58-A,43 three approaches to 

establishing the cutoffs are acceptable. The first is to compare LBCs 
to newborn outcomes. This approach requires access to newborn 
records and cooperation with neonatologists in accurately defining 
RDS. Because of the low incidence of RDS, this method can take 
 considerable time.

A second approach to establishing the cutoffs is to compare the 
LBC to an existing FLM method such as the L:S ratio. The lamellar 
body cutoff that consistently classifies samples as mature when com-
pared with the existing method can appropriately be used for the 
mature cutoff. This approach can require access to newborn medical 
records to resolve any discrepancies between the two methods.

The third approach is split sample analysis with a laboratory that 
is already performing and reporting a validated lamellar body count. 
Various published cutoffs list a mature LBC cutoff of 40,000–50,000/
mcL and an immature cutoff of 15,000–19,000/mcL. Values between 
these cutoffs are reported as indeterminate. It should be noted that the 
majority of published references used an impedance platelet-counting 
methodology, and optical counts can vary significantly.

analysis OF OtHer FluiDs
The hematology laboratory usually is responsible for performing 
 analysis on other fluids including BAL fluid for determining  conditions 
in the lower respiratory tract, amniotic fluid lamellar body counts to 
determine fetal lung maturity, and semen to assess the n umber and 
morphology of sperm as well as other characteristics of the fluid.

BAL Fluid
Tissue cells seen in BAL samples are bronchial lining cells. They are 
considered a contaminant in lavage samples because they indicate 
sampling from the bronchial tree rather than the lower respiratory 
tract.1 Bronchial lining cells are unique in that they have a row of cilia 
at one end (Figure 30-62 ■). The cilia can become detached because 
of normal physiological processes and appear as unattached tufts 
called ciliocytophthoria. Ball-like clusters of bronchial lining cells 
are referred to as creola bodies and can be confused with malignant 
cells. The presence of the cilia should help correctly identify these cells 
as bronchial lining cells. BAL samples from smokers show increased 
monomacrophages, many with irregular, black inclusions. This is 
often called “smokers lung,” and the inclusions are carbon particles. 
They should not be  mistaken for hemosiderin or a microorganism 
(Figure 30-63 ■). Epithelial cells can be seen but also are considered a 
contaminant of the procedure primarily from the upper airway. The 
laboratory professional typically includes these contaminant cells in 
an “other” category of the differential.

Amniotic Fluid Lamellar Body Counts
Lamellar body counts (LBCs) in amniotic fluid are an assessment 
of fetal lung maturity (FLM) and the associated risk of developing 
respiratory distress syndrome (RDS) in the premature newborn. RDS 
is caused by insufficient surfactant in the newborn’s lungs. Lamellar 
bodies are densely packed layers of phospholipid secreted by the type 
II alveolar cells and are the storage packages for surfactant in amniotic 
fluid. The number of lamellar bodies present in the amniotic fluid is 

■  Figure 30-62 Ciliated bronchial lining cell (arrow), 
neutrophils, and monomacrophages in bronchoalveolar 
lavage sample.

■  Figure 30-63 Bronchoalveolar lavage: monomacro-
phages with carbon inclusions (arrows) in smoker’s lung.
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of tests on the semen that includes volume measurement, appearance, 
liquefaction time, viscosity, pH, sperm motility, sperm count and mor-
phology evaluation, and, when indicated, sperm viability. The more 
esoteric tests used in diagnosing and treating infertility should be per-
formed in an andrology laboratory and are not covered in this section.

Historically, methods and reference intervals for semen  analysis 
have varied widely. To address this problem, the World Health 
Organization (WHO) published a manual of standard methods in 
1989, The WHO Laboratory Manual for the Examination and 
P rocessing of Human Semen. The manual is now in its fifth  edition 
and is considered a global standard for semen analysis. Methods 
discussed here are based on the WHO Laboratory Manual, fifth 
edition.45

physical and Chemical properties
Samples for routine semen analysis should be collected after a period 
of abstinence of a minimum of 2 days to a maximum of 7 days. The 
recommended method of collection is by masturbation. Samples 
c ollected in ordinary condoms are not acceptable. Condoms accept-
able for semen analysis are commercially available. Samples should be 
collected into a clean, wide-mouth container made of glass or plastic. 
Anecdotal information suggests that some plastics can have a toxic 
effect on semen, resulting in a decreased motility assessment. Plas-
tic containers provided by the laboratory should be tested to verify 
nontoxicity by performing split sample analysis (glass and plastic) for 
motility on several high sperm count samples. Best practice should 
require all variables—volume of sample received in the laboratory, 
method of collection, type of container, and days of abstinence—to 
be included in the reported results.

volume and appearance
The lower reference interval for semen volume is 1.5 mL. The appear-
ance of the semen sample should be reported. Normal semen has a 
homogenous grey-opalescent appearance and a report of “normal” is 
sufficient. A sample that is “abnormal” in color can be reported as such 
but should be described. A red- or brown-tinged sample usually indi-
cates the presence of blood. Jaundice, urine contamination, and some 
vitamins and drugs can result in a yellow color.

Known interfering substances are meconium and blood. Samples 
contaminated with meconium are not acceptable for LBC analysis 
because meconium contamination causes a falsely elevated LBC. Blood, 
in sufficient quantity, causes a paradoxical biphasic interference result-
ing in an initial increase in LBCs (presumably from the introduction of 
peripheral platelets) followed by a decrease in LBCs most likely because 
of the lamellar bodies trapped in fibrin strands. Samples contaminated 
with blood can be tested for LBCs if the RBC count is 631,000/mcL.44 
An aliquot of the well-mixed amniotic fluid sample should be placed in 
a clear tube, if necessary, to observe the sample for blood or meconium 
contamination. LBCs in amniotic fluid are stable for 33 days if refriger-
ated (4°C). The sample should not be frozen or centrifuged because 
either of these actions falsely decrease the LBC.43,44

To perform the LBC, the sample is mixed by inversion for a 
minimum of 10 times and analyzed on an automated hematology 
instrument that provides a histogram or scattergram display of the 
platelet channel result. The histogram or scattergram display should 
be examined for acceptability of results as with all samples analyzed 
on an automated hematology instrument.

An example of an amniotic fluid LBC with acceptable platelet 
impedance histogram is shown in Figure 30-64 ■. An example of an 
unacceptable platelet impedance histogram indicating probable inter-
ference with the accuracy of the result is seen in Figure 30-65 ■. In these 
instances, the LBC cannot be performed because of interfering sub-
stances. The platelet channel result, if acceptable, is reported as the LBC.

Vaginal pool samples can be tested for lamellar bodies but are not 
the recommended sample. Vaginal pool samples can be contaminated 
with blood, mucus, bacteria, or urine, which can have unpredictable 
effects on the LBC. If it is necessary to test a vaginal pool sample, the 
specimen type/source should be clearly indicated on the report.43 
Commercial QC and proficiency testing are available for LBCs.

Semen Analysis
Semen analysis is an important test in assessing male fertility. Semen 
is the fluid discharged during ejaculation consisting of secretions from 
glands and containing the male mature gamete sperm, also called 
spermatozoa. The r outine laboratory should perform a basic battery 

■  Figure 30-64 Impedance platelet (PLT) channel histo-
gram showing acceptable analysis.

■  Figure 30-65 Impedance platelet (PLT)  channel 
 histogram showing unacceptable analysis with 
 interference on the right slope of the histogram.
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three motility grades is reported. The lower reference limit for total 
motility (progressive and nonprogressive) is 40%. The lower reference 
limit for progressive motility is 32%.

When examining the slide for sperm motility, abnormal 
agglutination of the sperm should be noted if present. Agglutina-
tion refers to motile sperm sticking to each other, head to head, tail 
to tail, or in a mixed array. Agglutinated sperm are often robustly 
motile, appearing as a shaking clump of sperm with little true 
motility. Motile spermatozoa that are agglutinated in noticeable 
clumps should be reported.

vitality
Sperm vitality (also known as viability) is a measurement of the 
percentage of live spermatozoa. A nigrosin-eosin stain is used to 
identify nonvital sperm, which have damaged cell membranes that 
allow the eosin stain to enter and stain the sperm head pink. The 
intact cell membranes of vital sperm prevent the dye from enter-
ing leaving the sperm head unstained. The nigrosin provides a dark 
background, so the vital sperm appear white (Figure 30-66 ■). The 
vitality stain should be performed on all samples that have less than 
normal p rogressive motility. WHO suggests performing the stain on 
samples with 640% progressive motility. After staining the specimen 
and making a smear, 100 sperm are counted for vitality at 400* . The 
average percentage of vital sperm (unstained forms) is reported; the 
lower reference limit is 58%.

sperm Count
Sperm counts should be performed only after the semen sample has 
liquefied. Traditionally, sperm counts have been performed using the 
hemacytometer, and the usual counting rules can be applied with the 
caveat that the only information that matters is where the sperm head 

liquefaction
Normal semen is a congealed substance when ejaculated and begins to 
liquefy within minutes. The liquefaction allows the sperm to become 
motile. Total liquefaction should occur in 15 to 60 minutes and the 
sample should be thin, runny, and homogeneous. Gelatinous particles 
can be seen in normal liquefied semen sample.

Samples that do not liquefy impede the accurate measurement 
of sperm motility and count. Suggested methods to liquefy abnormal 
semen include treatment with a proteolytic enzyme such as chymo-
trypsin or bromelain.

viscosity
Viscosity should be measured after the sample has liquefied. Semen 
drawn into a disposable transfer pipet should slowly dispense in 
discrete drops if viscosity is normal. Semen with abnormal viscosity 
forms a thread at least 2 cm in length when dispensed from the pipet. 
Viscosity is usually reported as normal or increased.

pH
Semen pH should be measured with a pH paper or indicator strip with 
a range of 6.0–10.0, ideally at 30 minutes but acceptable up to 1 hour 
postejaculation. Whether the laboratory uses the 30-minute or 1-hour 
limit, all samples should be tested within the same time constraint. 
Normal semen is alkaline and has a pH 7.2 or higher.

Microscopic analysis
After the physical and chemical properties of the semen have been 
analyzed and recorded, slides are made to examine the fluid micro-
scopically. In addition to the sperm count, the sperm are examined for 
motility, viability, and morphology.

Motility
Motility of the sperm should be assessed after liquefaction ideally 
at 30  minutes, but acceptably at 1 hour postejaculation. Again, all 
 samples should be tested at a consistent time after ejaculation. The 
semen is mixed well by inversion and at a standard volume such as 
10 mcL or one drop from a standard transfer pipet placed onto a 
clean microscope slide. A standard coverslip (e.g., 22 * 22 mm for 
a 10-mcL  volume) is added and the sample allowed to spread on the 
slide. The goal of the standard sample volume and standard cover-
slip is to achieve an approximate depth of 20 mcM (mm) between the 
slide and coverslip. A depth of 620 mcM hinders the movement of 
the spermatozoa. A method for calculating the depth based on  sample 
volume and coverslip size can be found in the WHO Laboratory 
Manual.45

Motility should be determined using 400*  magnification. Two 
hundred sperm are counted in random fields and classified as:

•	 Progressive (moves forward latterly or in a straight line)
•	 Nonprogressive (movement but no progression in any particular 

direction)
•	 Nonmotile (no movement at all)

The process is repeated on another 200 sperm, and the  percentage 
for each category is averaged. The average percentage for each of the 

■  Figure 30-66 Nigrosin-eosin stain for sperm vitality 
showing an unstained vital (live) sperm (arrow) and a pink-
stained nonvital sperm.
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When visualized by light microscopy, with the Papanicolaou 
stain, spermatozoa consist of a head, neck (mid-piece), and tail (prin-
cipal piece). The head has a light-staining area at the top called the 
acrosome and a darker staining area at the bottom called the postac-
rosomal area. The head is attached to the tail by the neck or mid-piece. 
With the Papanicolaou stain, the sperm head is stained pale blue in 
the acrosomal region and darker blue in the postacrosomal region. 
The mid-piece and the tail are stained a pinkish color. Excess residual 
cytoplasm, usually located behind the head and around the mid-piece, 
is stained pink.

Various schemes have been used for assessing sperm morphology, 
described as “liberal” (MacLeod and GOLD) and “strict” (Tygerberg, 
Kruger). WHO defines morphology according to strict criteria. Refer 
to Table 30-10 ★ for criteria for a morphologically normal sperm.

Both the head and tail must be normal for a sperm to be 
 considered normal (Figure 30-67 ■). Abnormalities of the sperm 
head include size and shape defects as well as excess vacuoles (Web 
 Figure 30-19). Abnormalities of the mid-piece include defects in thick-
ness, asymmetrical attachment to the head, and sharp kinks or bends 
(Web Figure 30-20). Tail abnormalities include defects in length, width, 
and shape (sharp bends, coils) (Web Figure 30-21).  Questionable or 

lies in regard to which sperm to include in the count. The position of 
the tail is irrelevant. A typical dilution used for counting sperm on a 
hemacytometer is 1:20. Dilutions might need to be adjusted for very 
high or very low counts with a goal of counting at least 200 sperm in the 
chamber to reduce sampling errors. Counts should be done in duplicate 
as well as in a duplicate dilution. The standard formula for determining 
hemacytometer counts is used, but the standard fo rmula calculates the 
result per microliter, whereas sperm counts are reported per milliliter. 
The calculated result from the hemacytometer must be multiplied by 
1000 to convert the microliter result to a per milliliter result.

Newer dedicated and disposable sperm-counting chambers such 
as the Microcell™ and Cell-Vu™ are commercially available that sim-
plify and standardize the diluting and counting process.

Regardless of the method used to perform the count, the sperm 
need to be immobilized before counting. Methods for immobiliz-
ing sperm include heating an aliquot at 56°C for 5 minutes or adding 
a drop of formalin to a small amount of saline or other diluting fluid 
used to make the counting dilution. An important step in performing 
any type of manual sperm count is to ensure that the semen sample is 
well mixed before a portion is removed for dilution or counting. Only 
intact sperm—those with a head and tail—are included in the count. 
The appearance of numerous unattached tails should be noted. Auto-
mated methods for performing semen analysis are recently available 
(SQA-VTM and QwikCheckTM); they are capable of performing sperm 
motility, count, and morphology. Although most laboratories identify 
the number of sperm per mL as the “sperm count,” WHO considers 
this the “sperm concentration.” According to WHO, total sperm num-
ber is the total number of sperm in the entire ejaculate and is calcu-
lated by multiplying the sperm concentration (number per milliliter) 
by the semen volume. The lower reference limit for sperm count is 
15 * 106/mL.

Morphology
Slides for morphologic examination of sperm should be made after 
liquefying the sample. A drop of well-mixed semen should be placed 
on a slide and a second slide used to make a pull-type smear. Slides 
should be made in duplicate. If the sperm count is very low, a p ortion 
of the sample can be concentrated by centrifugation before slide 
preparation. The slides should be allowed to dry before staining. The 
preferred stain is the Papanicolaou stain although others (Shorr, Diff-
Quik) are acceptable. ■  Figure 30-67 Normal sperm, Papanicolaou stain.

Head

Neck/mid-piece

Tail

Head Mid-piece tail

Smooth and generally oval

Length 4.095.0 mcM (µM)

Width 2.5–3.5 mcM

Length to width ratio 1.3–1.8

Acrosome occupies 40–70%

Acrosome contains no large vacuoles and not 
72 small vacuoles occupying 620% of the head

Postacrosome occupies 30–60% and contains no 
vacuoles

Slender

Approximately same length as the head

Axially attached to the head

Residual cytoplasm less than one-third the size 
of the head

uniform in diameter

Thinner than the mid-piece

Approximately 10 times the length of the head 
(45 mcM)

May be looped back on itself but no sharp 
angles.

★ taBle 30-10 Criteria for Normal Sperm Morphology
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Summary
The fluids discussed in this chapter are those commonly seen 
in the routine clinical laboratory. Serous fluids include pleu-
ral, peritoneal, and pericardial fluids. Other fluids examined 
are synovial fluids, CSF, amniotic fluid, semen, and BAL. In 
pathologic conditions, the amount of serous and synovial fluid 
(effusion) can increase. An effusion can be a transudate or an 
exudate. Traditional criteria for differentiating transudates from 
exudates include specific gravity measurements and leukocyte 
counts. The current criterion for pleural effusions, known as 
Light’s c riteria, is to use serum and fluid measurements for 
protein and LDH. Chylous effusions are milky and result from 
leakage of lymphatic vessels. Common cell types seen in these 

fluids include WBCs, tissue cells, and malignant cells. Examina-
tion of cellular morphology in body fluids, a critically important 
procedure for hematology laboratories, includes not only a dif-
ferential leukocyte count but also a possible demonstration of 
diagnostic findings, such as micro-organisms and malignant 
cells. The cytocentrifuge-prepared Wright-stained slide yields 
excellent morphology of cells and can significantly aid in mak-
ing a timely diagnosis of patients with effusions of unknown 
etiology. The hematology laboratory must take an active role 
in correlating morphologic findings with any additional studies 
performed, such as special stains, cytology, and cultures.

Review Questions
Level i

 1. The type(s) of body fluids other than peripheral blood 
frequently sent to the hematology laboratory can include 
which of the following? (Objective 1)

 A. cerebrospinal fluid

 B. pleural fluid

 C. pericardial fluid

 D. all of the above

 2. The pleura, pericardium, and peritoneum are composed of 
what type of cell? (Objective 4)

 A. white blood cell

 B. epithelial cell

 C. mesothelial cell

 D. squamous cell

 3. Anatomically, where are the visceral pleura located? 
(Objective 1)

 A. innermost aspect of the abdominal wall

 B. outermost portion of the heart

 C. innermost aspect of the chest wall

 D. outermost portion of the lung

 4. Which of the following cell types seen in cerebrospinal 
fluid can be considered normal, not a sign of pathologic 
disease? (Objective 4)

 A. arachnoid cells

 B. choroid plexus cells

 C. ependymal cells

 D. all of the above

 5. An LBC between 19,000–40,000 is: (Objective 10)

 A. indeterminant

 B. an indication of fetal lung maturity

 C. an indication of fetal lung immaturity

 D. the high reference level

 6. Which of the following can be seen as artifact(s) on a cyto-
centrifuged, Wright-stained slide? (Objective 5)

 A. hypersegmentation of neutrophils

 B. stain precipitate

 C. cytoplasmic projections of lymphocytes

 D. all of the above

borderline forms should be considered abnormal. Any apparent pre-
dominant abnormality—head, neck, or tail—should be noted. The 
lower reference limit for normal forms is 4%.

Other cellular material that can be seen in stained semen 
slides include WBCs, spermatocytes, and spermatids. Appearance 

of more than a few WBCs in each microscopic field should be 
noted. Spermatocytes and spermatids are precursors of the mature 
sperm and often look like nucleated RBCs on stained preps (Web 
Figure 30-22). If more than a rare spermatid is seen, it should be 
noted on the report.
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serum Fluid

Protein 6.5 g/dL 5 g/dL

LD 75 u/l 60 u/l

 7. The sperm concentration is reported as: (Objective 9)

 A. number per microliter

 B. number per liter

 C. number per deciliter

 D. number per milliliter

 8. A CSF that appears orange should be described as: 
(Objective 2)

 A. xanthrochromic

 B. hazy

 C. bloody

 D. an old and unacceptable sample

 9. Malignant tissue cells have which of the following morpho-
logic feature characteristic(s)? (Objective 7)

 A. irregular nuclear membrane

 B. evenly distributed chromatin

 C. prominent, irregular nucleoli

 D. a and c only

 10. True pathogenicity versus in vitro contamination of the body 
fluid specimen can be demonstrated by: (Objective 6)

 A. finding the organisms intracellularly

 B. staining the specimen purple with Wright stain

 C. staining the specimen red with gram’s stain

 D. finding the organisms in cytocentrifuged specimens

Level ii

 1. A specimen labeled “ascites” is sent to the laboratory. 
What type of procedure was used to obtain this fluid? 
(Objective 1)

 A. thoracentesis

 B. lumbar puncture

 C. pericardial aspiration

 D. paracentesis

 2. Which of the following cell types is responsible for the 
production of cerebrospinal fluid? (Objective 2)

 A. choroid plexus

 B. arachnoid

 C. neutrophil

 D. mesothelial

  These results would be best interpreted as which of the 
following? (Objective 3)

 A. chylous

 B. exudate

 C. pseudochylous

 D. transudate

 4. A 56-year-old woman has a 3-week history of abdominal 
pain. A peritoneal effusion is found. After paracentesis, 
a sample is sent to the laboratory. Examination of the 
cytocentrifuged, Wright-stained slide shows clusters of 
large cells that have abundant cytoplasm, smooth nuclear 
membranes, evenly distributed chromatin, and no nucleoli. 
An occasional multinucleated cell is found with the same 
 features. These cells most likely represent: (Objective 6)

 A. reactive mesothelial cells

 B. adenocarcinoma cells

 C. small-cell carcinoma

 D. ependymal cells

 5. A 60-year-old man who has smoked cigarettes since he 
was 16 years old has left-sided chest pain. A thoracente-
sis sample is sent to the laboratory. The cytocentrifuged, 
Wright-stained slide examination reveals clusters of large 
cells that have irregular, jagged nuclear membranes, prom-
inent and irregular nucleoli, and unevenly distributed chro-
matin. These cells most likely represent: (Objective 6)

 A. reactive mesothelial cells

 B. adenocarcinoma cells

 C. large-cell lymphoma

 D. reactive histiocytes

 6. Referring to the case in question 5, the protein, LD, and 
other studies would most likely reveal that this is a(n): 
(Objective 3)

 A. exudate

 B. chylous fluid

 C. transudate

 D. pseudochylous fluid

 3. A 25-year-old woman develops a left-sided pleural effu-
sion while recovering from bacterial pneumonia. A 
 thoracentesis is performed, and the following laboratory 
results are reported:
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 7. A 65-year-old woman has a painful, swollen elbow. A joint 
aspiration is performed, and a sample is sent to the labo-
ratory. A cytocentrifuged slide is examined with polarized 
light and a quartz compensator, revealing birefringent 
crystals intracellular and extracellular; they are needlelike 
in appearance and are yellow when oriented parallel to the 
quartz compensator. These crystals would be best identi-
fied as which of the following? (Objective 8)

 A. calcium pyrophosphate

 B. cholesterol

 C. monosodium urate

 D. steroids

 8. Referring to the case in question 7, which of the following 
is the most likely diagnosis? (Objective 8)

 A. gout arthritis

 B. pseudogout arthritis

 C. rheumatoid arthritis

 D. systemic lupus erythematosus

 9. A 55-year-old man is brought to the emergency room in 
a comatose state. He was found at home by his son and 
appears to have fallen from a ladder. A spinal tap is per-
formed and reveals the following:

Color Red
Appearance Bloody
RBC 100 * 109/L
WBC 0.10 * 109/L
Differential WBC 80% segmented neutrophils

15% lymphocytes
5% monocytes

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define hemostasis, blood coagulation, and thrombosis.
 2. Explain the general interaction of the systems involved in maintaining 

hemostasis.
 3. Distinguish the events that occur in primary hemostasis from those that 

occur in secondary hemostasis.
 4. Differentiate the primary hemostatic plug from the secondary 

 hemostatic plug.
 5. Name the three types of blood vessels and explain the general roles 

of the vasculature and normal endothelial cells in aiding and preventing 
the activation of the hemostatic system.

 6. Identify and define the steps in the normal sequence of events 
of  platelet activation following injury to the endothelium.

 7. Describe the role of the primary hemostatic plug in the cessation 
of bleeding.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Identify key histological features of each type of blood vessel, and 

explain the metabolic functions of endothelial cells in hemostasis.
 2. Identify three key substances stored in platelet dense a-granules and 

five key substances stored in platelet a-granules (aGs), and explain the 
role of each in hemostasis.

 3. Outline steps platelets undergo in forming the primary hemostatic 
plug, including the biochemical mediators necessary for platelet 
 adhesion, platelet aggregation, and platelet secretion.

 4. Correlate various platelet ultrastructural features with their functions.
 5. Identify platelet agonists and predict their effect on platelet function.
 6. Describe the biochemical roles of the secreted contents of the platelet 

granules in hemostasis.
 7. Correlate activation with changes in the platelet ultrastructure and 

biochemistry.
 8. Describe the roles of the platelet in secondary hemostasis.
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system. A traumatic injury, such as a cut to the finger, severs vessels, 
resulting in bleeding. To minimize blood loss, the normally inert 
circulating platelets and dissolved plasma proteins mobilize to form 
a clot, an insoluble mass or structural barrier (thrombus), which 
occludes the injured vessel and prevents further loss of blood. The 
clot’s formation is limited to the area of injury so that normal circula-
tion is maintained in vessels elsewhere in the body. In other words, 
the hemostatic system is activated when and where it is needed. 
This system provides a continuous surveillance mechanism that 
prevents plasma and cells from leaking into the tissues in normal 
circumstances.

Hemostasis is the property of the circulation that maintains 
blood as a fluid within the blood vessels under normal circumstances 
and the system’s ability to prevent excessive blood loss upon injury. 
Hemostasis is from the Greek words heme, meaning blood, and stasis, 
meaning to halt. The barrier mass formed to limit blood loss is known 
as the hemostatic plug, blood clot, or thrombus. Hemostasis requires 
the interaction of three compartments: the blood vessels, the plate-
lets, and a group of soluble plasma proteins, the coagulation factors. 
Blood coagulation (“clotting”) is the mechanism that transforms the 
fluid plasma into a gel by converting the soluble protein fibrinogen 
to the insoluble form, fibrin. Maintaining blood fluidity requires an 
intact vascular endothelium, quiescent (inactive) blood platelets, and 
inactive plasma procoagulant proteins. On the other hand, control of 
bleeding requires rapid activation of platelets and plasma proteins to 
prevent exsanguination.

Hemostasis occurs in stages called primary hemostasis, sec-
ondary hemostasis, and fibrinolysis. During primary hemostasis, 
the platelets interact with the injured vessels and with one another. 
This interaction results in a mass of platelets known as the primary 
hemostatic plug, which temporarily arrests bleeding but is fragile 
and easily dislodged from the vessel wall.

Overview
This chapter is the first of a section describing the processes involved 
when blood clots in response to vascular injury. The actions of the 
blood vessels and platelets in hemostasis are collectively called pri-
mary hemostasis; the actions of the protein coagulation factors are 
called secondary hemostasis. This chapter discusses primary hemo-
stasis and describes the physical structure and the functions of the 
blood vessels in hemostasis. It then discusses the role of platelets in 
hemostasis, including structure and functions of platelets.  Chapter 32 
describes secondary hemostasis (fibrin formation) and fibrinolysis. 
Chapters  33 and 34 discuss the disorders of hemostasis that result in 
bleeding, and Chapter 35 discusses disorders that result in thrombosis.

intrODuctiOn
Blood flows through a closed system of vessels called the circula-
tory system. The blood vessels and their constituents are critical in 
controlling the physiologic functions and integrity of the circulatory 

Key Terms
Agonist
a-granule (aG)
Arachidonic acid (AA)
Clot retraction
Dense granule (DG)
Dense tubular system (DTS)
Glycocalyx
Glycoprotein Ib (GPIb)
Glycoprotein IIb/IIIa complex 

(GPIIb/IIIa)
Hemostasis
Human platelet antigen (HPA)
Nonthrombogenic

Open canalicular system (OCS)
Platelet activation
Platelet adhesion
Platelet aggregation
Platelet procoagulant activity
Platelet secretion (platelet 

release reaction)
Primary hemostatic plug
Secondary hemostatic plug
Thrombogenic
Thrombopoietin (TPO)
Thrombosis

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• Describe the bone marrow production of blood cells. 

( Chapters 3, 4)
• identify the marrow precursor of peripheral blood platelets. 

(Chapter 9)
• state the normal lifespan of platelets in the peripheral blood. 

(Chapter 9)

level ii
• summarize the hierarchy of stem and progenitor cells in the 

bone marrow and the growth factors that direct the prolifera-
tion and maturation of blood cells. (Chapter 4)

• Describe the general biology of integrins and other adhesion 
molecules. (Chapter 7)

• summarize the development of megakaryocytes in the bone 
marrow and the mechanism of release of platelets into the 
peripheral blood. (Chapter 9)

We will refer to this case study throughout the chapter.

michael, a 20-year-old male with acute lymphocytic leu-
kemia (ALL), is receiving chemotherapy. Two weeks after 
his second treatment, he notices small reddish-purple 
spots on his lower legs and ankles. A CBC reveals Hb  
9 g/dL; WBC 2 * 109/L; platelets 19 * 109/L. 

Consider what could be responsible for the pancyto-
penia and the potential consequences of this condition.

case stuDy
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stage. Physiologic and biochemical inhibitors control all phases and 
components of the hemostatic system.

Injury also can occur to intact, unsevered blood vessels. In this 
case, blood clot formation can occur on an interior surface of the dam-
aged vessel wall and result in the abnormal condition thrombosis.

In summary, hemostasis occurs because of the interaction of the 
blood vessels, platelets, and certain plasma proteins (Table 31-1 ★). 
Plasma proteins involved in hemostasis include those that form 
fibrin, those that are involved with fibrinolysis, and those that inhibit 
all stages of the process. Defects in one hemostatic compartment can 
be overcome by effective utilization of the other two; defects in two 
of the three compartments generally result in pathologic hemostasis 
and bleeding.

■  Figure 31-1 Stages of hemostasis after vascular 
injury. Bleeding occurs after an injury to a blood vessel. 
The hemostatic system is activated to prevent excessive 
blood loss. Hemostasis occurs in two stages: (1) primary 
hemostasis when the platelets aggregate at the site of 
the injury and form the platelet plug (primary hemostatic 
plug) and (2) secondary hemostasis when fibrin develops 
to strengthen the platelet plug forming the fibrin–platelet 
plug (secondary hemostatic plug).

Vascular injury

Primary hemostasis

Platelet plug

Fibrin–platelet plug

Secondary hemostasis

• Vasculature
• Platelets
• Proteins

Fibrin-forming proteins
Fibrinolytic proteins
Inhibitors

★ taBle 31-1 Components of HemostasisSubsequently, insoluble strands of fibrin become deposited on 
and within the primary platelet plug to reinforce and stabilize it and 
to allow the wound to heal without further blood loss. Generation of 
fibrin constitutes the stage of secondary hemostasis. Fibrin is formed 
by a series of complex biochemical reactions involving soluble plasma 
proteins (coagulation factors) as they interact with the injured blood 
vessels and the platelet plug (Chapter  32). The fibrin-reinforced 
plug, or thrombus, is called the secondary hemostatic plug. The 
blood has changed from a liquid to a semisolid gel at the site of injury 
(Figure 31-1 ■).

After the wound has healed, additional components of the hemo-
static system break down and remove the clot during the fibrinolytic 

1. Does michael have a defect in primary or secondary 
hemostasis?

case stuDy (continued from page 609)

rOle OF tHe vascular systeM
The vascular system forms an extensive distribution system for blood, 
carrying nutrients to all the body’s cells and tissues and transporting 
waste products for disposal. To perform this function, the system must 
provide an uninterrupted flow of blood, a nonleaking circuit, and 
maintain blood in a fluid state. The vascular system consists of three 
types of blood vessels: arteries, veins, and capillaries (Table 31-2 ★). 
The arteries carry blood from the heart to the capillaries. The veins 
return blood from the capillaries to the heart. The vessels in which 
hemostasis occurs are primarily the smallest veins (venules) and, to a 
lesser degree, the smallest arteries (arterioles). Venules and arterioles 
are ∼209200 mcM (mm) in diameter.

Structure of Blood Vessels
The structure of all blood vessels is similar (Figure 31-2 ■), consist-
ing of a central cavity, the lumen, through which the blood flows. The 
lumen is lined with a continuous, single layer of flattened endothe-
lial cells that separate the blood from the underlying prothrombotic 
tissues and provide a protective environment for the blood’s cellular 
components. Endothelial cells are attached to a basement membrane 
that consists of a unique form of collagen embedded in a matrix of 
adhesive proteins.
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Functions of Blood Vessels in Hemostasis
After an injury, the damaged vessels initiate hemostasis. Their first 
response to injury is constriction or narrowing of the lumen of 
the arterioles to minimize the flow of blood into the wound area 
and the escape of blood from the wound site. Vasoconstriction 
also brings the hemostatic components of the blood (the plate-
lets and the plasma proteins) closer to the vessel wall, facilitating 
their interactions. Vasoconstriction occurs immediately and lasts 
a short time.

The mechanism of vasoconstriction is complex. It is caused in 
part by neurogenic factors and in part by several regulatory substances 
that interact with receptors on the surface of cells of the blood ves-
sel wall. These include serotonin and thromboxane A2 (TXA2), both 
products of activated platelets, and endothelin-1 produced by endo-
thelial cells.1

In contrast, healthy intact endothelial cells synthesize and secrete 
prostaglandin PGI2, also called prostacyclin, and nitric oxide (NO), 
also called endothelium derived relaxing factor (EDRF). Both coun-
teract vasoconstriction by causing vasodilation of the arterioles.3 Both 
also inhibit activation and recruitment of platelets.

The walls of arteries and veins consist of three layers of tissue that 
vary in thickness and composition, depending on the size and type of 
vessel (Figure 31-2a).1,2 The innermost layer, the tunica intima, con-
sists of a single layer of endothelial cells, the basement membrane, and 
subendothelial connective tissue that holds them together.

The middle layer, the tunica media, is thicker in arteries than in veins. 
It consists of an internal elastic lamina, which separates the intima and 
the media, variable layers of smooth muscle cells, and an external elastic 
lamina that separates the media from the adventitia. In arteries, smooth 
muscle cells predominate in the tunica media and are surrounded by loose 
connective tissue primarily consisting of collagen, reticular fibers, and pro-
teoglycans. The tunica media of veins contains only a few smooth muscle 
cells and fewer elastin fibers. In response to a variety of physiologic stimuli, 
the smooth muscle cells of the tunica media can contract and expand, 
which constricts or dilates the lumen of the vessel.

The tunica adventitia, the outer coat, is composed of collagen 
bundles and the vasovasorum, a network of microvessels that sup-
plies oxygen and nutrients to the cells of the media and adventitia. A 
few fibroblasts are embedded in this layer; these fibroblasts synthesize 
and secrete fibers and other components of the matrix.

The smallest of the blood vessels, the capillary (Figure 31-2b), 
connects the arterioles and venules. Capillaries collectively compose 
by far the largest surface area of all types of blood vessels. They are 
approximately 5–10 mcM in diameter, just large enough for single 
blood cells to traverse. Capillaries consist of a layer of endothelial 
cells on an underlying basement membrane and are surrounded by a 
discontinuous layer of contractile cells called pericytes. The endothe-
lial cells communicate with surrounding pericytes through gap junc-
tions.1 The tissue beneath a capillary’s basement membrane is sparse 
and contains no smooth muscle cells.

Blood vessel structural characteristics Functions

arterioles 20–200 mcm in diameter Serve as site of hemostatic activity following injury

Basement membrane Regulate blood pressure by change in diameter and chemical mediators

Primary component, smooth muscle cells Perform endothelial cell hemostatic functions

Fibroblasts

Thicker wall of collagen and extracellular matrix

venules 20–200 mcm in diameter Serve as major site of hemostatic activity following traumatic injury

Basement membrane Exchange nutrients, oxygen, and waste products

Few smooth muscle cells Regulate vascular permeability

Few fibroblasts Perform endothelial cell hemostatic functions

Primary component, thin layer of collagen and extracellular matrix

minimal elastic fibers

capillaries 5–10 mcm in diameter Provide hemostatic effects by endothelial cell function

Endothelial cell monolayer, surrounding pericytes Exchange nutrients, oxygen, and waste products

Basement membrane

No smooth muscle cells

No collagen fibers

No elastic fibers

★ taBle 31-2 Structure and Functions of Blood Vessels of the Microcirculation

Think about the last time that you injured your fin-
ger with a paper cut. Did your finger bleed immedi-
ately? If not, what might have prevented immediate 
bleeding?

checkpoint 31-1
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■  Figure 31-2 Structure and function of the blood vessel wall, comparing and contrasting 
arterioles, venules, and capillaries. (a) Arterioles and venules. Endothelial cells, smooth muscle 
cells, and fibroblasts synthesize and secrete the components of the subendothelial matrix of 
connective tissue and the basement membrane proteins. The wall of arterioles is primarily 
composed of smooth muscle cells and contains elastin in contrast to the venule, which has 
only sparse smooth muscle cells. The media of arterioles is the most prominent layer; the 
adventitia layer is the largest in venules. (b) A capillary consists primarily of endothelial cells 
and basement membrane with very little connective tissue.
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component/characteristic Function

Hemostatic functions
Nonthrombogenic

Negatively charged surface Repels platelets and hemostatic proteins

Heparan sulfate (HS) Inhibits fibrin formation (cofactor for antithrombin)

thrombomodulin (tm) Binds thrombin, enhances activation of protein C

Endothelial protein C receptor (EPCR) Binds protein C; facilitates PC activation

Tissue factor pathway inhibitor (TFPI) Binds TF/FVIIa/FXa complex; inhibits extrinsic pathway of coagulation

Prostacyclin (PGl2) Vasodilates; inhibits platelet activation

Tissue plasminogen activator (tPA) Activates fibrinolytic system

Annexin A2 (tPA receptor) (A2) Binds tPA and plasminogen; activates fibrinolysis

Urinary-type plasminogen activator receptor (uPAR) Binds uPA and plasminogen; activates fibrinolysis

Nitric oxide (NO) Vasodilates; inhibits platelet recruitment and accumulation

ADPase (CD39) Degrades aDp to amp and adenosine

Thrombogenic

Endothelin (ET) Vasoconstricts

von Willebrand factor (vWF; production and processing) Carries factor VIII (FVIII) in plasma; facilitates platelet adhesion

Tissue factor (TF) Initiates fibrin formation, activates FVII

Plasminogen activator inhibitor (PAI-1) Inhibits activation of fibrinolytic system

nonhemostatic functions
Selective blood/tissue barrier Keeps cells and macromolecules in vessels; allows nutrient and gas exchange

Processing of blood-borne antigens Contributes to cellular immunity

Synthesis and secretion of connective tissue:

Basement membrane collagen Provides backup protection for endothelial cells

Collagen of the matrix Induces platelet adhesion

Elastin Vasodilates and vasoconstricts

Fibronectin Binds cells to one another

Laminin Contributes to platelet adhesion after injury

Vitronectin Binds cells to one another; possibly promotes platelet adhesion

Thrombospondin Binds cells to one another; possibly promotes platelet adhesion

★ taBle 31-3 Functions of Endothelial Cells

Functions of Endothelial Cells
Endothelial cells lining the blood vessel lumen are the principal com-
ponents regulating many vascular functions. Some functions modu-
lated by the endothelial cells are hemostatic; others are nonhemostatic 
in nature (Table 31-3 ★). Endothelial cells play an important role in 
thromboregulation, a process in which the cells of the vessel wall inter-
act with cells and proteins of the blood to facilitate or inhibit thrombus 
formation.3 The endothelial lining of normal, healthy blood vessels 
is nonthrombogenic and antithrombotic, preventing inappropriate 
clotting. Damaged endothelial cells become thrombogenic, promot-
ing the formation of a thrombus or blood clot (Figure 31-3 ■).

Hemostatic functions that inhibit clot formation include pro-
viding a nonreactive environment for the components of the hemo-
static system (platelets and coagulation proteins) that are inert in the 
presence of normal endothelium. Both physiologic and biochemical 
interactions provide this nonreactive environment.4 Physiologically, 
the surface of the endothelial cell is negatively charged and repels 
negatively charged–circulating proteins and platelets. Biochemically, 
a wide variety of substances are synthesized and secreted by the endo-
thelial cells, which contribute to the nonreactive environment. These 

include substances that inhibit platelet function as well as coagulation 
and activate fibrinolysis (Table 31-3):

•	 Inhibit platelet function (PGI2, NO, and ADPase)
•	 Inhibit coagulation (heparan sulfate/glycosaminoglycans [cofactor 

for antithrombin]; thrombomodulin [protein C activation]; tissue 
factor pathway inhibitor [TFPI])

•	 Activate fibrinolysis (tissue plasminogen activator [tPA] and 
annexin A2 [tPA receptor]; urinary-type plasminogen activator 
[uPA] and uPA receptor [uPAR])

See Chapter 32 for a discussion of the functions of these components.
Damaged endothelium becomes thrombogenic, producing sub-

stances that activate platelets and coagulation proteins and inhibit 
fibrinolysis. Damaged endothelial cells:

•	 Produce and secrete von Willebrand factor (VWF) ( Chapters 32 
and 34), which aids platelets in the initial stage of primary 
hemostasis

•	 Produce tissue factor that is released during injury and initiates the 
formation of fibrin for secondary hemostasis (Chapter 32)
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When endothelial injury occurs and bleeding starts, platelets and 
coagulation proteins in the plasma physically contact exposed sub-
endothelial tissues. Interactions then occur between the vessel wall, 
platelets, and hemostatic proteins in the plasma to form a blood clot 
to stop the bleed.

•	 Expose collagen and other adhesive proteins in the subendothelium 
and secrete platelet-activating factor (PAF), which activate platelets

•	 Release plasminogen activator inhibitor (PAI-1), which inhibits 
fibrinolysis. Nonhemostatic functions of the endothelial cells are 
described in this chapter’s Companion Resources

■	 Figure 31-3 Antithrombotic characteristics of resting endothelium versus the prothrom-
botic effects of damaged or activated endothelium. Resting endothelium provides an environ-
ment that inhibits activation of hemostasis. This includes secretion of substances that (1) inhibit 
platelet activation (PGI2, NO, ADPase); (2) inhibit coagulation (heparan sulfate as a cofactor for 
AT, TM for activation of protein C, which inactivates activated FVa and FVIIIa; and TFPI); and (3) 
activate fibrinolysis (tPA, uPA). When endothelium is damaged, it secretes substances that (1) 
activate platelets (TXA2, PAF, ET) and bind them to the vessel wall (VWF), (2) activate coagula-
tion (TF, which initiates formation of fibrin), and (3) inhibit fibrinolysis (PAI-1).
EC = endothelial cells; ET = endothelin; PGI2 = prostacyclin; NO = nitric oxide; HS = heparan sulfate; 
AT = antithrombin; TM = thrombomodulin; APC = activated protein C; EPCR = Endothelial cell protein C receptor; 
PS = protein S; TXA2 = thromboxane A2; tPA = tissue type plasminogen activator; A2 = Annexin A2 = tPA receptor; 
uPA = Urinary-type plasminogen activator; uPAR = uPA receptor; PAF = platelet activating factor; TF = tissue  
factor; TFPI = tissue factor pathway inhibitor; VWF = von Willebrand factor; PAI@1 = plasminogen activator inhibitor-1; 
S = stimulation;  ¡ � = inhibition
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Platelet Structure
Circulating “resting” (unactivated) platelets are disc-shaped anucleate cell 
fragments with smooth surfaces. Unlike the exterior surfaces of eryth-
rocytes and leukocytes, the surface membranes of platelets have several 
openings or pits resembling holes in a sponge. The pits are the openings 
to membranous channels that extend deep into the interior of the cells.

Circulating platelets repel one another and the surfaces of the 
endothelial cells that line the interior lumen of blood vessels. After 
an  injury, many changes affecting the platelet morphology and 
biochemistry occur, causing the platelets to become “activated” after 
which they interact with the vessel wall and other platelets to form the 
 primary hemostatic plug. To understand the activation process, the 
ultrastructure of normal platelets must be considered.

The platelet ultrastructure is divided into four arbitrary regions 
or zones: peripheral zone, structural zone, organelle zone, and mem-
brane systems6 (Figure 31-4 ■ and Table 31-4 ★). The components 
of each region have specific functions in activated platelets and are 
discussed in the following sections.

Peripheral Zone
The platelet’s peripheral zone consists of a phospholipid membrane 
covered on the exterior by a fluffy surface coat and on the interior by 
a thin submembranous region between the cytoplasmic membrane 
and the next layer.

The amount of blood lost from a vessel depends on its size and 
type as well as the efficacy of the hemostatic mechanism. Hemostasis is 
most effective in arterioles and venules. Capillaries lack the tissue lay-
ers beyond the basement membrane and do not effectively contribute 
to hemostasis. When larger vessels are severed, hemostatic plug forma-
tion takes longer and might not be sufficient to stop bleeding. The 
pressure within arteries is much higher than in veins, and the blood 
flow can be so rapid that clotting cannot occur effectively (e.g., within 
the upper aorta).

■  Figure 31-4 Diagram of platelet ultrastructure.
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What actions of the endothelial cells prevent clotting from 
occurring within the blood vessels?

checkpoint 31-2

2. if michael were given tpo, how would you expect his 
bone marrow and peripheral blood picture to change?

case stuDy (continued from page 610)

Platelets in HeMOstasis
The second major component of the hemostatic system is the blood 
platelet. Bizzozero first established the platelet’s role in hemostasis in 
1882.5 He noted that they were clumped together as part of thrombi 
in the mesenteric vessels of rabbits and guinea pigs.

As described in Chapter 9, platelets are anucleate fragments of 
megakaryocyte cytoplasm released into the circulation as proplatelets. 
They have a life span of 7–10 days in the circulation if they are not con-
sumed in the process of hemostatic activation sooner. Regulation of 
megakaryocyte differentiation and maintenance of peripheral blood 
platelet numbers are primarily regulated by thrombopoietin (TPO). 
Additional cytokines, including stem cell factor (SCF), interleukin 
(IL)-3, GM-CSF, IL-6, and IL-11 also influence platelet production.
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An asymmetrical arrangement of the phospholipids is an 
important factor in the function of platelets. The negatively charged 
phospholipids (phosphatidylserine [PS], phosphatidylinositol [PI], 
phosphatidylethanolamine [PE]) are predominately found on the 
inner half of the bilayer, whereas neutral phospholipids (phosphati-
dylcholine [PC] and sphingomyelin [SM]) are largely found on the 
outer half of the bilayer.7 In resting platelets, the phospholipid asym-
metry is maintained by an ATP-dependent amino phospholipid 
translocase that actively pumps PE and PS from the outer to the inner 
leaflet.7 Two other phospholipid-translocating enzymes are found in 
platelets, an ATP-dependant flippase that slowly transports all phos-
pholipids from the inner to the outer surface and a lipid scramblase 
that rapidly induces random bidirectional movement of all lipids in 
the membrane. The negatively charged phospholipids (PS, PE) accel-
erate several steps in the plasma protein coagulation sequence. The 
placement of these phospholipids on the platelet’s inner membrane 
separates them from the plasma coagulation proteins and prevents 
inappropriate coagulation. However, during platelet activation, acti-
vation of scramblase causes the movement of these phospholipids to 
the platelet surface, facilitating their interactions with plasma proco-
agulant proteins.

The cytoplasmic membrane contains integral proteins that are 
receptors for stimuli involved in platelet function, including receptors 
for VWF, fibrinogen, collagen, thrombin, fibronectin, and vitronec-
tin (Table 31-5 ★). Approximately 30 proteins have been identified 
as platelet membrane glycoproteins, and a nomenclature system has 
been developed using the acronym GP for glycoprotein and a roman 
numeral from I to IX according to electrophoretic migration by 
decreasing molecular weight. Many of these receptors are integrins, 
heterodimeric proteins identified by their a and b subunits. Those 
receptors can be referred to by either nomenclature.

Membrane receptors
GPIb/IX. Glycoprotein Ib (GPIb) is the major platelet receptor 
for VWF (Figure 31-5a ■).8 It is found in the platelet membrane as a 
complex with GPIX and GPV in a ratio of 2:2:1. The function of GPV glycocalyx

The surface coat, or glycocalyx, is thicker on platelets than on most 
other cells (∼14920 nm). It consists of glycolipids, membrane gly-
coproteins, proteins, mucopolysaccharides, and adsorbed plasma 
proteins, including coagulation factor V (FV), VWF, and fibrinogen 
(Chapters 32 and 33). The glycocalyx is responsible for the platelet 
surface’s negative charge and is found on the surface membrane of the 
interior channels as well. The surface negative charge is thought to help 
prevent platelets from interacting with each other and with negatively 
charged endothelial cells. Some surface proteins are receptors for sub-
stances that cause platelet activation.

Plasma Membrane
The cytoplasmic membrane has a typical trilaminar structure of a 
bilayer of phospholipids and embedded cholesterol and integral pro-
teins. It functions to maintain cytoplasmic integrity and to mediate 
interactions between platelets and the vasculature and plasma pro-
teins. The membrane is formed from the demarcation membrane sys-
tem of the parent megakaryocyte. The surface membrane of platelets 
invaginates to give rise to an elaborate system of channels, the surface-
connected open canalicular system (OCS), which extends through-
out the platelet cytoplasm.

Zone and component Function/role

Peripheral zone adhesion and aggregation
• Glycocalyx

Proteins, glycoproteins, 
mucopolysaccharides

• Phospholipid bilayer

Phospholipids Asymmetric arrangement; 
source of arachidonic acid

• Integral proteins

• Glycoproteins Ib/IX, IIb/IIIa, 
GPIa/IIa, GPVI

Adhesion and aggregation

Enzymes Activation

structural zone structure and support
• microtubules (tubulin)

• Cytoskeletal network

• microfilaments (actin)

• Intermediate filaments  
(filamin/actin-binding  
protein, talin, vimetin)

Organelle zone storage and secretion
• Granules

Dense granules Nonprotein mediators (ADP, 
ATP, and serotonin)

a@granules Protein mediators

Lysosomes Enzymes

Peroxisomes Lipid metabolism

• mitochondria Oxidative energy metabolism

• Glycogen

Membrane systems storage and secretion
• Open canalicular system Secretion of granule contents

• Dense tubular system Storage of calcium

★ taBle 31-4 Platelet Ultrastructure and Functions

ligand receptor(s)

Collagen GPIa/IIa (a2b1)
GPIIb/IIIa, (aIIbb3)
GPIV
GPVI

Fibrinogen GPIIb/IIIa, (aIIbb3)
Vitronectin receptor (aVb3)

Fibronectin GPIc/IIa (a5b1)
GPIIb/IIIa (aIIbb3)

Thrombospondin aVb3
GPIV

Vitronectin aVb3
GPIIb/IIIa, (aIIbb3)

von Willebrand factor GPIb/IX/V
GPIIb/IIIa (aIIbb3)

Laminin GPIc/IIa (a6b1)
GP = glycoprotein; integrin nomenclature in parentheses

★ taBle 31-5 Platelet Receptors
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■  Figure 31-5 Structure of platelet membrane 
 glycoproteins. (a) Glycoprotein Ib is composed of an a- 
and a b-chain. Both span the phospholipid bilayer. The 
a-chain is larger and contains the binding sites for throm-
bin, ristocetin, and VWF. Actin-binding protein (filamin) 
is attached to the cytoplasmic side. Glycoprotein IX and 
glycoprotein V associate with glycoprotein Ib in the plate-
let membrane. (b) Glycoproteins IIb and IIIa associate in a 
complex after platelet activation. Binding sites for fibrino-
gen as well as platelet-specific antigens are present. Cyto-
plasmic portions of each component have binding areas 
for actin.
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is not known, and no clinical bleeding problems are associated with its 
absence. GPV is not required for either membrane expression of the 
GPIb/IX complex or for interaction between GPIb/IX and VWF. The 
function of GPIX is also unknown, but it is required for efficient sur-
face expression of GPIb. Rare bleeding disorders are associated with 
abnormalities of GPIb and with GPIX. The complex (also known as 
CD42) is referred to in this text as GPIb/IX.

Glycoprotein Ib consists of two polypeptide chains, a and b. The 
GPIb a@chain is larger and contains the binding sites for VWF, throm-
bin, and ristocetin (used in the platelet aggregation test described in 
Chapter 36). Other ligands for GPIb/IX include P selectin, found on 
activated platelets and endothelial cells, and the integrin aMb2, found 
on leukocytes. Interactions with these ligands help recruit leukocytes 
to activated platelets at sites of injury.9 The binding sites are located on 

the major extracellular portion of GPIb called glycocalicin. The glyco-
calicin portion of the chain extends from the platelet surface and can 
be cleaved by proteolytic enzymes including thrombin, ADAM10, and 
ADAM17. Plasma levels of glycocalicin correlate with platelet pro-
duction and can be used to differentiate thrombocytopenia resulting 
from decreased platelet production (low plasma glycocalicin) from 
that resulting from increased platelet destruction (elevated glycocali-
cin).9,10 The remainder of GPIba is associated with the GPIbb chain 
and spans the phospholipid bilayer. On the cytoplasmic side, both 
the a and b portions are associated with the actin-binding protein 
filamin. Each platelet contains approximately 25,000 GPIb/IX com-
plexes.11 GPIb/IX functions in the platelet adhesion process (see the 
section “Platelet Adhesion”).

GPIIb/IIIa. Glycoproteins IIb and IIIa associate in the membrane, 
forming a noncovalently associated glycoprotein IIb/IIIa (GPIIb/
IIIa) complex, which is the major plasma membrane receptor for 
fibrinogen (Figure 31-5b). The GPIIb/IIIa complex also binds other 
subendothelial adhesive proteins such as VWF, thrombospon-
din, vitronectin, and fibronectin. Each platelet has approximately 
80,000–100,000 copies of this receptor on its external membrane, 
and another 20,000–40,000 copies are present within platelets on the 
internal membranes of the a@granules, dense granules, and OCS.12 
These internal receptors translocate to the plasma membrane when 
platelets are activated and undergo secretion.13 GPIIb/IIIa is an aIIbb3 
integrin (CD41/CD61).

Glycoprotein IIb, the larger of the two subunits, is a two-chain 
protein. The a-chain is embedded in the phospholipid bilayer, and 
the b-chain protrudes from the platelet surface. Glycoprotein IIIa is 
a single chain polypeptide and is associated with the GPIIb portion 
that lies within the phospholipid bilayer. The cytoplasmic tails of the 
two proteins are associated with actin in the platelet cytoskeleton. 
Like many integrins, the GPIIb/IIIa complex in resting platelets 
is in an inactive form and has low affinity for binding fibrinogen in 
solution. When agonists activate platelets, the GPIIb/IIIa complex is 
converted to a high-affinity ligand-binding conformation required 
for platelet aggregation (described in the section “Platelet Aggrega-
tion”)13 (Figure 31-6 ■). The GPIIb/IIIa receptors also seem to be 
responsible for the uptake of fibrinogen from plasma into mega-
karyocytes and platelets.

Collagen Receptors. Collagen is one of the most important plate-
let activators, and several platelet glycoproteins function as collagen 
receptors. GPIa/IIa (integrin a2b1), like GPIIb/IIIa, must be activated 
to exhibit high affinity binding to collagen. GPVI also functions as a 
collagen receptor, and although it has weaker affinity for collagen, it is 
more effective in activating platelets. It has been proposed that the two 
receptors work synergistically; GPIa/IIa supports adhesion, and GPVI 
supports activation.14 Other platelet membrane proteins that can bind 
collagen include GPIIb/IIIa and GPIV.15

Platelet alloantigens
Polymorphisms (nucleotide sequence differences) in several of the 
major platelet glycoproteins have been described. These polymor-
phisms are immunogenic, and the different inherited alleles thus 
produce unique alloantigens associated with the platelet surface, des-
ignated as human platelet antigens (HPA). Polymorphisms within 
the b3 integrin (GPIIIa) polypeptide result in a number of different 
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Actin also is part of a network of structural support proteins 
dispersed throughout the cytoplasm. In the cytoplasm, actin is asso-
ciated with myosin and several other contractile proteins similar to 
those of smooth muscle. Unlike smooth muscle, in which the ratio of 
actin:myosin is about 7:1, the platelet ratio is ∼100:1. This network 
also undergoes significant changes in structure and location when 
platelets become activated, resulting in the central contraction of MT 
and the relocation of organelles during platelet activation and shape 
change.

Organelle Zone
The organelle zone is located beneath the MT layer and consists of 
mitochondria, glycogen particles (which support the platelet’s meta-
bolic activities), and four types of granules dispersed within the cyto-
plasm: dense granules, a-granules, lysosomes, and peroxisomes. They 
serve as storage sites for proteins and other substances essential for 
platelet function. Generally, mature platelets have very few ribosomes 
and little rough endoplasmic reticulum.
Dense granules
Platelets contain 3–8 electron-dense organelles, each 20–30 nm 
in diameter. These dense granules (DGs) are so named because 
they appear denser in electron micrographs than the other types of 
granules because of their high Ca++ content. These granules contain 
mediators of platelet function and hemostasis that are not proteins: 
ADP, ATP, and other nucleotides as well as phosphate compounds, 
calcium ions, and serotonin (Table 31-6 ★). The ADP in the DG is 
known as the nonmetabolic or storage pool ADP to distinguish it 
from metabolic ADP found in the cytoplasm. The ratio of ADP:ATP 
in the DG is higher than that found in the cytoplasm (3:2 versus 1:8 
in the cytoplasm).6 The metabolic pool of ATP/ADP provides energy 
for normal platelet metabolism, whereas the storage pool is important 
in platelet activation reactions. Serotonin is taken up from the plasma 
and stored in the DGs.
A-granules
The most numerous of the four types of granules are the A-gran-
ules (AGs), numbering ∼50980 per platelet. They contain a variety 
of bioactive substances that can be divided into two major groups 

platelet alloantigens, including HPA-1 (formerly called PlA), HPA-4, 
and  others. Polymorphisms within the aIIb integrin (GPIIb) polypep-
tide result in the HPA-3 platelet alloantigens (formerly called Bak and 
Lek). Platelet alloantigens have also been associated with polymor-
phisms of integrin a2 and GPIba polypeptides.16 Studies are ongo-
ing to determine whether these polymorphisms correlate with either 
bleeding or thrombotic tendencies.6

If a patient inherited a mutation of the gene for glyco-
protein IIIa that resulted in its absence, what two platelet 
antigens would be decreased or absent?

checkpoint 31-3

structural Zone
The structural zone consists of microtubules and submembranous 
and cytoplasmic networks of microfilaments and intermediate fila-
ments. Functionally, the structural zone supports the plasma mem-
brane, stabilizes the platelet’s resting discoid shape, and provides a 
means of shape change when the platelet is activated.

Microtubules
Resting platelets have a microtubule coil, which completely surrounds 
the circumference of the platelet just below the plasma membrane, 
stabilizing the discoid shape of the resting platelet. Microtubules (MT) 
are the largest of the cytoskeletal filaments (5-nm diameter) and are 
composed of the protein tubulin.

Microfilaments and intermediate Filaments
The submembranous protein network consists of structural pro-
teins (intermediate filaments) that form a cytoskeleton supporting 
the plasma membrane (Web Figure 31-1). Actin, the most abundant 
protein in platelets, accounts for 15–20% of the total protein content. 
Upon platelet activation, the submembranous microfilaments and 
intermediate filaments reorganize, polymerize, and form the charac-
teristic pseudopods seen in activated platelets.

■  Figure 31-6 Activation of GPIIb/IIIa. (a) Inactive GPIIb/IIIa as found in inert platelets: 
complex is bent or folded in an inactive conformation. (b) Activated form of GPIIb/IIIa: 
 GPIIb-IIIa exists as an “open” or extended conformation.
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are endocytosed from the plasma by megakaryocytes and packaged 
in the aG during thrombopoiesis.17 The second group includes pro-
teins with a variety of functions. Some are found exclusively in platelets 
(e.g., platelet factor 4 and b@thromboglobulin), and their presence in 
the plasma can be used as a marker of in vivo platelet activation. 
aGs contain both proangiogenic proteins (e.g., vascular endothelial 
growth factor [VEGF]) and antiangiogenic  factors (e.g., endostatin).6 
They contain factors that affect the growth and gene expression of 
smooth muscle cells in the blood vessel wall (e.g.,  platelet-derived 
growth factor), which play a major role in  vessel repair following 
injury. Plasminogen activator inhibitor (PAI) is present in platelet 
aGs in addition to being synthesized by endothelial cells. Platelet 
aGs also contain a number of adhesive proteins including fibro-
nectin, VWF, vitronectin, and thrombospondin. Platelets contain 
distinct subpopulations of aGs, which are thought to undergo dif-
ferential release during platelet activation. For example, fibrinogen 
and VWF are localized in separate aGs.6

lysosomes and Peroxisomes
Lysosomes contain several hydrolytic enzymes and are similar to the 
lysosomes found in other cells. Platelets can secrete lysosomal enzymes 
when activated, but the release is slower and less complete than release 
from a and dense granules. Thus, release is usually seen only with 
stronger platelet agonists. With lysosomal secretion, proteins present 
in lysosomal membranes (lysosome-associated membrane proteins 
[LAMP-1, LAMP-2, LAMP-3]) appear on the plasma membrane and 
serve as markers of high-level platelet activation.18 The peroxisomes 
are thought to be involved in lipid metabolism.6

Platelet Metabolic activity
Platelets contain all of the necessary enzymes for the glycolytic and 
tricarboxylic acid cycles and for glycogen synthesis and degradation. 
About 50% of the platelet’s energy (ATP) is derived from the glycolytic 
pathway, and about 50% is derived from the tricarboxylic acid cycle.

Membrane systems
The fourth structural zone of the platelet is composed of two systems 
of membranes: the open canalicular system and the dense tubular 
system.

Open canalicular system (Ocs)
The surface-connected open canalicular system (OCS) is an elab-
orate, interconnected series of channels leading from the  platelet 
 surface to its interior. The OCS originates as invaginations of the 
plasma membrane and serves several functions in platelets. It provides 
for both the entry of external substances into the interior of platelets 
and a route for the release of granule contents to the outside. The OCS 
also represents an extensive internal store of membranes. Activated 
platelets undergoing shape change, pseudopod formation, and spread-
ing require a significant increase in surface membrane compared with 
resting platelets, which OCS membranes provide. Because the OCS 
membranes contain many of the same glycoproteins as the surface 
membrane, it also serves as a source for additional plasma membrane 
glycoprotein receptors during platelet activation.6

Dense tubular system (Dts)
The dense tubular system (DTS) originates from the residual 
endoplasmic reticulum of the megakaryocyte. The DTS channels do 
not connect with the platelet’s surface. The DTS is a storage site for 

(Table 31-7 ★): One group consists of proteins similar to hemostatic 
proteins (coagulation factors, inhibitors) found in the plasma. Some, 
such as VWF, are synthesized in the megakaryocyte as the platelets 
develop. Others, such as fibrinogen, immunoglobulins, and albumin, 

component role

• ADP (nonmetabolic) Agonist for platelets

• ATP (nonmetabolic) Agonist for cells other than platelets; activates 
Ca++ influx channel in plasma membrane

• Other nucleotides Unknown

• Polyphosphates Acceleration of factor V activation

• Calcium Platelet activation

• Serotonin Vasoconstriction; platelet agonist

★ taBle 31-6 Composition and Functions of Platelet 
Dense Body Contents

Protein role

group i—hemostatic proteins
• Fibrinogen Platelet aggregation

Conversion to fibrin

• FV, FXI, FXIII Fibrin formation

•  Protein S, tissue factor  pathway 
inhibitor, a1 protease inhibitor, 
C1 inhibitor, a2@macroglobulin

Inhibition of coagulation

• von Willebrand factor Platelet adhesion

Carrier of FVIII in plasma

• Plasminogen Conversion to plasmin  
(fibrinolysis)

•  Plasminogen activator inhibitor-1, 
a2@plasmin inhibitor

Fibrinolytic inhibitors

group ii—nonhemostatic proteins
Platelet specific

• b@thromboglobulin Chemoattractant for  
 neutrophils, fibroblasts

Neutralizer of heparin

• Platelet factor 4 Neutralizer of heparin

Weak neutrophil and fibroblast  
chemoattractant

• multimerin Complex with factor V

Mitogenic factors Promotion of regrowth of smooth 
muscle cells (wound repair)

• Platelet-derived growth factor  
(PDGF)

• Transforming growth factor@b

• Epidermal growth factor

• Insulinlike growth factor

• Vascular endothelial growth factor Angiogenic factor

Miscellaneous
• Albumin, immunoglobulins Unknown

• Thrombospondin, fibronectin,  
vitronectin

Adhesive glycoproteins

★ taBle 31-7 Composition and Functions of Platelet 
a-Granule Proteins
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granules contain proangiogenic cytokines and growth factors, which are 
released upon platelet activation. These cytokines function to stabilize 
an intercellular adhesion protein complex between the vascular endo-
thelial cells. When the circulating platelets are low (thrombocytopenia), 
the adjacent intercellular junctions disassemble, resulting in leakage of 
cells and fluid into the surrounding tissue.21

Formation of the Primary Hemostatic Plug
When vessel injury occurs, the platelets react by forming the primary 
hemostatic plug. By sticking first to exposed collagen and other com-
ponents of the subendothelium and then to each other, the platelets 
form a mass that mechanically fills defects in the vessel lining and lim-
its the loss of blood from the injury site.

Platelets circulating in blood vessels do not interact with other 
platelets or other cell types. Circulating platelets are disc shaped and 
inert in the environment of normal endothelium (Figure 31-7a ■). 
This is largely the result of endothelial release of prostacyclin (PGI2) 
and nitric oxide (NO), which inhibit platelet activation, and the presence 
of an ADPase (CD39), which degrades ADP, a potent platelet activator.

Injury to the blood vessels causes a change in the normal environ-
ment and in response, activation of platelets. The primary hemostatic 
plug is the result of the transformation of the platelets from an inac-
tive to an active state. The formation of a platelet plug requires several 
platelet activation events, including adhesion, contraction or shape 
change, secretion, and aggregation (Figure 31-8 ■).

 ionized calcium within platelets analogous to the sarcoplasmic reticu-
lum of muscle cells and releases Ca++ when platelets are activated.19 
The concentration of calcium ions within the platelet cytoplasm is 
important in regulating platelet metabolism and activation. The DTS 
is also a major site of prostaglandin and thromboxane synthesis.20

Platelet Function
Platelets are involved in several aspects of hemostasis, including 
maintaining vascular integrity, forming the primary hemostatic plug, 
 providing a surface for fibrin generation and secondary hemostatic 
plug formation, and finally promoting repair of the injured tissues 
(Table 31-8 ★).

Maintenance of vascular integrity
Even in the absence of physical trauma to a vessel, platelets play an impor-
tant role in maintaining vascular integrity, which requires functional and 
physical contacts between platelets and the endothelium.21,22 Platelet 

• maintenance of blood vessel integrity
• Platelet–platelet interactions (primary hemostatic plug)
• Platelet–coagulation protein interactions (secondary hemostatic 

plug)
• Aid in healing injured tissue

★ taBle 31-8 Platelet Roles in Hemostasis

■  Figure 31-7 Stages of platelet activation. (a)  “Resting,” disc-shaped platelet. 
(b) Partially  activated platelet (upper left) and fully activated platelet (spiny sphere—
lower right). (c) Aggregate of activated platelets. (d) Platelets (P) adherent to exposed 
 subendothelium (SE).
EC = intact endothelial cells
Figure courtesy of Dr. Marion Barnhart, Wayne State University School of Medicine.

a b

EC

SE

P

P

c d
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Platelet adhesion
The major function of platelets is to seal defects in the vascular net-
work. The initial stimulus for platelet activation is exposure of sub-
endothelial components of the vessel walls that are normally hidden 
from circulating platelets. The subendothelium contains a large num-
ber of adhesive proteins with which the platelets can interact via their 
specific membrane receptors. The first step in primary hemostatic 
plug formation, platelet adhesion, is the attachment of platelets 
to collagen and other components of the subendothelium. Platelets 
contain two collagen receptors: GPIa/IIa and GPVI, which mediate 
direct collagen binding at low shear rates. Platelet adhesion to collagen 
at high shear rates, however, requires the presence of VWF and the 
platelet VWF receptor, GPIb/IX.

Both endothelial cells and megakaryocytes synthesize VWF, 
which is stored in intracellular organelles, the Weibel-Palade bod-
ies of endothelial cells and aG of platelets. It is secreted into the 
plasma as well as deposited in the subendothelium where it is 
bound to collagen (Web Figure 31-2 and Chapter 33). VWF is a 
multimeric protein made up of a series of identical subunits, each 
containing binding sites for GPIb/IX on the platelet surface and 
for collagen in the subendothelium. Circulating (soluble) VWF 
will not bind to GPIb/IX. However, high shear rates cause confor-
mational changes in immobilized VWF, and platelet adhesion is 
initiated by interacting with VWF immobilized on collagen23,24 
(Web Figure 31-2). VWF can also bind to the platelet GPIIb/IIIa 
receptor. Platelet interaction with subendothelial VWF is some-
what transient and insufficient to result in stable adhesion by 
itself. Firm adhesion requires the synergistic interaction of several 
platelet receptors. Initial interaction with VWF slows the circulat-
ing platelets and facilitates their subsequent interaction with col-
lagen via the GPIa/IIa and GPVI collagen receptors. GPIa/IIa has 
a higher affinity for collagen, but GPVI is a more effective platelet 
activator. The result of their interaction is firm adhesion and plate-
let activation.11 GPVI activation induces ADP release from the DG 
and synthesis of TXA2 from arachidonic acid.14

Although the tissues have numerous other adhesion molecules 
including laminin, vitronectin, and fibronectin and the platelet surface 
has receptors for these adhesive proteins (Table 31-5), their contribu-
tions to platelet adhesion in vivo remain uncertain. Platelets preferen-
tially bind to collagen under conditions of high shear rates.

The GPIb/IX receptor is functionally available in the rest-
ing platelet, and binding does not require platelet activation or 
Ca++. Once its ligand (VWF) becomes available with exposure of 
the subendothelium, adhesion occurs. Adhesion is a passive, non-
energy-requiring process and is potentially reversible in its early 
stages. Many platelets adhere in a similar manner until a mono-
layer of platelets covers the exposed surface of the subendothelium 
(Figure 31-7d).

Much of what is known about this phase of platelet function 
has been learned from studying patients with two diseases in which 
platelets fail to adhere properly: Bernard-Soulier syndrome and von 
Willebrand disease (VWD). Patients with Bernard-Soulier syndrome 
have mutations in one of the genes of the GPIb/IX complex that causes 
either decreased amounts of the receptor complex on the platelet sur-
face or abnormal function of the complex (Chapter 33). Patients with 
VWD have mutations in the gene encoding VWF (Chapter 34).

■  Figure 31-8 Diagram of platelets forming the primary 
hemostatic plug. Tissue injury causes platelets to adhere 
to subendothelial collagen. Shape change, secretion of 
granule contents, and aggregation follow. Additional 
platelets become activated by the secreted substances 
and clump together, eventually forming a mechanical 
 barrier that halts the flow of blood from the wound.

Tissue
injury

Platelet
adhesion
(subendothelial
collagen)

Shape
change

Platelet
aggregation

Secretion

Primary
hemostatic
plug
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Platelet activation
Adhesion of platelets to subendothelial components triggers a series of 
morphologic and functional changes known as platelet activation. 
Activation is a complex process that includes changes in metabolic 
biochemistry, platelet morphology (shape), surface receptors, and 
membrane phospholipid orientation. Key activation outcomes are the 
generation of active GPIIb/IIIa receptors for fibrinogen binding, the 
secretion of the contents of the platelet granules into the surrounding 
tissue, and the formation of platelet aggregates. Only activated platelets 
are able to proceed with the subsequent steps in forming the primary 
hemostatic plug. Once activated, the platelet response becomes self-
perpetuating and irreversible. Through strict control mechanisms, 
platelet activation remains localized to the injured area. Activation 
of platelets is summarized schematically in Figure 31-8 and in this 
chapter’s Companion Resources.

Platelet Agonists. A number of substances have been shown to 
stimulate platelets and to activate them. An agent that induces platelet 
activation is called an agonist. Each agonist binds to the platelet sur-
face at its specific platelet receptor. A signal is transmitted (transduced) 
internally by the receptor, and a series of reactions in the interior of the 
platelet leads to subsequent platelet responses. The signal transduction 
mechanisms in the platelet are similar to those of other cells.

Some agonists (Table 31-9 ★) are generated by the platelets 
themselves and some by other cells or molecules at the injury site. 
Some agonists are normally present within cells and are released when 
the cells are injured or activated; others are synthesized de novo with 
activation. Agonists are often grouped as “strong” or “weak.” Strong 
agonists (e.g., collagen, thrombin) can activate the full range of plate-
let functions themselves (shape change, secretion, aggregation). Weak 
agonists initiate platelet activation but require platelet synthesis and 

If a patient with Bernard-Soulier syndrome or VWD cut 
a finger, would you expect bleeding to stop as fast as it 
does when you cut your own finger? Why or why not?

checkpoint 31-4

release of endogenous TXA2 (i.e., activation of the platelet cyclooxy-
genase pathway) to complete activation through secretion and aggre-
gation. Thrombin is the most potent activator of platelets in vivo.25

Platelet shape change
Activation of platelets by a number of agonists is accompanied by 
a change in morphology from flattened disc-shaped cells to spiny 
spheres with long projections from the surface called pseudopods 
(Figures  31-7b and 31-9 ■). Shape change involves reorganization of  
proteins in the structural zone including the microtubules (MT), sub-
membranous cytoskeletal proteins, and actin and myosin cytoplasmic 
filaments. The MT coil is dismantled, reorganized, and contracted into 
the center of the cell, concentrating the platelet organelles in the center 
and causing the change to a spherical rather than flattened cell.7 This 
brings the platelet granules into closer proximity to the OCS, facilitating 
secretion. The protrusive force for developing pseudopods is the result 
of actin polymerization and is an energy-requiring process. After plate-
lets adhere to the subendothelium, they undergo variable degrees of 
“spreading,” resulting in the development of broad lamellipodia rather 
than spikelike pseudopods.26 As a result of the shape change, each plate-
let has a larger membrane surface area for biochemical reactions and a 
larger area for contact with the injured tissue and other platelets.

agonists agonist receptors

Platelet-derived agonists

• ADP P2y1, P2y12

• Serotonin 5HT2A

• Platelet-activating factor (PAF) PAFR

• Thromboxane A2 (TXA2) TP

Other (nonplatelet-derived) agonists

• Collagena GPIa/IIa, GPVI

• Thrombina PAR1, PAR4

• Epinephrine a2@adrenergic receptors
a Strong agonists (full activation of platelet does not require cyclooxygenase 
activity).

★ taBle 31-9 Platelet Agonists and Their Platelet 
Receptors

■  Figure 31-9 Platelet shape change after stimulation by an agonist. Pseudopods develop 
on the platelet surface and contain a network of actin and myosin; the microtubule circumfer-
ential ring contracts; the membrane phospholipids are activated; activated glycoprotein IIb/
IIIa receptors appear; internal biochemical changes occur; and granule  secretion follows.

Microtubules
contract Membrane

lipids
reorganized

Granule
secretion

Actin/Myosin
network

Active GPIIb/IIIa
appears

Internal
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changes

Shape change

Agonist
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Thrombospondin constitutes about 20% of the protein released 
from the platelet aG. It is also synthesized by other cells, including 
endothelial cells, and is found in the extracellular connective tissue. It 
may function to help stabilize the aggregated platelets.11

Platelets contain a number of growth factors, including platelet-
derived growth factor (PDGF), transforming growth factor@b, epider-
mal growth factor, VEGF, and insulinlike growth factor. All function as 
mitogens and are thought to contribute to healing of the injured tissue.7

FV, VWF, and fibrinogen are proteins in the aG that are similar 
to hemostatic proteins of the plasma. FV can function as a receptor 
on the platelet surface for hemostatic proteins (FXa and prothrom-
bin; Chapter 32) and is a cofactor in the process of fibrin formation. 
Platelets contain ∼20% of the FV found in whole blood,29 which, like 
fibrinogen, appears to be taken up from plasma.30 The functions of 
VWF and fibrinogen have been discussed previously. When released 
from activated platelets, PAI-1 and a2@antiplasmin seem to protect 
newly formed clots from lysis. When released from the platelet gran-
ules, these various hemostatic proteins can serve as an additional 
source of these proteins for secondary hemostasis.

Platelet aggregation
During platelet adhesion, collagen binding to GPVI triggers intracel-
lular signaling that results in activation of GPIIb/IIIa in the platelet 
membrane, which then binds soluble fibrinogen. The active GPIIb/
IIIa complex appears soon after platelet activation with any agonist. 
Resting platelets do not express a functional GPIIb/IIIa complex and 
are unable to bind fibrinogen. This prevents unactivated platelets from 
aggregating as they circulate in the plasma. With the development of 
the high-affinity, ligand-binding form of GPIIb/IIIa, the platelet is 
functionally able to undergo platelet aggregation.7

Platelet aggregation is the attachment of platelets to one 
another (Figure 31-7c). Newly arriving platelets flowing into the area 
become activated by contact with agonists such as ADP and TXA2 
(released by the initial adherent and activated platelets), products from 
the damaged tissue and endothelial cells, and thrombin (a procoagu-
lant enzyme generated by tissue factor/FVIIa acting on prothrombin) 
(Chapter 32). With activation, the new platelets undergo shape change 
and exposure of their active GPIIb/IIIa sites. The fibrinogen bound 
to activated platelets serves as a bridge, cross-linking GPIIb/IIIa mol-
ecules on two adjacent platelets.

Fibrinogen is able to link two platelets because of its unique 
molecular structure (Chapter  32). Briefly, it is a dimeric molecule 
composed of two each of three polypeptide chains: Aa, Bb, and g. 
One fibrinogen molecule attaches to the GPIIb/IIIa receptors on two 
adjacent platelets via binding sites at the carboxy terminal end of 
each of the g-chains (Figure 31-10 ■).31 The a-chains also contain 
sequences for platelet binding. Approximately 40,000–50,000 mol-
ecules of fibrinogen are bound to each activated platelet. Fibrinogen 
binding is reversible for a time, but after about 10 to 30 minutes, it 
becomes irreversible. Ca++ is needed for platelet aggregation to occur, 
whereas platelet adhesion does not require Ca++. Fibrinogen and Ca++ 
are supplied by both the plasma and internal platelet storage sites (aG, 
DG, and DTS), which provide high concentrations of both constitu-
ents in the injured area.

A study of patients with Glanzmann thrombasthenia (Chapter 33) 
demonstrated the importance of GPIIb/IIIa receptors in platelet 

The cytoskeletal rearrangements resulting in shape change and 
spreading alter membrane glycoproteins. GPIb/IX receptors are 
moved from the platelet surface to the OCS and internalized, whereas 
active GPIIb/IIIa receptors increase in density on the platelet surface 
as they are mobilized from aG, DG, and OCS membranes.27 The 
result is to convert the activated platelet from an “adhesion” state to 
an “aggregation” state.

Shape change leads to succeeding responses if the stimulus from 
the agonists is strong enough. In the absence of a sufficiently strong 
stimulus, the platelet returns to its original discoid shape.

Platelet secretion (release)
Following the centralization of organelles by the contractile process 
responsible for shape change, platelets begin to discharge granule 
 contents into the surrounding area, a process known as platelet 
secretion or platelet release reaction. Secretion is an energy-
dependent process requiring ATP. The OCS fuses with membranes 
of granules that have been centralized deep within the platelets’ inte-
rior during platelet shape change, and the granule contents are then 
extruded through the OCS to the platelet’s exterior. Alternatively, 
secretion can occur by direct fusion with the plasma membrane.7

Secretion provides a positive feedback mechanism in platelet 
activation. Some of the substances released from the platelet granules 
(e.g., serotonin, ADP) function as agonists that stimulate membrane 
receptors on additional platelets. The binding of secreted ligands to 
platelet receptors repeats itself, resulting in the recruitment of addi-
tional layers of platelets and ultimately the formation of a platelet plug. 
These positive feedback mechanisms ensure an adequate hemostatic 
response.

Roles of the Granule Contents. The DGs release their contents 
into the surrounding tissue (Table 31-6). The DGs release of ADP 
is considered to be of primary importance because ADP functions 
as an agonist, producing a positive feedback mechanism in the con-
tinued stimulation and recruitment of additional platelets. The ADP 
receptors important for platelet activation are designated P2Y1 
and P2Y12.28 Stimulation by ADP results in the typical response of 
increased cytoplasmic calcium, more platelet release, and the activa-
tion of the fibrinogen receptor GPIIb/IIIa.

DGs release calcium extracellularly with the ADP. This  calcium 
is nonmetabolic and is not involved in the internal stimulation 
 processes. The extruded calcium is believed to provide a high con-
centration outside the platelets necessary for fibrinogen attachment 
and for other enzymatic reactions that take place on the platelet 
exterior surface. Refer to Table 31-6 for other components and their 
functions.

The aGs contain a wide variety of proteins (see Table 31-7 for 
a partial list of aG components). Some are specific for the platelet, 
and others are similar to hemostatic proteins found in the plasma. 
The platelet-specific proteins include platelet factor 4 (PF4) and 
b@thromboglobulin (bTG). Both have heparin-neutralizing activity, 
although bTG does not bind heparin as avidly as PF4. Heparin is an 
anticoagulant used to treat patients who are hypercoagulable or who 
are at increased risk of thrombosis (Chapter 35). PF4 performs many 
actions including chemotactic activity for neutrophils, monocytes, 
and fibroblasts. bTG, which is actually a family of proteins, also is a 
 chemoattractant for fibroblasts and can promote wound healing.
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which supplement the platelet stimulation. If platelets are unable to 
release ADP and/or to synthesize TXA2 secondary aggregation does 
not occur, and the platelets disaggregate. In general, the in vivo result 
in such situations increases the time to stop bleeding from a wound.

aggregation. Persons with this rare disease lack functional GPIIb/IIIa 
receptors, and their platelets do not aggregate in response to various 
agonists in platelet aggregation tests (Chapter 36). Patients who have 
decreased levels of fibrinogen have abnormal platelet aggregation as 
well (Chapter 33). Other adhesive proteins such as VWF, thrombos-
pondin, and fibronectin also bind to the GPIIb/IIIa receptor, but their 
roles in platelet aggregation in vivo are unclear.

Within in vitro test systems, aggregation occurs in two phases, 
primary and secondary aggregation (Chapter 36). During primary 
aggregation, platelets adhere loosely to one another. If the stimulus 
by agonists is weak, primary aggregation is reversible. Secondary 
aggregation follows and results in irreversible platelet aggregation. It 
begins as the platelets start to release their own ADP and other granule 
contents and to synthesize and release TXA2 (see the section “Arachi-
donate Pathway”). The released substances act as additional agonists, 

■	 Figure 31-10 Platelet aggregation. Agonist stimulation 
in the presence of Ca++ causes high-affinity fibrinogen 
receptors, activated glycoprotein IIb/IIIa, to appear on 
the platelet surface. Fibrinogen binds horizontally to two 
platelets by peptide sequences at the terminal end of its 
g-and a-chains in the D domains, one g-chain to GPIIb/
IIIa receptors on each platelet. Fibrinogen thus becomes a 
bridge between the two platelets.
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■	 Figure 31-11 Phospholipase C/phosphoinositide pathway. Activated G proteins activate 
PLC. Activated PLC cleaves PIP2, releasing IP3 and DAG. IP3, in turn triggers release of Ca++ 
from the DTS. DAG activates PKC, inducing granule secretion and activation of GP IIb/IIIa, the 
fibrinogen receptor.
PLC = phospholipase C; PIP2 = phosphatidyl inositol bisphosphate; IP3 = inositol triphosphate; 
DAG = diacylglycerol; DTS = dense tubular system; PKC = protein kinase C
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Your finger is still bleeding at this point, but the platelets 
are aggregating to form the primary hemostatic plug. 
Let’s review the key events:

 a. To what do platelets first adhere?
 b. What bridge and what platelet membrane receptor 

are needed for platelet adhesion?
 c. What bridge and what platelet membrane receptor 

are needed for platelets to attach to one another?
 d. What is the attachment of platelets to one another 

called?

CheCkpoint 31-5

Biochemistry of Platelet Activation
Platelets become activated after agonists bind to receptors on the 
platelet surface, initiating signaling events within the platelets. These 
signaling events eventually lead to the reorganization of the platelet 
cytoskeleton, granule secretion, and aggregation.

G Proteins. Actions of most of the familiar agonists (collagen, ADP, 
thrombin, epinephrine, TXA2, arachidonic acid) and their recep-
tors are linked with guanine nucleotide-binding (G) proteins on the 
inner leaflet of the platelet phospholipid membrane.28 G proteins are 
molecular switches that are inactive when GDP is bound but active 
after GTP is bound. When the platelet adheres to collagen, G proteins 
are activated and, in turn, activate enzymes in the platelet membrane 
and cytoplasm. Some activated enzymes cleave specific membrane 
phospholipids. The resulting lipid products are “second messengers” 
that transmit the signal to interior parts of the cells.

Phospholipase C and the Phosphoinositide Pathway. One 
second messenger pathway important in platelet activation involves 
activation of the enzyme phospholipase C (PLC) (Figure 31-11	■). 
Activated G proteins activate PLC, which cleaves phosphatidyl ino-
sitol bisphosphate (PIP2) into inositol triphosphate (IP3) and diacylg-
lycerol. PIP2 is the doubly phosphorylated product of the membrane 
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leukotrienes. In the platelet, thromboxane A2 (TXA2) is synthesized 
from AA by the enzymes cyclo-oxygenase and thromboxane synthase. 
In endothelial cells, prostacyclin (PGI2) is synthesized from AA by 
cyclo-oxygenase and prostacyclin synthase (Figure 31-13 ■).

TXA2 is a potent platelet agonist and can stimulate platelet activa-
tion and secretion. Platelet activation by “weak” agonists does not pro-
duce platelet secretion if TXA2 synthesis is blocked, which seriously 
impairs subsequent steps in platelet function. Aspirin (acetylsalicylic 
acid) irreversibly inhibits cyclooxygenase and prevents affected plate-
lets from synthesizing TXA2 (Chapter 33). Because aspirin’s inhibi-
tion of cyclooxygenase is irreversible, the effect lasts for the lifetime 
of the platelets exposed. TXA2 is released from activated platelets 
and enhances vasoconstriction and functions as a platelet agonist, 
perpetuating the activation process. TXA2 is a labile compound 
quickly converted into an inert form, TXB2, shortly after its synthesis 
(T1/2 ∼30 seconds).32

Cyclic AMP (cAMP) Pathway. cAMP is an important negative 
regulator of platelet activation (Figure 31-14 ■). cAMP inhibits 
shape change, platelet secretion, and integrin activation (conversion 
of GPIIb/IIIa to an active form). PGI2 from endothelial cells inhibits 
platelet activation by stimulating adenyl cyclase, increasing cAMP lev-
els. This is one way to limit and localize the formation of the primary 
hemostatic plug.7 ADP functions as a platelet agonist by inhibiting 
adenyl cyclase, thus lowering cAMP levels and permitting platelet 
activation. The platelet inhibitory drug, dipyridamole, inhibits phos-
phodiesterase, the enzyme responsible for the degradation of cAMP 
to AMP, thus stabilizing platelet cAMP levels and inhibiting platelet 
activation.28

Platelet activation and biochemical reactions leading to aggrega-
tion are summarized in Figures  31-13 and 31-15 ■.

Platelet Plug
The platelets eventually form a barrier (the primary hemostatic 
plug) that seals the injury and prevents further blood loss. When 
the primary hemostatic plug is formed, the bleeding stops. The time 
for bleeding to cease depends on the depth of the injury and the 
size of the blood vessel involved. Superficial wounds in which only 
capillaries and small vessels are affected usually stop bleeding within 
10 minutes.

lipid phosphatidyl inositol (PI) produced by PI kinase. The cleavage 
products released from PIP2 by PLC function to mobilize calcium ions 
from storage sites in the DTS (IP3) and to activate a kinase enzyme, 
protein kinase C/PKC (diacylglycerol). Activated PKC in turn phos-
phorylates proteins, contributing to granule secretion and fibrinogen 
receptor exposure.28

Role of Ca++. Platelet activation is accompanied by an increase in 
the cytosolic-free Ca++ concentration. Ca++ serves as an intracellular 
second messenger and affects enzyme activity and protein–protein 
interactions. Resting platelets have very low levels of ionic calcium 
in the cytoplasm (Figure 32-12 ■). Many cellular enzyme systems 
that are inactive at the Ca++ concentration in resting platelets become 
activated by the increase in Ca++ that occurs with platelet activation. 
These enzymes include phospholipase A2 (PLA2), phospholipase C 
(PLC), PI kinase, and myosin light chain kinase ([MLCK], important 
in the assembly of the contractile mechanism responsible for plate-
let shape change). The increase in calcium ions results from both 
the release from internal stores (by IP3) and the influx from outside 
the cell, probably via the P2X1 receptor. A direct relationship exists 
between the amount of cytoplasmic-free calcium and the extent of 
platelet stimulation.

Arachidonate Pathway. Phospholipase A2 (PLA2) is activated by 
the increase in cytoplasmic calcium and hydrolyzes arachidonic 
acid (AA) from membrane phospholipids. AA serves as a precursor 
of a variety of regulatory substances, including prostaglandins and 

■  Figure 31-12 Ca++ regulation in platelets. Resting 
platelets maintain low levels of cytoplasmic Ca++ via active 
uptake by the DTS and active extrusion, probably via a 
Ca++ pump. These mechanisms counter a passive diffusion 
of Ca++ into the platelet along a concentration gradient. 
With activation, platelets increase intracellular cytoplasmic 
Ca++ due to release from the DTS (by IP3) and increase Ca++ 
influx (probably mediated via ATP and the P2X1 receptor).
DTS = dense tubular system
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your finger has now stopped bleeding. outline the steps 
of primary hemostasis that have occurred.

checkpoint 31-6

3. the physician explained to michael that the reddish-
purple spots on his legs and ankles were tiny pinpoint 
hemorrhages into the skin. Explain the relationship of 
these hemorrhages to the platelet count.

case stuDy (continued from page 615)
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charged phospholipids.33 The resulting platelet-coagulation factor 
interactions result in formation of the secondary hemostatic plug.

The primary platelet plug is relatively unstable and is easily 
dislodged. During secondary hemostasis, fibrin forms between and 
around the aggregated platelets. Platelets enhance the fibrin-forming 
processes by mechanisms explained in Chapter 32. The proteins that 
interact enzymatically to form fibrin must be assembled on a lipid 
surface where the reactions take place. This localizes coagulation and 
the formation of fibrin to the developing thrombus. It also protects 
coagulation enzymes from inactivation by inhibitors. The membrane 
phospholipids of activated platelets are the primary source of this lipid 
surface.

Fibrin-forming proteins do not bind to resting platelet sur-
faces in the circulation. In resting platelets, the negatively charged 
phospholipids (PS and PE) are almost exclusively found in the inner 
half of the membrane bilayer. During the activation of platelets, the 
membrane phospholipids flip-flop, and the negatively charged phos-
pholipids move to the outer leaflet via a Ca++@activated scramblase 
enzyme that reverses the asymmetric distribution of phospholipids.25 
This phospholipid rearrangement provides the phospholipid surface, 
allowing coagulation factors to bind, become activated, and initiate 
fibrin formation. Platelet factor 3 activity is an older name for this 
platelet procoagulant activity. The fibrin-stabilized platelet plug is the 
secondary hemostatic plug.

Platelets and secondary Hemostasis
The final aspect of platelet activation involves the changes in the plate-
let membrane that allow platelets to function in secondary hemostasis. 
Activated platelets accelerate thrombin formation, a function known 
as platelet procoagulant activity. Fibrin-forming proteins (coag-
ulation factors) bind to the surface of activated platelets by binding 
either to specific receptors on platelets or nonspecifically to negatively 

■  Figure 31-13 Biochemical pathways of TXA2 formation in the platelet. Stimulation of 
platelet membranes (both intracellular granule and cytoplasmic membranes) by agonists (e.g., 
collagen, thrombin, arachidonic acid) liberates arachidonic acid from membrane phospholipids. 
Cyclo-oxygenase incorporates two molecules of oxygen, forming prostaglandin PGG2 (PGH2 
in the reduced form). Thromboxane synthetase converts PGG2 to TXA2, and TXA2 is sponta-
neously converted to inactive thromboxane B2. Alternatively, PGG2 can be converted to PGI2, 
a powerful platelet inhibitor, in endothelial cells.
TXA2 = thromboxane A2; PGI2 = prostacyclin

(Site of aspirin
inhibition)

Collagen
Thrombin
Arachidonic acid

Phospholipases

Membrane
phospholipids

C

C

C R PO4

R

Thromboxane
synthetase

Thromboxane
A2

Thromboxane B2

Spontaneous

PGG2 (PGH2)

Free
arachidonic acid

202

COOH

Cyclo-oxygenase

Prostacyclin
synthetase

Prostacyclin
(PGI2) in
endothelial cells

■  Figure 31-14 Role of cAMP in platelets. cAMP 
is a negative regulator of platelet function,  inhibiting 
 various steps of platelet activation. Adenyl cyclase 
converts ATP or ADP to cAMP. Subsequently, 
 phosphodiesterase degrades cAMP to inactive AMP. 
PGI2, a  platelet-activation antagonist, activates adenyl 
cyclase, whereas ADP, a potent platelet agonist,  inhibits 
adenyl cyclase.  Dipyridamole, a platelet inhibitory drug, 
functions by inhibiting  phosphodiesterase, thereby 
 stabilizing cAMP and  preventing platelet activation.
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platelets that actually provides the procoagulant surface for secondary 
hemostasis to occur.7,34

The entire platelet–fibrin mass then contracts to a firmer, more 
cohesive clot. This contraction is called clot retraction. An adequate 
number of functional platelets are needed for clot retraction, a process 
that can be observed in a test tube of blood when no anticoagulant is 
added. After blood is placed into the test tube, the formation of fibrin 

Recent evidence suggests that only a subpopulation of activated 
platelets actually produces platelet procoagulant activity. Platelets 
that are simultaneously stimulated with thrombin and collagen show 
higher levels of membrane-bound activated coagulation proteins than 
are observed with only a single agonist (called coated platelets). Only 
∼30% of the total platelet population are coated platelets with opti-
mal agonist activation, suggesting they may be the subpopulation of 

■  Figure 31-15 Schematic diagram showing platelet biochemical changes after activation. 
An agonist (A) binds to a receptor (R) on the platelet. The GPIIb/IIIa complex appears soon 
after platelet activation with an agonist. Gp on the inner part of the phospholipid membrane 
(linked with R) becomes activated and in turn activates PLC, which cleaves PIP2 to form IP3 
and DAG. Subsequently, Ca++ is mobilized into the cytoplasm from the DTS. Many enzymes 
are activated by the increase in Ca++, including phospholipase A2. Arachidonic acid released 
from the membrane phospholipids is converted to thromboxane, which stimulates platelet 
secretion. DAG activates PKC, which contributes to granule secretion. Coagulation factors 
(e.g., FXa, FVa) bind to the platelet surface leading to fibrin formation.
IIb, IIIa = GPIIb/IIIa receptor; FIB = fibrinogen; DAG = diacylglycerol; Gp = guanine nucleotide binding protein (G 
protein); IP3 = inositol@3@phosphate; PLC = phospholipase C; PKC = protein kinase C; PIP2 = phosphatidylinositol 
bisphosphate
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platelet aggregation because thrombin is a potent platelet activator. 
Many agonists have short half-lives that limit their effects, and platelets 
can become desensitized to stimulation by some agonists. Intraplatelet 
calcium levels are tightly controlled as is the availability of the active 
form of the platelet receptor GPIIb/IIIa.

results in a network or mesh of fibrin strands that extends throughout, 
trapping essentially all of the blood cells with some serum. The mass of 
fibrin and trapped cells contracts over a period of 2–24 hours, extrud-
ing much of the serum from the fibrin mass.

Clot retraction is believed to occur by the association of adjacent 
platelet pseudopods with each other and the fibrin strands. Actin and 
other contractile proteins within the pseudopods cause the platelets 
to retract. A comparable phenomenon is believed to occur in vivo, 
consolidating the thrombus into a cohesive mass of platelets and 
fibrin that seals the wounded vessel and prevents further blood loss. 
Contraction can also decrease thrombolysis efficiency and enhance 
wound healing.35 The  stabilized platelet–fibrin mass remains in place 
until fibroblast repair of the wound results in permanent healing, and 
fibrinolysis dissolves the mass.

Physiologic Controls of Platelet Activation
Several inhibitory mechanisms balance platelet activation and prevent 
excessive platelet deposition (Table 31-10 ★). The platelets’ contact 
with agonists is minimized because of the endothelial cell (EC) barrier. 
The flowing blood produces a dilutional effect, removing platelet ago-
nists, loosely associated platelets, and coagulation proteins from the 
developing platelet aggregate. ECs produce NO and PGI2, two potent 
inhibitors of platelet activation. ECs also have ADPase that cleaves 
ATP and ADP to AMP, limiting the agonist effects of ADP. Physi-
ologic controls that limit thrombin activity (Chapter 32) also limit 

• minimal platelet contact with agonists (endothelial cell barrier)
• Dilutional effect of flowing blood
• Limited platelet responsiveness to agonists (endothelial cell 

 production of NO; PGI2 S ccAmP; ADPase; antithrombin)
• Limited duration of agonist receptor activity (short half-life of  

agonists)
• maintenance of tight controls on cytosolic [Ca++]
• Inability of “resting” GPIIb/IIIa to bind fibrinogen

★ taBle 31-10 Physiologic Controls of Platelet Activation

4. What is the most likely cause of michael’s pancytopenia?

5. Why would the administration of growth factors such as 
erythropoietin (EPO) and TPO be considered in this case?

case stuDy (continued from page 625)

Summary
After an injury, blood clots as the result of a series of complex 
biochemical reactions called hemostasis. Its purpose is to 
temporarily re-establish continuity of injured vessels to mini-
mize loss of blood. The components of hemostasis are found 
in the plasma and in the tissues that compose the blood 
vessel walls. All of the components are inert until activated 
by vessel injury.

Hemostasis occurs in phases called primary hemostasis, 
secondary hemostasis, and fibrinolysis. This chapter discussed 
the primary hemostasis phase during which the blood vessels 
and the platelets cooperatively form an aggregate of plate-
lets that mechanically fills the openings in the injured blood 
vessels and stops bleeding from the wound site. The injured 
blood vessels contribute by constricting and secreting various 

biochemical mediators that affect all of the subsequent steps 
of hemostasis.

The roles of the platelets are to adhere to the injured areas 
of the blood vessel walls and to aggregate by attaching to one 
another and by secreting substances stored in the platelet 
granules. The secreted substances help to attract and activate 
new platelets that are added to the aggregate and that help 
the growth of new tissue to permanently heal the wound. The 
surface of the aggregated platelets is required for the reac-
tions of secondary hemostasis. Several inhibitory mechanisms 
including blood flow, which dilutes platelet agonists and coagu-
lation proteins, and inhibitors of platelet activation produced 
by endothelial cells control platelet activation and formation of 
platelet plugs.
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Review Questions
Level i

 1. The definition of hemostasis includes the: (Objective 1)

 A. process of maintaining the body temperature

 B. termination of bleeding following a traumatic injury

 C. process of forming a hematoma

 D. regulation of kidney function

 2. Which of the following is the primary element that prevents 
blood from clotting inside blood vessels? (Objective 5)

 A. fibrinogen

 B. arteriole

 C. endothelial cells

 D. platelets

 3. What is the action of the blood vessels in hemostasis 
immediately after an injury? (Objective 5)

 A. thrombosis

 B. aggregation

 C. vasoconstriction

 D. vasodilation

 4. Which of the following has happened when a cut finger 
initially stops bleeding? (Objectives 6, 7)

 A. vasoconstriction of vessels proximal to the cut

 B. vasodilation of vessels distal to the cut

 C. formation of the primary hemostatic plug by aggregated 
platelets

 D. completion of fibrin formation and formation of the 
secondary hemostatic plug

 5. What is the first step in platelet function after an injury? 
(Objective 6)

 A. fibrin formation

 B. release of ADP

 C. platelet aggregation

 D. platelet adhesion to collagen

 6. What is the process of platelets binding to one another? 
(Objective 6)

 A. platelet secretion

 B. fibrin formation

 C. platelet adhesion

 D. platelet aggregation

 7. Each of the following is involved in hemostasis except: 
(Objective 2)

 A. vasoconstriction by the blood vessels

 B. adhesion and aggregation by the platelets

 C. fibrin formation by proteins in the plasma and 
platelets

 D. regulation of blood pressure

 8. An abnormal condition in which a blood clot forms on the 
interior of blood vessel is known as: (Objective 1)

 A. secondary hemostasis

 B. thrombosis

 C. primary hemostasis

 D. fibrinolysis

 9. The generation of fibrin by a series of reactions of proco-
agulant proteins is called: (Objective 3)

 A. secondary hemostasis

 B. primary hemostasis

 C. fibrinolysis

 D. hemolysis

 10. The formation of a primary hemostatic plug results from 
reaction between: (Objective 4)

 A. platelets and subendothelial tissue

 B. platelets and coagulation proteins

 C. coagulation proteins and subendothelial tissue

 D. coagulation proteins and VWF

Level ii

 1. What are the cells that line the central cavity of all blood 
vessels and related tissues called? (Objective 1)

 A. epithelial cells

 B. endothelial cells

 C. capillaries

 D. smooth muscle cells

 2. Platelet dense granules are storage organelles for which of 
the following that are released after activation? (Objective 2)

 A. calcium, ADP, and serotonin

 B. fibrinogen, glycoprotein Ib, and VWF

 C. ADP, thromboxane A2, and FV

 D. lysosomal granules, ATP, and FVIII
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 3. Which of the following is the platelet receptor needed for 
platelet adhesion? (Objective 3)

 A. glycoprotein IIb/IIIa

 B. actin

 C. VWF

 D. glycoprotein Ib/IX

 4. The platelet glycoprotein IIb/IIIa complex is: (Objective 3)

 A. a membrane receptor for fibrinogen

 B. secreted from the dense granules

 C. secreted by endothelial cells

 D. also called actin

 5. The formation of thromboxane A2 in the activated platelet: 
(Objective 6)

 A. is needed for platelets to adhere to collagen

 B. is caused by the a-granule proteins

 C. requires the enzyme cyclooxygenase

 D. occurs via a pathway involving VWF

 6. The function of microtubules in the resting platelet is to: 
(Objective 4)

 A. keep a high level of calcium in the cytoplasm

 B. store and sequester calcium

 C. provide a negative charge on the platelet surface

 D. maintain the disc shape

 7. The contents of the platelet granules are released from the 
platelet: (Objective 3)

 A. through the open membrane system after fusion with 
the granules

 B. through the microtubules after fusion with the granules

 C. by disintegration of the platelet plasma membrane

 D. by the mitochondria

 8. Which of the following is true about the relationship 
between ADP and platelets? (Objective 5)

 A. ADP is necessary for platelet adhesion.

 B. ADP released from the dense granules is required 
for adequate platelet aggregation.

 C. ADP is synthesized in the platelet from arachidonic acid.

 D. ADP is released from the platelets’ a-granules.

 9. The process by which a platelet agonist causes a change in 
shape of the platelet from a disc to a spiny sphere is known 
as platelet: (Objective 5)

 A. secretion

 B. aggregation

 C. activation

 D. release

 10. Which of the following statements correctly describes the 
role of cAMP in platelet function? (Objective 7)

 A. elevated camp induces platelet aggregation.

 B. elevated camp inhibits platelet activation.

 C. elevated camp activates cyclooxygenase and TXA2 
production.

 D. Decreased camp inhibits platelet activation

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define hemostasis and identify the three physiologic compartments 

involved in the hemostatic mechanism.
 2. Differentiate primary and secondary hemostasis.
 3. List the coagulation factors using roman numerals and determine how 

each factor is evaluated in lab testing.
 4. Classify the coagulation factors in groups and discuss their 

characteristics.
 5. Evaluate the importance of vitamin K in hemostasis.
 6. Describe the mechanism of action of the coagulation proteins.
 7. Diagram the sequence of reactions in the coagulation cascade 

according to the historic concepts of intrinsic, extrinsic, and common 
pathways.

 8. Identify the factors involved in contact activation.
 9. Diagram the physiologic pathway of blood coagulation.
 10. Define fibrinolysis, identify the major components of the fibrinolytic 

system, and explain why fibrinolysis is a necessary component of 
hemostasis.

 11. List the fragments resulting from fibrinolytic degradation; compare and 
contrast the fragments resulting from the degradation of fibrinogen 
and fibrin.

 12. List the major biochemical inhibitors that regulate secondary 
hemostasis.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Explain the interactions of the three physiologic compartments 

involved in hemostasis.
 2. Describe the domain structure of the coagulation factors, determine 

how this structure affects the action of the serine proteases, and 
explain the significance of the noncatalytic regions.

(continued)
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 7. Compare and contrast physiologic and systemic 
fibrinolysis.

 8. Describe the physiologic controls of hemostasis includ-
ing blood flow, feedback inhibition, liver clearance, and 
inhibitors (antithrombin, TFPI, protein C, protein S, and 
TAFI)

 9. Evaluate a case study from a patient with a defect in 
hemostasis and, using the medical history and laboratory 
results, determine the diagnosis.

Objectives—Level II (continued)

 3. Summarize the formation of complexes on a phospholipid 
surface and explain the significance of these complexes 
to hemostasis.

 4. Integrate the role of contact factors with other systems 
(complement activation, fibrinolysis, inflammation).

 5. Describe the multiple roles of thrombin in hemostasis.
 6. Explain the physiologic functions of ADAMTS-13, A2, LRP, 

EPCR, and uPAR.

We will address this case throughout the chapter.

Shawn, a 10-year-old boy, saw his physician for recur-
rent nosebleeds and anemia. History revealed that the 
epistaxis began when he was about 18 months old. 
The nosebleeds occurred one or two times a month 
and began spontaneously. His mother reported that he 
seemed to bruise easily. no lesion was found in the nose. 
no history of drugs was noted. the family history indi-
cated that the boy’s grandparents were cousins. Shawn 
had a brother who died of intracranial hemorrhage at 
10 years of age. Parents and all other relatives showed 
no bleeding problems.

Case stuDy OvervieW
Hemostasis requires the interaction of platelets, blood vessels, and 
coagulation proteins. The previous chapter described primary hemo-
stasis (platelets and blood vessels). This chapter introduces the plasma 
protein systems contributing to secondary hemostasis. It begins with 
an overview of hemostasis and discusses the distinctions between pri-
mary and secondary hemostasis. The coagulation proteins are pre-
sented in related groups for initial discussion of general properties, 
mechanisms of action, and protein structure. The chapter describes 
the functional interactions of these procoagulant proteins from the 
classical perspective of intrinsic, extrinsic, and common pathways. 
The current concept of in vivo blood coagulation initiated through 
a  cell-based system is discussed. The chapter presents the fibrinolytic 
system (components, activators, inhibitors) and defines the prod-
ucts of fibrinolytic degradation. The chapter summarizes the various 

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

Level i
• define and summarize the events in primary hemostasis. 

(Chapter 31)

Level ii
• describe the structure of the platelet phospholipid membrane. 

(Chapter 31)
• review protein structure, protein domains, and properties 

of enzymes. (Chapter 2 and previous chemistry and biology 
courses)

Key Terms
ADAMTS-13
Annexin-II (A2)
Coagulation factor
Common pathway
Contact group
Endothelial cell protein C 

receptor (EPCR)
Extrinsic pathway
Extrinsic Xase complex
Fibrin degradation product 

(FDP)

Fibrinogen group
Fibrinolysis
g@Carboxylation
Intrinsic pathway
Intrinsic Xase complex
LRP receptor (LDL receptor-

related protein)
Plasminogen activator (PA)
Plasminogen activator inhibitor 

(PAI)
PIVKA

Prothrombinase complex
Prothrombin group
Serine protease
Serpin
Thrombin-activatable 

fibrinolysis inhibitor (TAFI)
Thrombomodulin (TM)
Tissue factor pathway
Tissue factor pathway inhibitor 

(TFPI)

Tissue-type plasminogen 
activator (tPA)

Transglutaminase
Urinary-type plasminogen 

activator (uPA) (urokinase 
[UK])

UPAR (uPA receptor)
Vitamin K dependent
Zymogen
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components contributing to the control of hemostasis, including 
physiologic processes (blood flow, liver clearance), positive and nega-
tive feedback mechanisms, and natural inhibitors.

intrODuCtiOn
Hemostasis is a carefully balanced process by which the body main-
tains blood in a fluid state within the vasculature and prevents loss of 
blood from the vascular system upon injury. Although often thought 
of as “clot” formation, hemostasis also includes fibrin (clot) dissolution 
and vessel repair. Hemostasis involves a series of complex and highly 
regulated events linking platelets, vascular endothelial cells, and coag-
ulation proteins (coagulation factors). The interaction of these three 
components at the cellular and molecular levels determines whether 
the equilibrium between bleeding (hemorrhage) and clotting (throm-
bosis) is maintained (Figure 32-1 ■). The delicate balance between 
bleeding and clotting requires both amplification reactions to ensure 
sufficient activity when needed and important regulatory reactions to 
ensure that excess activity does not occur.

As discussed in Chapter 31, hemostasis consists of two stages: 
primary and secondary. Primary hemostasis (Chapter 31), the forma-
tion of the unstable platelet plug, is the first response to vascular injury. 
Secondary hemostasis, the reinforcement of the unstable platelet plug 
with chemically stable fibrin, follows and includes a series of interde-
pendent, enzyme-mediated reactions. The endpoint of these reactions 
is the generation of thrombin, the enzyme that transforms the soluble 
protein fibrinogen to insoluble fibrin to stabilize the platelet plug.

The process of fibrin formation is normally well balanced and 
controlled, limiting it to the area of vessel injury. This localization 

prevents widespread or systemic coagulation activation. The proco-
agulant reactions are amplified to the appropriate degree, and natural 
inhibitors limit the proteolytic activity of the activated clotting fac-
tors. Negative feedback reactions also control fibrin formation: large 
amounts of thrombin destroy coagulation cofactors in the rate-lim-
iting steps of its own production. The platelet–fibrin plug seals the 
injured vessel preventing blood loss, enabling the vessel to begin to 
repair itself, and allowing fibrin ultimately to be digested by plasmin, 
an enzyme of the fibrinolytic system.

Hemostasis is complex, involving many interrelating compo-
nents and control mechanisms. Although no part of the system acts 
alone, each part is discussed individually, and then the concepts are 
integrated into a cohesive theory of hemostasis.

COaguLatiOn meChanism
The reactions involved in coagulation were initially described as occur-
ring in a cascade1 or waterfall-like2 fashion in which circulating, inactive 
coagulation factor precursors, or zymogens, are sequentially activated 
to their enzyme forms. Originally, this process was thought to be initi-
ated by two different pathways, as diagrammed in Figure 32-2 ■. We 
now know that this separation into two pathways does not reflect in 
vivo coagulation.3 The intrinsic pathway requires enzymes and pro-
tein cofactors that are all present in plasma; the extrinsic pathway 
requires enzymes and protein cofactors present in plasma as well as an 
activator—tissue factor—not found in blood under normal conditions. 
Both converge in a third path called the common pathway to gener-
ate the fibrin clot. The traditional analysis of the coagulation process 
assigns each of the coagulation factors to one of these pathways as indi-
cated in Table 32-1 ★.

Although the model of intrinsic, extrinsic, and common path-
ways does not represent in vivo coagulation, the concept of the three 
pathways is invaluable in understanding and interpreting the in vitro 
clotting assays used to evaluate coagulation. The activated partial 
thromboplastin time (APTT) measures the intrinsic and common 
pathways, whereas the prothrombin time (PT) measures the extrinsic 
and common pathways.

■  Figure 32-1 The coagulation system. Activators and 
inhibitors of clotting and fibrinolysis keep the coagulation 
system in balance. Clotting occurs when blood vessels 
are damaged and activators of coagulation factors are 
exposed or released. Clotting is controlled because fibri-
nolysis is initiated in response to clotting activation. Inhibi-
tors of both clotting and fibrinolysis serve to bring the 
system back into balance. An imbalance in the activation 
or inhibition of either clotting or fibrinolysis causes throm-
bosis or bleeding.

AT
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�1-Antitrypsin
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Heparin cofactor II
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tPA
uPA
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PAI-2
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What is the major distinction between the so-called 
extrinsic and intrinsic pathways?

CheCkpoint 32-1

intrinsic Pathway extrinsic Pathway Common Pathway

Prekallikrien (PK)  
HK

VII 
Tissue factor (TF; III)

X 
V

XII II

XI I

IX

VIII

★ tabLe 32-1 Coagulation Factors in Intrinsic, 
 Extrinsic, and Common Pathways
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Properties of the Blood Coagulation Factors
Similarities among the structural and functional properties of the coag-
ulation factors permit division into three groups: the prothrombin 
group, the fibrinogen group, and the contact group (Table 32-3 ★).

When fibrinogen (FI) is cleaved by thrombin, it is preferentially called 
fibrin. Tissue factor (TF) was assigned FIII, and calcium was assigned 
FIV, but these roman numeral designations are seldom used. FVI is no 
longer included in the coagulation sequence because it was originally 
assigned to a procoagulant activity subsequently found to be activated 
FV. High-molecular-weight kininogen (HK) and prekallikrein (PK) 
were never assigned roman numerals.

Most coagulation factors were discovered when physicians saw 
patients with a lifelong history of bleeding problems. Studies of the 
affected patients’ blood revealed that certain proteins were functionally 
deficient. These proteins have been isolated and characterized as to their 
composition (including full amino acid sequences), biochemical func-
tions, and the chromosomal location of their genes, providing useful 
information for understanding hereditary problems (Table 32-2).

■  Figure 32-2 A simplified version of the coagulation cascade showing the cascade or 
waterfall-like sequence of reactions. The tan boxes indicate complex formation.
PL = platelet phospholipid; TF = tissue factor

X

Common
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Prothrombin Thrombin

Fibrinogen Fibrin Crosslinked
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XIII

XIIIa

TF � VIIXII XIIa
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Contact

Intrinsic

IX

IXa � VIIIa
PL � Ca��

Intrinsic Xase
complex

Extrinsic Xase
complex

Prothrombinase
complex

Tissue factor
Ca�� � VIIa

Xa � Va
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Screening tests for evaluating hemostasis were done 
on Shawn. He was found to have a platelet count of 
2.42 * 109/L. Bleeding time was 8 minutes. The PT was 
29.5 seconds with a control of 12.0 seconds. The APTT 
was 51.0 seconds with a control of 55.4 seconds. Liver 
function tests were normal.

1. What do the results of the screening tests (platelet 
count, bleeding time, PT, and APTT) indicate?

2. What component of the hemostatic mechanism is 
most likely affected?

Case stuDy (continued from page 633)

PrOCOaguLant FaCtOrs
Coagulation factors are the procoagulant proteins involved in hemo-
stasis. The International Committee on Nomenclature of Blood 
Coagulation Factors4 has assigned roman numerals I through XIII 
to some factors. Each roman numeral was assigned according to the 
order of discovery of the respective factor, not its place in the reaction 
sequence. Each factor has one or more common names or synonyms 
in addition to the roman numeral designation, although the common 
names are rarely used today (Table 32-2 ★). The letter a following the 
roman numeral indicates the activated form of the factor (i.e., it is no 
longer a zymogen but has active coagulant activity). There are, how-
ever, several exceptions to this terminology. In its activated form, factor 
II (prothrombin) is preferentially known as thrombin rather than FIIa. 

3. What evidence indicates that Shawn has a hereditary 
bleeding disorder?

4. Are the nosebleeds significant in considering the 
diagnosis?

Case stuDy 
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Contact group Prothrombin group Fibrinogen group

Characteristics Requires contact with a negatively 
charged surface for activation

Requires vitamin K for synthesis; needs 
Ca++ to bind to a phospholipid surface

Large molecules; absent from serum 
(consumed in clotting)

Factors/Proteins included XII, XI, PK, HK II, VII, IX, X, PC, PS, PZ I, V, VIII, XIII

PC = protein C; PS = protein S; PZ = protein Z

★ tabLe 32-3 Coagulation Factor Groups Based on Physical Characteristics

critical for the calcium-binding properties of these proteins. The pro-
thrombin group is also referred to as vitamin K dependent because 
its members require vitamin K to be functional (see the section “Vita-
min K-Dependant Coagulation Proteins”). Other vitamin K-depen-
dent proteins include protein C (PC), protein S (PS), and protein Z 
(PZ) (see the section “Biochemical Inhibitors”).

Prothrombin group
The prothrombin group of procoagulant proteins includes prothrom-
bin (FII) and factors VII, IX, and X. These factors have a molecular 
mass ranging from 50,000–100,000 daltons (Da). The factors in the 
prothrombin group are produced in the liver, and all contain the 
g@carboxyglutamic acid-rich region called the GLA-domain that is 

Factor Common name(s) Circulating Form T1/2 (hours) role Plasma Concentration
Chromosome 
(gene symbol)a

I Fibrinogen 6-chain glycoprotein

MW 340,000

72–120 Substrate; fibrin precursor 200094000 mcg (mg)/mL

10 nM

4 (FGA, FGB, 
FGG)

II Prothrombin Single-chain glycoprotein 
MW 72,000

60–70 Serine protease; thrombin 
precursor

100 mcg/mL

1390 nM

11 (F2)

III Tissue factor Single-chain, 
 transmembrane 
 glycoprotein MW 45,000

na Cofactor in extrinsic Xase; 
complex not found in 
circulation

na 1 (F3)

IV Calcium Element na Cofactor in some coagulation 
reactions

8.8–10.5 mg/dL —

V Proaccelerin Single-chain glycoprotein 
MW 330,000

12–36 Cofactor in prothrombinase 
complex

10 mcg/mL

30 nM

1 (F5)

VII Proconvertin, 
stable factor

Single-chain glycoprotein 
MW 50,000

3–6 Serine protease;  constituent 
of extrinsic Xase complex

0.5 mcg/mL

10 nM

13 (F8)

VIII Antihemophilic 
factor

Heterodimer  glycoprotein 
MW 170–280,000

8–12 Complex with VWF in the 
circulation; cofactor in 
 intrinsic Xase complex

0.15 mcg/mL

∼1.0 nM

X (F8)

VWF von Willebrand 
factor

Multimeric glycoprotein; 
subunit MW 250,000

12 Platelet adhesion; stabilization 
of circulating FVIII

10 mg/mL 12 (vWF)

IX Plasma thromboplas-
tin component

Single-chain glycoprotein 
MW 57,000

18–24 Serine protease; constituent 
of intrinsic Xase complex

5 mcg/mL

90 nM

X (F9)

X Stuart factor Two-chain glycoprotein 
MW 59,000

30–40 Serine protease; constituent 
of prothrombinase complex

5 mcg/mL

100 nM

13 (F10)

XI Plasma thromboplas-
tin antecedent

Two-chain glycoprotein 
MW 143,000

52 Serine protease; contact 
factor

4–6 mcg/mL

30 nM

4 (F11)

XII Hageman factor Single-chain glycoprotein 
MW 80,000

60 Serine protease; contact 
factor

23–39 mcg/mL

375 nM

5 (F12)

XIII Fibrin-stabilizing 
factor

Heterotetramer 
 glycoprotein MW 320,000

240 Transglutaminase; fibrin 
stabilizer

14–28 mcg/mL

65 nM

6 (A-chain)(F13A1); 
1 (B-chain)(F13B)

HK Fitzgerald factor, 
 Williams factor, 
 Flaujeac factor

Single-chain glycoprotein 
MW 120,000

156 Cofactor; complexed with 
PK and FXI; contact factor

70–90 mcg/mL

670 nM

3 (KNG1)

PK Fletcher factor Single-chain glycoprotein 
MW 88,000

35 Serine protease complexed 
with HK; contact factor

35–45 mcg/mL

410 nM

4 (KLKB1)

T1/2 = biologic half-life; MW = molecular weight (in daltons); HMWK = high@molecular@weight kininogen; PK = prekallikrein
aGene symbol approved by the hUGo Gene nomenclature Committee

★ tabLe 32-2 Summary of the Properties of Coagulation Factors
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their active sites and a common catalytic mechanism. They selectively 
cleave arginine or lysine peptide bonds in their substrates. Each serine 
protease involved in the coagulation cascade is highly specific for its 
substrate(s).

FXIIIa is the only coagulation enzyme with transglutaminase 
activity. It catalyzes the formation of peptide bonds between glutamine 
and lysine residues on fibrin, forming stable covalent cross-links.

Vitamin K-Dependent Coagulation Proteins
Seven of the blood coagulation proteins, including prothrombin, 
 factors VII, IX, and X, and PC, PS, and PZ, require vitamin K for syn-
thesis of the functional protein.

Function of vitamin K
Vitamin K is a fat-soluble vitamin found in green leafy vegetables, fish, 
and liver. Some gram-negative intestinal bacteria also synthesize it. 
Vitamin K is necessary for the G@carboxylation of glutamic acid resi-
dues clustered in a region of the proteins called the GLA domain. The 
addition of an extra carboxyl group (COOH) to the g@carbon of the 
glutamic acid residues (g@carboxylation) is a post-translational modi-
fication of the protein carried out by a specific g@glutamyl carboxylase 
in the endoplasmic reticulum (ER) of the liver. The g@carboxylation is 
essential for Ca++ binding, which induces a conformational change in 
the protein, and enables the factor to bind to negatively charged phos-
pholipid surfaces (e.g., exposed phospholipids on activated platelets).3 
The carboxylase requires the reduced form of vitamin K (hydroqui-
none form) for its action. The carboxylation reaction converts reduced 
vitamin K to the epoxide form, which is converted back to the reduced 
form by the enzyme vitamin K epoxide reductase. Conversion back to 
the reduced form allows recycling of the vitamin K. Vitamin K antago-
nist drugs such as warfarin/Coumadin inhibit the activity of the vita-
min K epoxide reductase and prevent recycling of vitamin K back to 
the reduced form. Warfarin/Coumadin overdoses can be reversed by 
vitamin K administration (Figure 32-3 ■).

acarboxy Proteins
In the absence of vitamin K, the liver synthesizes the proteins, which 
can be found in the plasma. However, they are nonfunctional because 
they lack the g@COOH groups necessary for Ca++@phospholipid 
binding. The vitamin K-dependent factors lacking the COOH modi-
fication have previously been referred to as PIVKA (protein induced 
by vitamin k absence or antagonists) or des@g@carboxy form. The 
International Committee on Thrombosis and Haemostasis recom-
mends using the term acarboxy form. Warfarin/Coumadin, which 
inhibits the g@carboxylation process, results in the production of inac-
tive (acarboxy) proteins by the liver. The nonfunctional and functional 
forms of the factors are identical with respect to amino acid composi-
tion and antigenic determinants.

Fibrinogen group
The fibrinogen group includes fibrinogen (FI) and FV, FVIII, and 
FXIII. Thrombin cleaves all four proteins during coagulation. These 
proteins have the highest molecular weights of all the factors ranging 
from 300,000–350,000 Da. They are not found in serum because they 
are consumed during clotting.

Contact group
The contact group includes FXI and FXII, PK, and HK. These proteins 
have molecular weights ranging from 80,000–173,000 Da. The contact 
group is involved in the initial activation of the intrinsic pathway in 
vitro and requires contact with a negatively charged surface for activa-
tion. With the exception of FXI, the contact factors do not appear to 
play an essential role in hemostasis in vivo.5 However, this group of 
factors is integrally related to other physiologic systems and provides a 
key link between inflammation and coagulation. In addition to coagu-
lation, the activated contact factors can activate the fibrinolytic, kinin, 
and complement systems, playing an important role in the inflamma-
tory response. These factors are not fully consumed during clotting 
and thus are found in serum (in reduced amounts).

Mechanism of Action of the Coagulation Factors
The coagulation cascade consists of a series of reactions in which 
limited proteolysis activates zymogens. Most of the newly generated 
proteases have low enzymatic activity until they bind to specific cofac-
tors on appropriate phospholipid surfaces. Thus, the coagulation pro-
teins can be grouped functionally as cofactors, substrates, or enzymes. 
The enzymes can be further grouped as either serine proteases or a 
transglutaminase.

Cofactors
FV and FVIII function as cofactors for activated coagulation proteases 
FXa and FIXa, respectively. The activated forms of these proteins, FVa 
and FVIIIa, have no enzymatic activity of their own. HK functions as 
a cofactor for the contact activation phase of coagulation (FXIIa and 
FXIa), PS is a cofactor for activated PC (see the section “Biochemical 
Inhibitors”), and TF is a cofactor for FVIIa. Each protease has some 
activity in the absence of its cofactor, but interaction with its cofactor 
significantly enhances proteolytic function.

substrate
Fibrinogen is classified as a substrate: it is acted upon by the enzyme 
thrombin. It is the only coagulation protein that, as a substrate, does 
not participate in furthering the coagulation cascade.

enzymes
The coagulation proteins that have enzymatic activity are secreted as 
zymogens, which are proenzymes or inactive precursors that must be 
modified to become active. Activation can involve either (1) a confor-
mational change of the molecule or (2) proteolytic cleavage of one or 
more specific peptide bond(s). The coagulation zymogens are acti-
vated in a cascade-like sequence. Initially, a small number of zymogens 
are activated, and each sequentially activates the next zymogen in the 
cascade, resulting in the amplification of the initial stimulus.

Members of the family of serine proteases, including thrombin 
and factors VIIa, IXa, Xa, XIa, and XIIa, have a functional serine in 

Will a vitamin K-deficient patient produce any of the vita-
min K-dependent factors? Why is vitamin K so vital to the 
formation of coagulation complexes?

CheCkpoint 32-2
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COaguLatiOn CasCaDe
Complex Formation on Phosholipid Surfaces
Most of the coagulation reactions occur on cell surface membranes. 
Clotting factors bind to the phospholipid membrane surface, forming 
a complex including enzyme, substrate, and cofactor.7 Subendothe-
lial tissue exposed when blood vessel injury occurs and the activated 
platelet surface provide the critical phospholipids for coagulation in 
vivo. The phospholipid surface serves to localize the reaction to the 
site of injury and increase the rate of activation by several orders of 
magnitude.3 In addition, the reactions are generally protected from 
inhibitors in these cell surface–associated complexes.

Three procoagulant complexes, the extrinsic Xase (extrinsic 
tenase), intrinsic Xase (intrinsic tenase), and prothrombinase 
complexes assemble on the phospholipid membrane (Figure 32-4 ■). 
Extrinsic Xase is formed when TF, an integral membrane lipoprotein, 
is exposed to blood when vessel injury occurs. TF binds FVII or FVIIa 
in the presence of Ca++, giving rise to the FVIIa/TF complex that acti-
vates FX. The intrinsic Xase is formed on membrane surfaces when 
FIXa and FVIIIa bind to phospholipid in the presence of Ca++. This 
complex also activates FX to FXa. In a similar way, FXa and FVa bind 
to negatively charged membranes in the presence of Ca++ to form the 
prothrombinase complex. This complex converts prothrombin, also 
bound to the membrane, to thrombin. The rate of prothrombin acti-
vation by the prothrombinase complex is about 300,000 times faster 
than activation by FXa alone.8

The Intrinsic Pathway
Contact Factors/the Contact system
The originally described “intrinsic pathway” is more accurately called 
the contact system or pathway. The contact system complex also 
assembles on a surface. It is initiated when the four contact factors, 
FXII, FXI, PK, and HK, are activated when exposed to and adsorbed 
on negatively charged surfaces such as glass, kaolin, celite, and ellagic 
acid. Activation of these factors does not require Ca++; thus, in vitro 
activation (or “preactivation”) can occur in citrated patient plasma 
samples stored in glass tubes for prolonged periods before testing. 
Patients deficient in FXII, PK, and HK have no apparent clinical bleed-
ing disorder despite a markedly prolonged APTT; thus, it is unlikely 

after synthesis. The GLA domain contains 9–13 g@carboxyglutamic 
acid residues (Gla) and is essential for Ca++ binding. When bound, 
Ca++ mediates the association of a coagulation factor with a phos-
pholipid surface.

The epidermal growth factor (EGF) domain, finger domain, 
and apple domains are thought to be involved in binding to cofactors, 
activators, or substrates. The kringle domain is a lysine-binding site 
responsible for the affinity of certain proteins (plasminogen, plasmin, 
tissue plasminogen activator) for fibrin (Web Figure 32-2).

Structure of the Blood Coagulation Proteins
The blood coagulation proteins are made up of multiple functional 
units called domains, classified as catalytic or noncatalytic, depend-
ing on their function.6 Catalytic domains contain the active site of 
the enzyme and are involved in activating other proteins. Noncatalytic 
domains contain regulatory elements. Many of the proteins involved 
in hemostasis contain similar structural domains and are believed to 
be derived from common ancestral genes (Web Figure 32-1).

Catalytic Domain
The catalytic domain of the serine proteases involved in blood clot-
ting is highly homologous to trypsin. This domain’s main function 
is to convert an inactive proenzyme to an active enzyme by cleaving 
a peptide bond in its target substrate, a process known as zymogen 
activation by limited proteolysis.

noncatalytic Domains
The noncatalytic domains give each coagulation factor its own unique 
identity, making each highly specific in its activation and substrate 
activity. These domains are regulatory segments serving to bind cal-
cium and promoting interaction with phospholipids, cofactors, recep-
tors, and substrates. Some of the more common types of noncatalytic 
domains include the signal peptide, propeptide, g@carboxyglutamic 
acid-rich GLA domain, epidermal growth factor domain, apple 
domain, finger domain, and kringle domain.

The signal peptide is a short domain that permits translocation 
of the protein to the endoplasmic reticulum for processing after syn-
thesis. Vitamin K-dependent proteins have a propeptide between the 
signal peptide and the GLA domain, which contains the recognition 
site that directs g@carboxylation of the vitamin K-dependent proteins 

Why are the domains of the serine proteases involved in 
blood clotting so important in the hemostatic mechanism?

CheCkpoint 32-3

■  Figure 32-3 The vitamin K-dependent g@carboxylation 
of glutamic acid. The coagulation factors in the prothrom-
bin group must undergo this postribosomal carboxylation 
of glutamic acid residues in order to become functional. 
A specific carboxylase converts glutamyl residues to 
g@carboxyglutamyl residues in a reaction requiring oxygen, 
carbon dioxide, and reduced vitamin K (hydroquinone). In 
the process, reduced vitamin K is converted to an epoxide 
and must be recycled to its reduced form by the enzyme 
epoxide reductase. This latter reaction is blocked by vita-
min K antagonist drugs such as warfarin or Coumadin.
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Autoactivation of FXII occurs by contact with negatively charged sur-
faces, which induce a conformational change that makes the protein 
more susceptible to autocatalysis. Many nonphysiologic substances 
(glass, kaolin, celite, ellagic acid)10 have been associated with in vitro 
FXII autoactivation and are used as activators in the reagents for the 
APTT test. The nature of the physiologic surfaces responsible for 
autoactivation is still in question but is most likely negatively charged 
 cellular membranes or subendothelial structures (collagen, basement 
membrane).

Bound FXIIa cleaves PK to kallikrein, which with HK as a cofac-
tor can then reciprocally proteolytically activate surface-bound FXII 
to FXIIa (Web Figure 32-3). The generation of FXIIa and kallikrein by 
reciprocal activation amplifies these reactions. FXIIa can be further 
cleaved by kallikrein, yielding smaller FXII fragments (FXIIf ) that 
have little or no procoagulant activity.11

In addition to activating PK to kallikrein, FXIIa has other enzy-
matic functions in hemostasis. As the first enzyme in the intrinsic 
pathway, FXIIa converts FXI to its active form, FXIa, in a reaction 
that requires HK as a cofactor. Second, FXIIa activates the fibri-
nolytic and complement systems. FXIIa, FXIa, and kallikrein can 

that these factors play an important role in hemostasis in vivo. They 
do, however, contribute significantly to fibrinolysis, inflammation, 
complement activation, angiogenesis, and kinin formation. About 
50% of patients with FXI deficiency have clinically evident bleeding 
abnormalities, suggesting that FXI could be an important accessory to 
blood coagulation, but it is probably not essential.

Interestingly, contact factors can activate ex vivo when blood 
comes in contact with nonbiologic surfaces, such as extracorporeal 
circulation systems used in cardiopulmonary bypass surgery. This 
ex vivo contact can result in a systemic inflammatory response in 
patients undergoing this type of surgery.9 Attention recently has 
been refocused on the contact system. A number of studies now 
indicate that although it is not essential for hemostasis at sites of 
vessel injury, it does in fact contribute to pathologic thrombus for-
mation9 (Chapter 35).

Factor Xii (FXii)
The liver produces FXII (Hageman factor). Zymogen single-chain 
FXII is proteolytically converted into the two-chain active serine 
protease FXIIa by kallikrein, plasmin (PLN), or “autoactivation.” 

■  Figure 32-4 Schematic illustration of the coagulation complexes forming on a phospho-
lipid surface. The vitamin K-dependent proteases (FVIIa, FIXa, FXa, and thrombin) are shown 
associated with their cofactors (tissue factor [TF], FVIIIa, FVa, and thrombomodulin [TM], 
respectively) and substrates (FIX, FX, prothrombin, and protein C [PC], respectively) on the 
membrane surface.
APC = activated protein C
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are found in plasma. The liver produces both forms by alternative 
splicing of a single gene. HK, the preferred substrate for kallikrein, 
is a single-chain glycoprotein that can be cleaved by kallikrein into a 
two-chain molecule with the release of a small peptide, BK, a potent 
bioactive molecule. BK has many functions, including increasing 
vessel permeability, dilating small vessels, contracting smooth mus-
cle, and causing pain. BK stimulates vasodilation, increasing blood 
flow, and stimulates endothelial cell profibrinolytic, antithrombotic, 
and antiplatelet properties by stimulating endothelial cell prosta-
cyclin (PGI2), nitric oxide (NO), and tPA synthesis and secretion 
(Chapter 31).

Factor Xi (FXi)
In the contact pathway, FXI is activated to a serine protease by FXIIa 
and cofactor HK (Web Figure 32-4).

XIIa, HK  FXI ¡ XIa

Like PK, FXI circulates in the plasma primarily as a complex with 
HK. FXI is unique among the coagulation zymogens because it con-
tains two identical polypeptide chains, each containing a catalytic 
site. Activation involves cleavage of an internal peptide bond in each 
of the polypeptide chains, resulting in a four-chain activated prote-
ase (FXIa). In addition to activation by FXIIa, both thrombin and 
FXIa itself can activate FXI, a positive feedback reaction. Thrombin 
is likely the physiologically relevant in vivo activator of FXI with 
minimal need for activation by FXIIa. Both FXI and thrombin bind 
to the surface of activated platelets where in vivo activation most 
likely occurs. The preferred substrate for FXIa is FIX, and its inter-
action with and activation of FIX likely also occurs on the surface 
of activated platelets.12 Although patients with deficiencies of other 
contact factors (FXII, PK, HK) do not have bleeding problems, about 
50% of patients with an FXI deficiency experience abnormal bleed-
ing after surgery or injury. Plasma levels of FXI are not the only 
determinant of whether bleeding occurs because patients who have 
bleeding problems and those who do not can have similar plasma 
concentrations of FXI.12

activate plasminogen directly, although much less efficiently than 
tissue-type plasminogen activator (tPA) or urinary-type 
plasminogen activator (uPA) (see the section “Physiologic Plas-
minogen Activators”) (Figure 32-5 ■). FXIIa also activates the first 
component of the complement cascade (C-1).

■  Figure 32-5 Role of contact factors in physiologic systems.

FXII FXIIa
Autoactivation

PK

KallikreinFXIIf

HK HK

FXI

FXIa

HK

FXII FXIIa

FXIIa

Prekallikrein (PK)
PK predominantly circulates in plasma bound to HK (75% bound, 
25% free).11 FXIIa activates PK to plasma kallikrein. In addition to 
reciprocal activation of FXII and initiation of “intrinsic” coagulation, 
kallikrein can activate the kinin, fibrinolytic, and complement systems. 
Plasma kallikrein cleaves bradykinin (BK) from HK. PK directly acti-
vates plasminogen to plasmin and converts prourokinase (scuPA) to 
uPA, which in turn can activate plasminogen. Plasmin subsequently 
can activate the first and third components of the complement cas-
cade (Figure 32-5). Plasma kallikrein also serves as a chemoattractant 
and activator for neutrophils and monocytes, facilitating the inflam-
matory response.

high-molecular-Weight Kininogen (hK)
HK serves as a nonenzymatic cofactor in the activation of the con-
tact factors, and is the source of BK. HK accelerates the rate of sur-
face-dependent activation of FXII and of PK activation by FXIIa. 
HK binds to platelets, endothelial cells, and granulocytes, assem-
bling the other components of the contact activation pathway. Two 
forms of kininogen, HK and low-molecular-weight kininogen (LK), 
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bleeding that results from a deficiency of FIX (Hemophilia B) indi-
cates that it plays a critical role in blood coagulation.

Factor viii (Fviii)
FVIII is synthesized primarily in the liver by sinusoidal endothelial 
cells and circulates in plasma in association with von Willebrand 
factor (VWF) (Figure 34-1). Each protein in this complex is under 
separate genetic control and has distinct biologic functions and 
immunologic properties (Chapter 34). Binding to VWF stabilizes 
FVIII and protects it from inhibition or degradation. FVIII circu-
lates in the plasma in an inactive form until it is activated by throm-
bin (or FXa), yielding FVIIIa, which serves as a cofactor for the FIXa 
activation of FX.

FVIII is synthesized as a large precursor protein consisting of 
the linear array of A1:A2:B:A3:C1:C2 domains (Figure 32-7 ■). 
The A domains are involved in protein–protein interactions, the 
B domain is removed during activation, and the C domains are 
involved in binding to phospholipid surfaces.13 A signal peptide 
is cleaved on translocation into the lumen of the ER. FVIII is fur-
ther processed on secretion from the cell with cleavage at two sites 
within the B domain, releasing part of the B domain and a heterodi-
mer composed of a heavy chain (A1:A2 and the remaining part of 
the B domain) and a light chain (A3:C1:C2 domains). In the plasma, 
FVIII associates with VWF, which stabilizes FVIII and prolongs its 
circulating half-life from ∼2 hours to ∼12 hours.14 In addition 
to increasing FVIII survival, VWF also is involved in regulating 
FVIII activity. VWF binds to FVIII, preventing FVIII from binding 
to phospholipids and activated platelets and protecting it against 
inactivation by activated protein C.15 It does not, however, prevent 
thrombin activation of FVIII but facilitates thrombin proteolytic 
cleavage.13 Thrombin cleaves both the heavy and the light chains 
of FVIII, creating a three-polypeptide molecule (FVIIIa) with sub-
units derived from the A1, A2, and A3:C1:C2 domains and releasing 
the residual B domain.13 The A1 and A3:C1:C2 subunits remain 
linked as a stable dimer while the A2 subunit, associated primarily 
by weak electrostatic interactions, readily dissociates. As a result, 
FVIII is labile, and its activity is rapidly lost at room temperature. 
Thrombin activation of FVIIIa dissociates FVIIIa from the protec-
tive influence of VWF, permitting FVIIIa interaction with the acti-
vated platelet surface via its C domains.13 FVIIIa has no enzymatic 
activity but as part of the intrinsic Xase complex functions as a 
cofactor for FIXa activation of FX, increasing the catalytic activa-
tion of FX ∼106@fold. However, large amounts of FXa and throm-
bin destroy the procoagulant function of FVIIIa. Like FIX, the gene 
for FVIII is located on the X chromosome, and FVIII (also called 
antihemophilic factor) is critical for normal blood coagulation. A 
deficiency of FVIII results in Hemophilia A.

von Willebrand Factor (vWF)
VWF is a large multimeric glycoprotein synthesized by endothe-
lial cells and megakaryocytes (Figure 34-1). VWF is synthesized as 
a pre-pro-VWF molecule with a signal peptide, a large propeptide 
(VWF propeptide [VWFpp]), and the mature VWF protein. VWF 
undergoes extensive intracellular modifications during trafficking 
through the ER and Golgi, including removal of the signal peptide, 
formation of C-terminal–linked dimers, and subsequently higher 
 N-terminal–linked multimers, glycosylation, and protein folding.16 

Other Factors in the intrinsic Pathway
Factor iX (FiX)
FIX is a single-chain vitamin K-dependent zymogen containing 
12 Gla residues. In the intrinsic pathway, FXIa activates FIX in the 
presence of Ca++ and does not require any other cofactor (Web Fig-
ure 32-5). Activation is associated with cleavage of two bonds in FIX, 
releasing an activation peptide and a two-chain molecule, FIXa.

 XIa
T

IX ¡ IXa
Ca++

When activated, FIXa forms a complex (intrinsic Xase) with cofactor 
FVIIIa and Ca++ on the surface of activated platelets to activate FX 
(Figure 32-6 ■).

IXa + VIIIa
activated platelet surface

Ca++

T
X ¡ Xa

The extrinsic pathway complex FVIIa/TF also activates FIX by 
cleavage at the same amino acids in zymogen FIX (see the section 
“The Extrinsic Pathway”). This extrinsic pathway for FIX activation 
bypasses the contact activation system.

FIXa (but not FIX) binds to phospholipid surfaces on activated 
platelets in the presence of calcium via its GLA domain; it does not 
bind to resting platelets. It is one of two coagulation proteins (FVIII 
and FIX) whose genes are encoded on the X chromosome. The severe 

■  Figure 32-6 The complex formed by the sequential 
activation of the intrinsic pathway (FIXa, FVIIIa, Ca++) acti-
vates FX. The cofactor, FVIIIa, binds to the platelet phos-
pholipids and orients FIXa and FX to enhance activation of 
FX. FIXa and FX are bound to the platelet surface via Ca++ 
bridges. Spikes on platelet indicate activated platelet.

FIXa
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FIXa
light chain

FX
light chain

FXa
light chain

FVlIIa
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Ca�� Ca��

FX
heavy
chain

FXa
heavy
chain
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Platelet and endothelial cell VWF generally include larger 
multimers than are found in plasma, called ultralarge VWF mul-
timers (ULVWF). Degradation of ULVWF to the normal sizes 
found in plasma is accomplished by the VWF-cleaving protease, 
ADAMTS-13, a member of the a disintegrin-like and metallopro-
tease with thrombospondin repeats proteins.18 The ULVWF are 
released from the Weible-Palade bodies and remain tethered to the 
endothelial cell surface, forming long stringlike structures. When teth-
ered, ULVWF is exposed to the shear forces of the flowing blood, and 
the protein unfolds and exposes the cleavage site for ADAMTS-13.19 
If the ULVWF is released directly into plasma, platelets can spontane-
ously aggregate, resulting in thrombosis (Chapter 35).

VWF contributes to both primary and secondary hemostasis. It 
mediates adhesion of platelets to the vessel wall in areas of high flow 
rate and high shear force by simultaneously binding VWF to GPIb/IX 
on platelet surfaces and to collagen and elastin in the subendothelium 
(Chapter 31). High-molecular-weight multimers of VWF contain the 
highest number of platelet and other cell surface– binding sites. VWF 
also can bind to the glycoprotein IIb/llla (GPIIb/IIIa) receptor on 
platelets (the normal physiologic receptor for fibrinogen) and thus 
can promote platelet aggregation when plasma fibrinogen levels are 
low. These molecules serve as intercellular bridges between platelets, 

The propeptide is cleaved from pro-VWF by the enzyme furin, 
releasing the VWFpp and the mature VWF monomer.17 The VWF 
 monomer  consists of a structure with A, B, C, and D domains (Fig-
ure 34-2). The VWFpp is cleaved during processing, and appears to 
play a role in  multimerization and the intracellular storage of VWF 
because both the cleaved VWFpp and VWF multimers are stored 
in the secretory granules.16 VWF is synthesized as a monomer of 
250,000 Da but  circulates in the plasma as a family of molecules (mul-
timers) of a wide range of sizes (0.5 to 720 million Da). The largest 
forms are most effective in promoting platelet adhesion; however, all 
multimers can bind FVIII in a 1:1 molar ratio.

Mature VWF multimers are stored in secretory granules, 
a@granules (aGs) of platelets and Weibel-Palade bodies of endothelial 
cells. They are released from these intracellular stores following injury 
or stimulation by thrombin, ADP, epinephrine (platelets), and hista-
mine or the vasopressin derivative 1-deamino-8-D-arginine vasopres-
sin (DDAVP) (endothelial cells). Endothelial cells can secrete VWF 
from the luminal surface into the plasma and from the abluminal sur-
face into the subendothelial cell matrix. Secretion from intracellular 
stores releases both VWF and VWFpp. Plasma levels of VWFpp can be 
measured and help to differentiate some subtypes of von Willebrand 
disease (Chapter 34).

■  Figure 32-7 Structural domains in FV and FVIII. Black arrows indicate thrombin cleavage 
sites red arrows indicate protein C cleavage sites for inactivation. The letters A, B, and C   
indicate the identity of the domains.
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a single peptide bond with the two peptides remaining tethered by a 
disulfide bond. No cleavage peptide is released.

As with intrinsic activation of coagulation, there is positive feed-
back in activating the extrinsic pathway. When TF and FVII are bound 
in a complex, FVIIa can autocatalyze more FVII to FVIIa. In addition, 
FXa and FIXa associated with a phospholipid surface can feed back 
to activate FVII, further increasing the amount of FVIIa formed.21

between platelets and subendothelium, and between platelets and 
endothelial cells. In secondary hemostasis, VWF carries FVIII in the 
plasma, binding to and stabilizing FVIII via a noncovalent interac-
tion between the two molecules. The two proteins circulate as a VWF/
FVIII complex. It has been suggested that VWF in the circulating com-
plex binds to platelet GPIb, thus delivering FVIII to platelets adhering 
to damaged endothelium. After proteolytic activation of FVIII, FVIIIa 
is released from VWF and interacts with the platelet surface in assem-
bling the Xase complex.13

Which components of the intrinsic pathway are believed 
to be essential for in vivo hemostasis?

CheCkpoint 32-4
Historically, major importance for initiating coagulation 
was assigned to either the intrinsic or extrinsic pathway. 
What are some observations that suggest that the classic 
concepts were not accurate?

CheCkpoint 32-5

The Extrinsic Pathway
FX can also be activated by the extrinsic pathway involving FVIIa 
and its cofactor, tissue factor. When vessel injury occurs, nonvascular 
cells (fibroblasts, vascular adventitial cells) with TF on their surface 
are exposed to the blood. TF binds FVII and FVIIa in the presence 
of Ca++, forming the FVIIa/TF complex. Once formed, this complex 
initiates the extrinsic pathway of blood coagulation, converting FX to 
FXa (extrinsic Xase complex). The FVIIa/TF complex also can activate 
FIX of the intrinsic pathway, bypassing the need for contact activa-
tion of this pathway. FXa, thrombin, and FVIIa itself can feed back to 
activate more FVII to FVIIa.

VIIa/TF          VIIa/TF
       TCa++                  TCa++

 X S Xa           IX S IXa

tissue Factor (tF)
TF is the cellular receptor and cofactor for FVII and FVIIa. It is a trans-
membrane glycoprotein originally referred to as FIII, or tissue throm-
boplastin. TF is expressed constitutively on the plasma membrane of 
most nonvascular cells. Cells that are in contact with flowing blood 
do not normally express it, but monocytes and endothelial cells can be 
stimulated to produce TF by endotoxin, complement component 5a, 
immune complexes, interleukin-1, tumor necrosis factor, and throm-
bin.15 TF and the platelet phospholipid surface have similar functions 
in coagulation; both attract calcium ions to facilitate the formation of 
procoagulant enzyme complexes at the injury site.

Factor vii (Fvii)
FVII is one of the vitamin K-dependent proteins produced by the liver 
and has 10 Gla residues. FVII circulates in two forms: the inactive zymo-
gen, FVII, and low levels of the active enzyme, FVIIa (∼1% of the total 
plasma FVII).20 Free FVIIa has little if any activity in the absence of TF. 
However, the trace levels of circulating FVIIa are sufficient to initiate 
the coagulation cascade when injury exposes TF . FVII is a single-chain 
 molecule activated to a two-chain FVIIa by proteolytic cleavage of 

The Common Pathway
The intrinsic and extrinsic pathways converge on the common path-
way as both pathways activate FX.

Factor X activation
FX can be activated by both the FVIIa/TF/Ca++ complex (extrinsic 
Xase) or the FIXa/FVIIIa/Ca++/phospholipid complex (intrinsic Xase).

VIIa/TF/Ca++

T
X S Xa

c
IXa/VIIIa
Ca++/PL

thrombin generation
FXa then forms a complex with cofactor FVa, phospholipid, and Ca++. 
This prothrombinase complex acts to optimally activate prothrombin 
to thrombin.

Xa/Va/Ca++/PL
T

Prothrombin S Thrombin

Factor X (FX)
FX is another vitamin K-dependent protein produced by the liver; it 
contains 11 Gla residues. It circulates as a two-chain disulfide-linked 
zymogen. FVIIa/TF and FIXa/FVIIIa release a 52-amino acid activa-
tion peptide from the FX heavy chain to generate FXa. Russell’s viper 
venom (RVV) protease can also directly activate FX.

Factor v (Fv)
FV is a large glycoprotein primarily produced by the liver. It is also 
called a labile factor because, like FVIIIa, its activity deteriorates 
quickly at room temperature. About 20% of FV in the blood is found 
in the aGs of platelets internalized from the plasma by endocyto-
sis.13,22 FV circulates in the plasma as a single-chain molecule with a 
domain organization similar to FVIII (A1:A2:B:A3:C1:C2 domains) 
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and thus does not bind to negatively charged phospholipids ( Figure 32-
9 ■). As a result, thrombin does not remain tethered to the phospho-
lipid surface of activated platelets on which it was formed but can 
dissociate and move to other areas or surfaces (e.g., thrombomodulin 
[TM] on nearby intact endothelial cells).

roles of thrombin
Thrombin generation is critical for normal hemostasis; it has a 
number of diverse roles, both procoagulant and anticoagulant 
( Figure 32-10 ■). Thrombin functions as a procoagulant by cleaving 
fibrinopeptides A and B from fibrinogen to create fibrin monomer; 
it also generates other procoagulant activities, activating factors Va, 
VIIIa, XIa, and XIIIa to greatly amplify its own formation. Throm-
bin stimulates endothelial cells to release VWF and plasminogen 
activator inhibitor (PAI-1) and to express TF24. Thrombin also is a 
potent activator of platelets, stimulating platelet shape change, secre-
tion and aggregation, and acidic phospholipid exposure on the outer 
membrane. Thrombin can suppress fibrinolysis by activating the 
thrombin-activatable fibrinolysis inhibitor (TAFI). Conversely, 
thrombin also has antithrombotic functions that dampen its own for-
mation. Thrombin binds to TM, and activates protein C, and stimulates 
endothelial cells to release tPA, prostacyclin, and endothelium- derived 
relaxing factor (EDRF, also known as nitric oxide [NO]). In addition to 
its role in hemostasis, thrombin has mitogen and cytokine-like activi-
ties and plays a role in inflammation, wound healing, angiogenesis, 
and atherothrombosis.23(Figure 32-7). FV and FVIII share a high degree of amino acid identity 

(∼40% over the A1,A2,A3,C1,C2 domains).13 Activation of FV to FVa 
with full cofactor activity requires cleavage of three peptide bonds. 
Both thrombin and FXa can activate FV, although thrombin is the pri-
mary activator in vivo. Cleavage produces a two-chain heterodimer 
consisting of a heavy chain (A1:A2 domains) noncovalently linked 
through Ca++ to a light chain (A3:C1:C2 domains). The B domain 
is released as a result of activation. FVa binds to phosphatidylserine 
on the activated platelet surface via the C domains and serves as the 
attachment site for FXa via the A2 domain (Figure 32-8 ■). Most of 
the FVa that participates in the prothrombinase complex on the plate-
let membranes probably is the result of secretion of FV from activated 
platelet aGs. FVa increases the catalytic activation of prothrombin 
∼1000*  by properly orienting the FXa and prothrombin molecules 
on the phospholipid surface.13

Prothrombin (Fii)
Prothrombin is a vitamin K-dependent protein produced by the liver 
and contains 10 Gla residues. Zymogen FII circulates as a single-chain 
molecule and is bound to phospholipid surfaces via its GLA domain 
and Ca++. The prothrombinase complex cleaves prothrombin in two 
places. The first cleavage generates a two-chain disulfide-linked prote-
ase called meizothrombin; the second cleavage releases an activation 
peptide (fragment 1.2), which contains the GLA domain, producing 
the active enzyme thrombin. The alternative sequence of cleavage, 
first releasing the C-terminal half of the molecule that contains the 
catalytic domain (single-chain prethrombin) and the prothrombin 
fragment 1.2 followed by prethrombin cleavage to thrombin plays a 
minor role in vivo.23 Assays for fragment 1.2 reflect the level of in vivo 
prothrombin activation.

Thrombin is composed of an a- and b-chain linked by a single 
disulfide bond. It does not contain the GLA domain of prothrombin 

■  Figure 32-8 The prothrombinase complex (FXa, FVa, 
Ca++) activates prothrombin to thrombin. FVa binds to 
the platelet phospholipid surface and orients FXa and 
prothrombin to enhance the formation of thrombin. FXa 
and prothrombin are bound to the platelet surface via 
Ca++ bridges. This complex is very similar to the complex 
formed by the intrinsic pathway (FIXa, FVIIIa, Ca++, PL). 
Spikes on platelet indicate activated platelet.

FXa
heavy
chain

FXa
light chain

Fragment
2

Fragment
1

FVa

Platelet

Ca�� Ca��

Prethrombin
2

Thrombin

5. What coagulation factors are included in the extrinsic 
pathway?

6. What factors are included in the intrinsic pathway?

7. What factors are included in the common pathway?

8. An abnormal PT and a normal APTT would indicate a 
problem with which factor?

Case stuDy (continued from page 635)

Formation of Fibrin
The insoluble fibrin clot is formed from soluble fibrinogen in three 
distinct steps:

1.  Proteolytic cleavage of arginine–glycine bonds in fibrinogen 
by thrombin, releasing fibrinopeptides A and B from the a- and 
b-chains, forming fibrin monomer

2.  Spontaneous polymerization of fibrin monomers to form fibrin 
polymers

3.  Stabilization of the fibrin polymers by FXIIIa-catalyzed cross-
linking

Fibrinogen
The fibrinogen molecule is a large (340,000 Da), trinodular gly-
coprotein composed of three pairs of polypeptide chains found 
in plasma and platelet aGs. Megakaryocytes and platelets do not 
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synthesize the protein but absorb it from plasma. Fibrinogen is the 
most abundant coagulation protein with a plasma concentration 
of 2–4 mg/mL (representing about 2% of the total plasma protein 
concentration). The three different polypeptides of fibrinogen 
(Aa, Bb, g) are encoded by three separate genes located on chro-
mosome 4, and the production of the three chains is coordinately 
regulated. Fibrinogen is also one of several hepatic proteins whose 
production is increased as part of the acute phase response medi-
ated by IL-6.

Fibrinogen exists as a dimeric protein, consisting of three pairs 
of nonidentical polypeptide chains; thus, a molecule of fibrinogen 
would be described as Aa2, Bb2, g2

25 (Figure 32-11 ■). This nomen-
clature reflects the fact that small polypeptides (fibrinopeptides A 
and B [FPA, FPB]) are released from Aa- and Bb-chains by throm-
bin, producing a single molecule of fibrin, a2, b2, g2. Twenty-nine 
disulfide bonds join the three pairs of chains. Electron microscopy 
has demonstrated the folding of the molecule into a trinodular 
structure.26 The central nodule, the E region, is referred to as the 
N-terminal disulfide knot  (N-DSK) because the amino terminal 
ends of all six polypeptide chains join to form this region. The E 
region contains the fibrinopeptides A and B. The two outer nodules, 
the D regions, are made up of the carboxy-terminal ends of the b- and 
g-chains and a short sequence of the a-chain. The Aa-chain has a 
long polar region at the carboxy-terminal end that folds back toward 

■  Figure 32-9 Pathways for prothrombin cleavage. The prothrom-
bin molecule is a single-chain glycoprotein that can be divided into 
the “pro” portion (prothrombin fragment [PF] 1.2) and the thrombin 
portion. Activation of prothrombin requires two cleavages by FXa, 
which proteolytically cleaves the molecule between the “pro” and 
thrombin portions, releasing PF 1.2 and prethrombin. Prethrombin 
is then further cleaved into two disulfide bonded chains forming 
the potent enzyme thrombin. Alternatively, FXa can cleave the lat-
ter bond first, releasing a two-chain protease called meizothrombin, 
followed by the cleavage that releases fragment 1.2, producing the 
active enzyme thrombin. The latter pathway appears to be the pre-
dominant pathway in vivo.

Prothrombin conversion to thrombin

Prothrombin 1 2 A

1 2 1 2A
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FXa FXa
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A B
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1 2 A B

SS
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A B
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■  Figure 32-10 The multifactorial roles of thrombin. In 
addition to its multiple roles as a procoagulant protease, 
thrombin also has anticoagulant functions and impor-
tant activities in promoting inflammation and cellular 
proliferation.
EDRF = endothelium@derived relaxing factor; NO = nitric oxide; 
tPA = tissue plasminogen activator; TAFI = thrombin- activatable 
fibrinolysis inhibitor; EC = endothelial cell; TF = tissue factor; 
VWF = von Willebrand factor; PMNs = polymorphonuclear neutrophils; 
PDGF = platelet@derived growth factor
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■  Figure 32-11 Formation of fibrin polymer. Fibrinogen is a trinodular structure 
composed of three pairs (Aa, Bb, g) of disulfide-bonded polypeptide chains. The cen-
tral nodule is known as the E region. Thrombin cleaves small peptides, A and B, from 
the a- and b-chains in this region to form fibrin. The central nodule is joined by super-
coiled a@helices to the terminal nodules also known as the D regions.
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the N-DSK, which is the site of initial plasmin hydrolysis (see the 
section “Fibrinogen Degradation Products”). The D and E regions 
are separated from each other by 111–112 amino acids forming 
a triple-stranded rodlike a@helical structure called the coiled-coil 
region (supercoiled region).

release of Fibrinopeptides (FPs) a and b
Thrombin binds to the central E region of fibrinogen and cleaves spe-
cific arginine–glycine bonds, releasing four peptides from the fibrino-
gen molecule. A short 16-amino acid peptide is released from each Aa
-chain (FPA) as well as a 14-amino acid peptide from each Bb-chain 
(FPB). The resulting molecule is called a fibrin monomer. Release of 
FPA alone is sufficient for the fibrin assembly process.

assembly of Fibrin Polymers
The cleavage of FPA and FPB exposes binding sites in the central 
E nodule that interact with complementary sites on the g-chain of 
the D nodule of other fibrin monomers, creating a D–E contact. 
The polymerization sites on the D nodule are always available and 
interact with the complementary sites on the E nodule exposed after 
thrombin cleavage of FPA and FPB. The spontaneous polymeriza-
tion continues by the addition of a third monomer forming a D–D 
contact as well as another D–E contact. The use of x-ray crystal-
lography to study fibrinogen has provided insights into the mecha-
nism by which fibrin self-assembles.27 The nodules’ noncovalent 

interaction leads to the initial formation of two-stranded polymers 
termed protofibrils. The polymer strands aggregate in an overlap-
ping pattern called half-staggered array in which the second strand 
is offset from the first by half of the length of a single fibrin mole-
cule. The protofibrils then aggregate into thick fibers through lateral 
associations held together by weak noncovalent and electrostatic 
interactions. During fibrin monomer polymerization, other plasma 
proteins including components of the fibrinolytic system (e.g., plas-
minogen, PAs, fibrinolytic inhibitors) also bind to the fibrin surface. 
Thrombus extension in vivo can be blunted by unactivated fibrino-
gen molecules or fibrin degradation products (FDPs) that can bind 
to and cap the ends of a protofibril.

Fibrin stabilization
Spontaneously polymerized fibrin strands are unstable, but the a- and 
g-chains of adjacent fibrin strands are subsequently covalently 
cross-linked by FXIIIa. The cross-linking strengthens the clot 
and provides resistance to chemical (5M urea) and enzymatic 
 (plasmin) digestion compared with the uncross-linked polymer 
 (Figure 32-12 ■).

Factor Xiii (FXiii)
The final reaction in fibrin formation is the stabilization of the fibrin 
polymer catalyzed by FXIIIa. FXIII circulates as a heterotetramer 
(A2B2), which is the product of two separate genes coding for the 
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activate FXIII without the presence of fibrin, which acts as a cofac-
tor. Thrombin cleavage of the A-chains, dissociating the B-chains 
and releasing an activation peptide, activates FXIII to FXIIIa. The 
expression of FXIIIa activity requires its interaction with calcium 
ions, which induce a conformational change, exposing its active cen-
ter and promoting catalysis.

FXIIIa is thus a calcium-dependent transglutaminase that 
catalyzes the formation of covalent peptide bonds within the fibrin 
 polymer. These bonds are formed between the terminal D-regions 
of g-chains of two adjacent fibrin monomers within a protofibril, 
forming longitudinal end-to-end cross-links. More slowly, cross-
links form between polar appendages of neighboring monomers’ 
a-chains, promoting lateral aggregation of fibrils. The covalently 
cross-linked fibrin network produces a fibrin clot with increased 
mechanical strength and increased resistance to proteolytic diges-
tion by plasmin. The presence of these unique bonds is responsible 
for the liberation of specific FDPs (D-dimers; see the section “Fibrin 
Degradation”) when plasmin digests the clot. In contrast to the 
hydrogen-bonded polymers, the FXIIIa–stabilized fibrin polymer is 
not soluble in 5M urea or monochloroacetic acid (Chapter 36). In 
addition to forming covalent cross-links between molecules of fibrin, 
FXIIIa also cross-links fibrinolytic inhibitors to the fibrin clot, includ-
ing a2@antiplasmin, plasminogen activator inhibitor-2 (PAI-2), and 
TAFI.28 The localization of these fibrinolytic inhibitors to the fibrin 
clot results in the inhibition of plasmin formation and protects the 
clot from premature lysis. Finally, FXIIIa cross-links fibrin to extra-
cellular matrix molecules, helping to anchor the fibrin clot to the ves-
sel wall and promoting wound healing.

A- and B-chains. FXIII is found evenly distributed between plasma 
and platelets. Platelet FXIII exists as an A2 dimer lacking the B subunit. 
The plasma FXIII A chain is primarily synthesized by bone marrow 
cells (megakaryocytes, monocytes, macrophages) and is stored in the 
soluble (nongranular) fraction of the platelet. The A-chain contains 
the active site of the enzyme, the fibrin binding, and substrate recogni-
tion domains. The B-chains are secreted by hepatocytes and complex 
rapidly with the A-chains in the plasma, stabilizing the hydrophobic 
A2 subunit in the plasma.28 The heterotetramer circulates in associa-
tion with fibrinogen.

When fibrin is polymerized, plasma FXIII is bound as the 
A2B2 complex. Fibrin binding provides a mechanism to localize 
FXIIIa activation to sites of thrombin generation and fibrin polym-
erization, allowing for efficient activation. Thrombin is not able to 

■  Figure 32-12 Formation of fibrin polymer. Thrombin 
cleaves the A and B fibrinopeptides from the E nodule of 
fibrinogen to form fibrin monomer. The cleavage permits 
the spontaneous growth of fibrin polymers as the E nod-
ule assembles with the D nodules of other fibrin mono-
mers. Hydrogen bonds initially join the polymer. FXIIIa in 
the presence of Ca++ is responsible for catalyzing the for-
mation of covalent bonds between glutamine and lysine 
residues of adjacent monomers (D nodules), thus stabiliz-
ing the lattice formation.

Formation of fibrin polymer

Fibrinogen

Fibrin monomer

Fibrin polymer

Thrombin

B BA A

Spontaneous

FXIIIa

Stabilized
fibrin polymer

D nodule E nodule

What are the three steps in the formation of an insoluble 
fibrin clot?

CheCkpoint 32-6

FibrinOLytiC system
Hemostasis requires not only the formation of a fibrin clot to stop 
bleeding but also the lysis of the clot following repair to the vessel 
wall, restoring normal blood flow through the vessel. The process of 
removing fibrin is called fibrinolysis. The fibrinolytic system is acti-
vated in response to activation of the coagulation cascade. This system 
functions to remove fibrin from the vascular system in a controlled 
manner once it has fulfilled its hemostatic function; it also serves to 
prevent excessive fibrin accumulation. This system digests the fibrin 
clot through proteolysis, and must be regulated so that proteolytic 
activity is limited to the area of fibrin formation and does not occur 
prior to healing of the vascular lesion. Excessive local or systemic 
fibrinolysis can result in bleeding; an inadequate fibrinolytic response 
can cause delayed lysis of a thrombus and contribute to excess fibrin 
accumulation.

Introduction
Fibrin formation occurs both intravascularly and extravascularly 
as a consequence of coagulation, inflammation, and tissue repair. 
When no longer needed, fibrin must be removed so that normal 
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activity than the procoagulant serine proteases and has the poten-
tial to degrade and destroy most proteins. In addition to fibrin, PLN 
can degrade essentially all proteins susceptible to trypsin including 
fibrinogen, FV and FVIII, complement, several hormones, and the 
glycoprotein receptors on the surface of platelets. However, PLN 
formation and inactivation are highly regulated in vivo, and the 
enzyme is active only temporarily and locally (in the vicinity of the 
fibrin clot). PLG binds to fibrin, and activation occurs much more 
efficiently at the fibrin surface, targeting the proteolytic action of 
the enzyme PLN to its substrate.

The active enzyme PLN has a positive feedback effect on fibri-
nolysis. Intact plasma PLG has an amino terminal glutamic acid 
residue (Glu-PLG). PLN can cleave Glu-PLG, producing a smaller 
PLG molecule with a lysine N-terminal amino acid (Lys-PLG). Lys-
PLG has a higher affinity for binding to fibrin and greater reactiv-
ity with PAs, thus accelerating and improving the efficiency of PLN 
formation.29

Activators of Fibrinolysis
The two major PAs that occur in the circulating blood are tPA and 
uPA, also called urokinase (UK). The contact phase of coagulation 
produces serine proteases (FXIIa and kallikrein), which also can pro-
mote PLG activation.

Contact Plasminogen activator (Pa) Pathway
PAs are generated during the contact phase of the intrinsic coagu-
lation pathway. FXIIa, FXIa, and kallikrein all have the ability to 
directly activate PLG to PLN, although somewhat slowly. However, 
the relative plasma concentrations of FXII compared with tPA 
and uPA suggest that it might be an effective PA in vivo.29 Contact 
pathway PAs normally account for ∼15% of total PLN-generating 
activity in plasma.30 Kallikrein can affect fibrinolysis by converting 
single-chain uPA (scuPA) to its more active two-chain form, tcuPA 
(usually represented by just uPA) and by liberating bradykinin from 
HK. Bradykinin can then stimulate release of tPA from endothelial 
cells, further enhancing fibrinolysis.

vessel and tissue structure and function can be restored. The fibri-
nolytic system is responsible for dissolving thrombi and maintaining 
a patent vascular system. The key components in this system are 
(1) the inactive proenzyme, plasminogen (PLG), (2) plasminogen 
activators (PAs), (3) the active enzyme plasmin (PLN), (4) fibrin, (5) 
fibrin/fibrinogen degradation products (FDPs), and (6) PA inhibi-
tors (PAIs) (Table 32-4 ★).

Like the coagulation system, the fibrinolytic system normally acts 
locally at sites of fibrin accumulation without causing systemic effects. 
If the fibrinolytic system’s activity increases (e.g., deficiencies of inhibi-
tors a2@antiplasmin or PAI-1), the hemostatic plug’s stability can be 
compromised or premature lysis can result in an increased bleeding 
tendency. Conversely, decreased activity of the system (e.g., deficiency 
of plasminogen, PAs, or elevated inhibitors) can result in delayed or 
inadequate fibrin dissolution.

Fibrin formation essentially initiates fibrinolysis by assembling 
the various fibrinolytic components to optimize and localize their 
interactions. When clotting begins, PLG binds to fibrin throughout 
the developing thrombus. tPA also binds to fibrin, increasing its enzy-
matic activity so it can efficiently convert PLG to PLN. The formation 
of a ternary complex between the activator (tPA), the zymogen (PLG), 
and the substrate (fibrin) results in the targeted, specific degradation 
of fibrin (not circulating fibrinogen or other plasma proteins). PLN 
digests fibrin to soluble degradation products, producing several well-
characterized fibrin fragments. The system is inhibited by the action 
of PAIs and by the PLN inhibitor, a2@antiplasmin (AP) (also known 
as a2@plasmin inhibitor [PI]).29

When associated with the fibrin surface, PLN is protected 
from rapid inhibition by a2@AP so that efficient degradation of a 
fibrin clot can occur (Figure 32-13 ■). If free PLN leaks into the 
circulation, these PLN molecules are rapidly inactivated by a2@AP. 
Thus, the activity of this potentially dangerous proteolytic enzyme 
is localized to the fibrin clot. The relative proportions and locations 
of profibrinolytic (PLG and PA) molecules and the antifibrinolytic 
molecules (PAIs and a2@AP) influence the timing and degree of clot 
dissolution.

Why is the process of fibrinolysis a vital part of the hemo-
static mechanism, and why must it be closely regulated 
and controlled?

CheCkpoint 32-7

Plasminogen (PLG) and Plasmin (PLN)
PLG is a single-chain glycoprotein synthesized by the liver. It has 
five kringle domains that are critical in regulating fibrinolysis. The 
kringles contain lysine-binding sites (LBSs) that are responsible for 
the binding affinity of PLG and PLN for lysine residues on fibrin, 
cell surface receptors, and other proteins including a2@AP. PLG 
preferentially binds to C-terminal lysines as opposed to intramo-
lecular lysines. Plasminogen activators (PAs) convert PLG into 
its active two-chain form, the serine protease PLN, by hydrolysis 
of a single peptide bond. PLN exhibits much broader substrate 

PK

Kallikrein

scuPAFXIIa

uPA

EC release
tPA

HK

Plasminogen Plasmin

Bradykinin

Physiologic Plasminogen (PLg) activators
The two important physiologic plasma PAs are tPA and uPA, also 
known as UK, named for their tissue source of original purification. 
Both are serine proteases that have a high degree of specificity for con-
verting PLG to PLN by the cleavage of a single bond (Arg561-Val). 
Each has different structural, functional, and immunologic properties.
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Component Description role t1/2 Concentration
Chromosome
(gene symbol)a

I. Fibrinolytic component

Plasminogen (PLG) Single-chain glycoprotein 
MW 92,000

Zymogen; precursor of 
plasmin

2.2 days 200 mcg/mL

2000 nM

6 (PLG)

plasmin (pln) Dimeric glycoprotein MW 
92,000

Serine protease; cleaves 
fibrin

0.1 sec — —

II. Activators of plasminogen

Tissue plasminogen activa-
tor (tPA)

Glycoprotein MW 68,000 Serine protease; complexed 
with inhibitor PAI-1; plas-
minogen activator

4 min 0.005 mcg/mL

0.07 nM

8 (PLAT)

Urokinase type plasmino-
gen activator (uPA)

(scuPA) MW 54,000 Serine protease; low enzy-
matic activity until cleaved 
to tcupa by pln; plasmino-
gen activator

7 min 0.002 mcg/mL

0.04 nM

10 (PLAU)

Factor XII Single-chain glycoprotein 
MW 80,000

Serine protease 2–3 days 30 mcg/mL

375 nM

5 (F-12)

Prekallikrein Single-chain glycoprotein 
MW 88,000

Serine protease 7–10 days 40 mcg/mL

450 nM

4 (KLKB1)

III. Inhibitors

Plasminogen activator 
Inhibitor-1 (PAI-1)

Single-chain glycoprotein 
MW 52,000

Proteinase inhibitor (Serpin): 
tPA and uPA inhibitor

8 min 0.001–0.02 mcg/mL

0.1–0.4 nM

7 (SERPINE1)

Plasminogen activator 
inhibitor-2 (PAI-2)

Glycoprotein—(two forms, 
MW 60,000 [secreted], MW 
47,000 [intracellular])

Proteinase inhibitor (Serpin): 
tPA, uPA inhibitor

— 60.005 mcg/mL

6/0.07 nM

0.250 mcg/mL in late 
pregnancy

18 (SERPINE2)

a2@antiplasmin (AP) Single-chain glycoprotein 
MW 70,000

pln inhibitor; also kallikrein, 
thrombin, tPA inhibitor

3 days 70 mcg/mL

1000 nM

17 (PLI)

Thrombin activated fibrino-
lysis inhibitor (TAFI)

Single-chain protein MW 
60,000

Carboxypeptidase B: plas-
minogen activation inhibitor 
by cleaving lysine AA from 
fibrin

10 min 5 mcg/mL

75 nM

13 (CPB2)

C-1 esterase inhibitor 
(C-inh)

a2@Macroglobulin (a2@M)

Single-chain glycoprotein 
MW 105,000

Glycoprotein: 4 identical 
chains MW 725,000

C1r and C1s, FXIIa, FIXa, 
kallikrein, plasmin inhibitor

Inhibitor of multiple prote-
ases by “trapping”

70 hr 180 mcg/mL

1700 nM

2500 mcg/mL

3000 nM

11 (SERPING1)

12 (A2M)

IV. Cell surface receptors

uPA Receptor (uPAR) Glycoprotein receptor MW 
55,000

uPA receptor on surface 
of EC, monocytes, and 
macrophages

— — 19 (PLAUR)

Annexin 2 Heterotetramer MW 38,000 tPA, PLG receptor on EC, 
monocytes, and macro-
phages, SMC

— — 15 (ANXA2)

Low-density-lipoprotein 
Receptor-like protein (LRP)

MW 600,000 Clearance receptor for uPA/
PAI-1 and PAI-2, tPA/PAI-1, 
PLn/a2PI

— — 12 (LPR1)

MW = molecular weight in Da; Serpin = serine protease inhibitor; SMC = smooth muscle cells
aGene symbol approved by the hUGo Gene nomenclature Committee

★ tabLe 32-4 Summary of Properties of the Components of the Fibrinolytic System

tissue-type Plasminogen activator (tPa)
Vascular endothelial cells of small vessels mainly produce tPA, which 
seems to be the predominant PA activity in the circulatory system. In 
vivo, tPA is constitutively released from endothelial cells as a single-
chain molecule (sctPA); a secondary pool is released from storage 
vesicles by stimuli such as thrombin, bradykinin, histamine, exercise, 

venous stasis, shear stress, and DDAVP administration.29 tPA has 
two kringle domains containing lysine-binding sites (LBSs) that are 
involved in fibrin binding, fibrin-specific PLG activation, rapid clear-
ance in vivo, and binding to endothelial receptors. sctPA is unique 
among the serine proteases because it does not circulate as a zymogen 
but is fully active toward its substrate PLG in its single-chain form. 
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fibrin as a cofactor and can activate both fibrin-bound and circulating 
PLG. The localized generation of small amounts of fibrin-bound PLN 
converts scuPA to tcuPA (usually represented by just uPA), bringing 
about the reciprocal activation of PLG and scuPA.

A specific receptor for uPA, uPA receptor (uPAR), plays 
an important role in localizing uPA-catalyzed PLG activation. The 
receptor binds scuPA and uPA to the endothelial cell surface and 
facilitates activation of scuPA to uPA and of PLG to PLN. Binding 
uPA to uPAR increases the activation of plasminogen 20-fold by colo-
calization of uPA and PLG and contributes to a fibrinolytic potential 
on undamaged endothelium.29

Lipoprotein(a) (Lp[a]), a low-density lipoprotein (LDL)-like 
particle similar in structure to PLG, has been shown to inhibit the 
activation of PLG by tPA and uPA.34 Lp(a), which also possesses LBS, 
competes with PLG and tPA for fibrin binding, interfering with PLG 
activation. Thus, elevated levels of Lp(a) are antifibrinolytic and are 
considered a thrombotic risk factor (Chapter 35).

exogenous activators
In addition to these physiologically important endogenous PLG 
activators, several bacterial species also produce efficient PLG acti-
vators.29 Streptokinase (SK), derived from b@hemolytic streptococci, 
is not a serine protease but acts by forming a 1:1 complex with PLG. 
When bound to SK, PLG undergoes a conformational change, expos-
ing an altered active site that can then bind and cleave a second mole-
cule of PLG to form PLN. SK is used as a therapeutic agent to dissolve 
clots but is highly antigenic, and formation of antibodies often lim-
its its clinical usefulness. SK has no preferential action toward PLG 
bound to fibrin and thus acts equally well on PLG in the circulation, 
resulting in extensive systemic plasmin activation and a generalized 
proteolytic state. PAs are also produced by Staphylococcus aureus 
(staphylokinase [SAK]) and by Yersinia pestis. Like SK, SAK is not 
an enzyme but forms a 1:1 complex with PLG. However, SAK does 
not activate PLG in the absence of fibrin. Trace amounts of PLN can 
convert the SAK/PLG complex to a SAK/PLN that is a highly fibrin-
specific PA.

Fibrin Degradation
PLN is responsible for the asymmetric, progressive degradation of 
fibrin (or fibrinogen), forming distinct protein fragments referred to 
as fibrin degradation products (FDPs). The liver rapidly clears 
these fragments from the circulation. Their detection in the plasma is 
of diagnostic value for some hemostatic disorders.

Fibrinogen Degradation Products (FDPs)
The sites of PLN proteolytic action are similar in fibrinogen and cross-
linked fibrin. PLN digestion of fibrinogen has been widely studied and 
has been used as the model to explain the digestion of fibrin. The prod-
ucts formed include fragments X, Y, D, and E (Figure 32-14 ■). Frag-
ment X is formed when plasmin cleaves a few small peptides from the 
exposed polar appendages in the C-terminal region of the a-chains of 
fibrinogen and amino acids b1942 from the N-terminal portion of the 
b-chains. Next asymmetric cleavage in one coiled-coil region midway 
between one D terminal nodule and the E central nodule produces 
a uninodular fragment D and a binodular fragment D-E (fragment 
Y). PLN then cleaves fragment Y in the coiled-coil region between the 

However, PLG activation by sctPA in plasma (in the absence of fibrin) 
is inefficient. The activation of PLG by sctPA is markedly increased 
when both proteins are bound to fibrin via their respective LBSs. sctPA 
can be converted to a two-chain molecule (tctPA) by cleavage of a 
single peptide bond by kallikrein, PLN, or FXa. However, the single-
chain form is nearly as effective as the two-chain form in the presence 
of fibrin.31

In addition to binding to and functioning on a fibrin surface, tPA 
also associates with the membrane of endothelial cells. The endothe-
lial cell receptor for tPA is annexin II (A2), which functions as a core-
ceptor for both tPA and PLG. Binding and activation of tPA and PLG 
help maintain a fibrinolytic potential on undamaged vascular surfaces.

urinary-type Plasminogen activator (uPa)
uPA is primarily produced by renal tubular epithelium, monocytes, 
macrophages, and vascular endothelium and is found in urine and 
plasma. However, uPA functions mainly in the tissues where it plays 
an important role in digesting the extracellular matrix, enabling cells 
to migrate.32 This process is important in wound healing, embryogen-
esis, inflammation, and cancer metastasis. uPA is secreted as a scuPA 
but has little proteolytic activity until it is converted to a two-chain 
form by PLN, FXIIa, or kallikrein.33 Unlike tPA, uPA does not require 

■  Figure 32-13 The fibrinolytic system. This system  
can be activated by the physiologic activators, tissue  
plasminogen activator (tPA) derived from endothelial  
cells, and urinary-type plasminogen activator (uPA) or the 
contact activators, kallikrein, FXIIa, and FXIa. Exogenous 
activators, streptokinase and staphylokinase, can also 
activate the  system. Plasmin, the product of activation, 
breaks down the fibrin clot by digesting fibrin to fibrin deg-
radation products (FDPs). The inhibitors of plasminogen 
activation, plasminogen activator inhibitor-1 (PAI-1), plas-
minogen activator inhibitor-2 (PAI-2), thrombin-activatable 
fibrinolysis inhibitor (TAFI), and the inhibitors of plasmin 
(a2@antiplasmin and a2@macroglobulin) control the fibri-
nolytic system. The fibrinolytic system, like the clotting 
system, is intricately regulated by these activators and 
inhibitors.

Plasminogen

Fibrin FDP

Plasmin

tPA
uPA
(physiologic)

Streptokinase
Staphylokinase
(exogenous)

Kallikrein,
Factor FXIIa,
Factor FXIa
(contact)

α2-macroglobulin
α2-antiplasmin

PAI1

PAI2

TAFI

Inhibitors Activators

M32_MCKE6011_03_SE_C32.indd   650 01/08/14   11:51 pm



 651Chapter 32   •   SeCondary hemoStaSiS and FibrinolySiS

remaining E and D nodules, producing free fragment E and another 
fragment D. Each fibrinogen molecule ultimately is degraded into two 
D fragments, one E fragment, and a few small peptides.

Fibrin Degradation Products (FDPs)
PLN degradation of fibrin monomer and non-cross-linked fibrin poly-
mer is essentially identical to that of fibrinogen degradation. PLN deg-
radation of cross-linked fibrin, however, is slower and produces unique 
degradation products because of the intermolecular bonds induced by 
FXIIIa. The smallest unique degradation product, the D-D fragment, 
consists of two fragment D segments of two adjacent cross-linked fibrin 
monomers. To completely separate adjacent D and E nodules on neigh-
boring molecules, six cleavages must occur (2a-, 2b-, and 2g-chains 
cleaved). Digestion severing all connections is not always complete. 
Therefore, some of the cross-linked D-D degradation products are 
found within molecules of various molecular weights. They can consist 
of various combinations of X, Y, D, and E fragment complexes from two 
or more cross-linked fibrin monomers (e.g., DD/E, YD/DY, YY/DXD) 
(Figure 32-15 ■). The D-dimer test, a test for fibrin breakdown prod-
ucts, is a specific marker for PLN degradation of fibrin (Chapter 36).

If present in sufficient concentration, the fibrin fragments can 
exert an anticoagulant effect on the clotting system. Fragment X can 
still bind and be cleaved by thrombin but very slowly. Fragment X can 
compete with fibrinogen for thrombin, so less fibrin is formed. Frag-
ments Y, D, and E can inhibit the polymerization of fibrin by competing 
for polymerization sites on fibrin monomers. The fragments can also 
interfere with primary hemostasis by inhibiting platelet aggregation.

systemic effects of Plasmin
If free in plasma, PLN can cause proteolytic degradation of numer-
ous plasma proteins, including fibrinogen; factors V, VIII, and XII; 
and components of the kinin and complement systems. The rapid 
formation of complexes between free PLN and its inhibitor, a2@AP 
(P-AP), controls this potentially dangerous proteolytic process. If PLN 
inactivation is not sufficiently controlled, the result is a systemic fibri-
nolytic state characterized by PLG activation, depletion of a2@AP and 

■  Figure 32-14 Plasmin degradation of fibrinogen.  
The degradation of fibrinogen by plasmin occurs in  
well-defined sequential steps. First, small peptides  
are cleaved from the carboxyl ends of a-chains  
producing fragment X. The E nodule retains the  
A and B peptides. The fragment X is still capable  
of reacting with thrombin to form fibrin. Next one  
of the D nodules is cleaved from the fragment X,  
producing fragment Y (DE) and a fragment D.  
Additional cleavage of the fragment Y produces D  
and E fragments.

Plasmin degration of fibrinogen

Fibrinogen

Plasmin

X fragment
Small peptides
from carboxyl
end of �-chains

�

�

D fragmentY fragment

D fragment E fragment

Plasmin
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■  Figure 32-15 Plasmin digestion of fibrin occurs at cleavage sites identical to those of 
fibrinogen. However, because of the covalent bonds of the FXIIIa-stabilized polymer, diges-
tion is slower. Derivatives also are different; some sites are not accessible in the lattice forma-
tion. This schematic drawing depicts some of the derivatives of plasmin digestion of fibrin.

DD/E DXD/DD DY/YD

D fragmentE fragment
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■  Figure 32-16 Downregulation of plasmin formation by 
TAFI. Fibrinolysis is initiated when plasminogen is converted 
to plasmin by tPA. Both plasmin and tPA preferentially bind 
to carboxy-terminal lysine (K) residues of fibrin. The forma-
tion of plasmin is enhanced by a positive feedback loop. 
New C-terminal lysine residues generated after limited plas-
min cleavage provide new binding sites for continued tPA 
and plasminogen binding. TAFIa cleaves off the C-terminal 
lysine residues from partially degraded fibrin and thereby 
eliminates/decreases the fibrin cofactor function in the tPA/
plasminogen/fibrin complex, inhibiting further formation of 
plasmin and the degradation of the fibrin clot.
TAFI = thrombin-activatable fibrinolysis inhibitor; tPA = tissue plasmino-
gen activator; TAFIa = activated TAFI
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Plasminogen tPA
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K

formation of a ternary complex involving TAFI-thrombin-TM. PLG 
binding to fibrin occurs primarily at carboxy-terminal lysine residues. 
New C-terminal lysines are generated during initial plasmin degrada-
tion of fibrin. TAFIa suppresses fibrinolysis by removing C-terminal 
lysine residues from fibrin, thereby eliminating the plasminogen-
binding sites on fibrin36 (Figure 32-16 ■). TAFIa thus protects the 
fibrin clot from degradation by inhibiting the binding and activation 
of PLG. Because of TAFIa’s short half-life (∼10 minutes), this effect 
is temporary, delaying fibrinolysis activation until the fibrin clot can 
be established and stabilized. Thus, sufficient thrombin generation 
initially results in the suppression of fibrinolysis by activating TAFI, 
which in turn plays a major role in the balance between fibrin deposi-
tion and removal. TM also has a role in downregulating coagulation 
by activating protein C (see the section “Biochemical Inhibitors”).

A2-antiplasmin (aP)
The liver produces and secretes a2@AP, which is also found in platelet 
aG. a2@AP is the principal physiologic inhibitor of PLN; it binds via 
LBS on PLN and rapidly inhibits the enzyme. In the circulation, a2@AP 
reacts quickly with free PLN, but PLN bound to fibrin is protected 
from inactivation because fibrin occupies the same binding sites on 
PLN as would AP.29 Circulating a2@AP thus makes an important con-
tribution to limiting systemic fibrinolysis. a2@AP can also bind PLG, 
interfering with its absorption to fibrin. Some a2@AP molecules are 
cross-linked to fibrin by FXIIIa during clotting, thus increasing the 
initial resistance of fibrin to the action of PLN, and allowing repair 
processes to start before clot lysis is initiated.

A2-macroglobulin (A2-m)
a2@macroglobulin (a2@M) is a backup inhibitor for several proteases, 
including PLN and the other hemostatic serine proteases. If the fibrino-
lytic system has been extensively activated and a large amount of PLN has 
been generated, a2-AP’s inhibitory capacity would be exhausted. Then 

fibrinogen breakdown. Physiologic fibrinolysis, which occurs when 
PLN is attached to fibrin, is highly fibrin specific and not associated 
with a systemic fibrinolytic/proteolytic state.

how are the pln degradation products of fibrinogen and 
fibrin different?

CheCkpoint 32-8

Inhibitors of Fibrinolysis
Fibrinolytic inhibitors, which modulate the fibrinolytic system to pre-
vent systemic proteolysis, hold fibrinolytic proteins in check (Table 32-4). 
They act at the PLG activation step or directly on PLN.

Plasminogen activator inhibitors (Pais)
Several inhibitors control the activation of PLG. Most belong to a 
family of serine-protease inhibitors called serpins that inhibit target 
molecules by forming a 1:1 stoichiometric complex. The primary reg-
ulators are the PAIs. Five proteins with PAI activity have been identi-
fied: PAI-1, PAI-2, PAI-3, protease nexin-1, and neuroserpin. Of these, 
only PAI-1 appears to play a significant role in regulating PA activity in 
the vasculature and most tissues.29 The interaction of PAI-1 with tPA 
is 71000 times greater than the interaction of tPA with the other PAIs.
Plasminogen activator inhibitor-1 (Pai-1)
Endothelial cells, monocytes, macrophages, megakaryocytes, hepato-
cytes, and adipocytes produce PAI-1, which appears to be the primary 
physiological inhibitor of tPA and uPA. PAI-1 reacts with tPA, sctPA, 
and uPA but not scuPA. In plasma, PAI-1 is in significant excess over 
tPA (Table 32-4), and most of the tPA circulates in a complex with 
PAI-1. Release of PAI-1 from activated platelets into the developing 
hemostatic plug ensures that the initial fibrin matrix is not prematurely 
lysed by tPA activation of PLG. PAI-1 is an acute-phase reactant pro-
tein. Thrombin, IL-1, TGF@b, TNFa, and endotoxin induce dramatic 
increases in plasma PAI-1 levels. Elevated PAI-1 results in a decrease 
in tPA activation of PLG and a shift in the hemostatic balance toward 
hypercoagulability (Chapter 35). Deficiency of PAI-1 results in a seri-
ous bleeding disorder because of unregulated and excessive fibrinolysis.
Plasminogen activator inhibitor-2 (Pai-2)
PAI-2, the second plasminogen activator inhibitor, is found in high-
est amounts in placental tissue and macrophages. Plasma levels are 
very low except in pregnancy when they are drastically elevated. PAI-2 
inhibits both tPA and uPA but is less effective toward sctPA.
activated Protein C inhibitor (Pai-3)
The protein originally identified as PAI-3 is now thought to be the 
activated protein C (APC) inhibitor.
Lipoprotein receptor-related Protein (LrP)
PA/PAI complexes are removed from the circulation by binding to 
the low-density lipoprotein receptor-related protein (LRP) receptors 
on hepatocytes and macrophages. LRPs mediate clearance of free tPA, 
tPA/PAI-1, uPA/PAI-1, tPA- or uPA-PAI-2, and a2-macroglobulin/
protease complexes.29

thrombin-activatable Fibrinolysis inhibitor (taFi)
TAFI is a plasma protein zymogen (procarboxypeptidase B) pro-
duced by the liver that inhibits fibrinolysis when activated to TAFIa 
by the thrombin/thrombomodulin complex.35 Activation requires the 
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creating an area of stasis, platelets and coagulation factors are brought 
into proximity with the vessel wall, promoting the initiation of primary 
and secondary hemostasis. Neither stasis alone nor the activation of 
circulating coagulation factors in flowing blood results in clot forma-
tion. Vasoconstriction of the injured vessel is an important initial step 
for adequate fibrin formation. Return to normal blood flow through 
an area of injury then limits coagulation by diluting the concentration 
of activated factors. Activated factors carried away from the fibrin clot 
are bound by inhibitory proteins with loss of their coagulant potential.

Liver Clearance
The liver is the site of production of many clotting factors, making 
it a vital organ for normal hemostasis. The liver removes activated 
coagulation factors complexed with their inhibitors from the circula-
tion as well as PLN-antiplasmin complexes (PAP) and FDPs. A major 
receptor for removal of these complexes is the LRP receptor found on 
hepatocytes and liver macrophages. Liver disease can result in hemor-
rhage from decreased production of coagulation factors. It can also 
contribute to systemic fibrinolysis or thrombosis associated with the 
failure to remove activated proteases.

Positive Feedback Amplification
The hemostatic system has several positive feedback mechanisms. 
Some of the most important are (1) thrombin, which, as a major acti-
vator of platelets, promotes the release of platelet FVa and the exposure 
of negatively charged phospholipid surfaces used for assembly of coag-
ulation protein complexes, (2) thrombin activates FVa, FVIIIa, FXIa, 
and FXIIIa, (3) FXa feeds back to activate FVII, and (4) FXa has limited 
ability to activate FVIII in a reaction that can be important before sig-
nificant amounts of thrombin are produced (Figure 32-17 ■).

a2@M can operate as a second line of defense to inactivate remaining PLN. 
Antithrombin and a1@antitrypsin have some antiplasmin activity in vitro 
but are probably minimally significant in vivo. C-1 inhibitor is thought to 
play a role in controlling contact phase-dependent fibrinolysis.29

9. Does any evidence exist to indicate a problem with 
Shawn’s fibrinolytic system?

Case stuDy (continued from page 644)

COntrOL OF hemOstasis
An important aspect of coagulation involves the interactions and 
amplification loops required to get the burst of thrombin needed to 
form a stable clot. The dynamic fibrin formation process is normally 
limited to the site of vascular injury. However, the disruptive force of 
blood flow presents an extraordinary problem for regulating hemosta-
sis. Activated factors and/or platelets must be kept at the site of injury 
and must be controlled so that blood remains fluid in the uninvolved 
vessels. Cellular localization and plasma protease inhibitors are essential 
in confining the coagulation reactions to sites of injury and turning off 
the process so that excessive clotting does not occur. Thus, physiologic 
mechanisms involved in controlling hemostasis include the control of 
blood flow, liver clearance of activated proteins, negative and positive 
feedback of activated clotting factors, and the protease inhibitors.

Blood Flow
Vasoconstriction and activation of clotting factors are necessary for clot 
formation to begin. Vessel constriction initially enhances clot forma-
tion by slowing blood flow through the injured vessel. As blood pools, 

■  Figure 32-17 Positive feedbacks in coagulation. Heavy arrows indicate 
positive feedbacks. Shaded boxes indicate targets.
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Component Description role
Concentration in 
Plasma t1/2

Chromosome (gene 
symbol)a

Protein C (PC) Two-chain glycoprotein MW 
62,000

Serine protease: FVa and 
FVIIIa inactivation

4–6 mcg/mL  
60 nM

6 hr 2 (PROC)

Protein S (PS) Single-chain glycoprotein 
MW 64,000

Cofactor for APC inactiva-
tion of FVa and FVIIIa

20–25 mcg/mL

300 nM

42 hr 3 (PROS1)

Thrombomodulin (TM) Transmembrane protein 
MW 450,000

Cofactor/modulator: EC 
receptor for thrombin; 
cofactor for thrombin activa-
tion of PC; stimulator of EC 
to release tPA and EDRF

0.02 mcg/mL — 20 (THBD)

Antithrombin (AT) Single-chain glycoprotein 
MW 58,000

Serpin: inhibitor of throm-
bin, factors Xa, IXa XIa, XIIa, 
kallikrein, plasmin, tPA

150 mcg/mL

2500 nM

61–72 hr 1 (SERPINC1)

Heparin cofactor II (HCII) Glycoprotein MW 66,000 Serpin: inhibitor of thrombin 40–70 mcg/mL

1000 nM

60 hr 22 (SERPIND1)

C1-esterase inhibitor 
(C-inh)

Single-chain glycoprotein 
MW 105,000

Serpin: inhibitor of kallikrein, 
plasmin, C1, FXIIa, FXIa

180 mcg/mL

1700 nM

70 hr 11 (SERPING1)

Protein C inhibitor (PAI-3) Single-chain protein MW 
57,000

Serpin: inhibitor of APC 1.0 mcg/mL

100 nM

23 days 14 (SERPINA5)

a1@antitrypsin 
(a1@proteinase inhibitor, 
a1PI)

Protein MW 55,000 Serpin: inhibitor of FXIa, 
thrombin, kallikrein, plasmin, 
tPA

2500 mcg/mL

45,000 nM

144 hr 14 (SERPINA1)

Tissue factor pathway 
 inhibitor (TFPI)

Single-chain glycoprotein 
MW 43,000

Inhibitor of FVIIa and FXa 0.07 mcg/mL

1.6 nM

1–2 min 2 (TFPI)

a2@macroglobulin

(a2@M)

Dimeric protein MW 
725,000

Proteinase inhibitor: inhibi-
tor of kallikrein, plasmin, 
thrombin, tPA

2500 mcg/mL

3000 nM

— 12 (A2M)

Protein z-dependent 
 protease inhibitor (ZPI)

Single-chain glycoprotein 
MW 72,000

Serpin: inhibitor of FXa with 
cofactor Protein Z; inhibitor 
of FXI

1.0–1.6 mcg/mL

20 nM

— 14 (SERPINA10)

Protein Z Vitamin K-dependent glyco-
protein MW 62,000

Cofactor for ZPI inhibition 
of FXa

2–3 mcg/mL

50 nM

60 13 (PROZ)

Serpin = serine protease inhibitor; tPA = tissue plasminogen activator; MW = molecular weight in Da.; APC = activated protein C; EC = endothelial cells; 
PAI = plasminogen activator inhibitor; EDRF = endothelium derived relaxing factor
aGene symbol approved by the hUGo Gene nomenclature Committee protein C (pC)

★ tabLe 32-5 Summary of Naturally Occurring Inhibitors

Biochemical Inhibitors
Naturally occurring inhibitors are soluble plasma proteins that 
 regulate the enzymatic reactions of serine proteases. They prevent the 
initiation or amplification of the coagulation cascade (Table 32-5 ★; 
Figure 32-18 ■). The natural inhibitors include:

 1. Antithrombin (AT)
 2. Heparin cofactor II (HCII)
 3. Protein C (PC) and protein S (PS)
 4. TFPI
 5. Protein Z-dependent protease inhibitor (ZPI) and protein Z (PZ)
 6. a2@M
 7. a1@Antitrypsin (a1@protease inhibitor [a1PI])
 8. C1-esterase inhibitor (C1-INH)
 9. TAFI (see the section “Inhibitors of Fibrinolysis”)
10. a2@AP (see the section “Inhibitors of Fibrinolysis”)

Negative Feedback Inhibition
Some activated factors have the potential to destroy other factors in the 
coagulation cascade. This process of feedback inhibition limits further 
enzyme production and dampens the coagulation process. Thrombin 
has the ability to activate FVa and FVIIIa and at higher concentrations 
can inactivate them via activated protein C (APC). FXa first activates 
FVIIa and then, through the action of tissue factor pathway inhibi-
tor (TFPI), is itself inactivated in a reaction that requires FVIIa/TF. 
Fibrin, the end product of the cascade, also indirectly controls clot-
ting. Fibrin has a strong affinity for thrombin, and once thrombin is 
adsorbed onto the fibrin meshwork it is very slowly released, limiting 
the amount of thrombin available to cleave more fibrinogen to fibrin. 
In addition, FDPs produced by PLN digestion function as inhibitors 
of fibrin formation by interfering with the conversion of fibrinogen 
to fibrin and the polymerization of fibrin monomers.
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AT undergoes a conformational change, making its reactive site more 
accessible to the active site serine of thrombin (or other protease tar-
gets) and increasing the rate of interaction several thousand-fold. The 
thrombin/AT (TAT) complex then dissociates from the proteoglycan, 
and the heparan sites are free to bind other thrombin and AT mol-
ecules. Dermatan sulfate, another GAG located in the vessel wall and 
the tissues, has little catalytic effect on AT but is a potent catalyst for 
heparin cofactor II. Vessel wall HSPGs bind and localize plasma AT, 
which contributes to the anticoagulant and antithrombotic properties 
of the endothelium by inhibiting free thrombin and other activated 
proteases in the plasma.

Heparin used as an anticoagulant consists of molecules that are 
structurally and functionally heterogeneous, ranging in size from 5000 
to 30,000 Da. In commercial heparin preparations, only about one-
third of the molecules have catalytic activity. Among naturally occur-
ring heparin-like proteoglycans, 610% are active. Heparin inhibits 
platelet function by inhibiting VWF binding and reducing platelet 
adhesion to subendothelium and thus can produce hemorrhagic side 
effects if not monitored during therapeutic administration. Also, hepa-
rin can produce a mild thrombocytopenia (heparin-associated throm-
bocytopenia [HAT] Chapter 35), resulting from direct interactions 
between heparin and platelets. The low-molecular-weight (LMW) 
heparins (alternative therapeutic antithrombotic agents) can inactivate 
FXa but are less effective in inactivating thrombin. As the size of the 
heparin molecules decreases, the ratio of inactivation of FXa to throm-
bin increases. LMW heparins are also less likely to induce thrombo-
cytopenia and HAT. Heparin has no action as an anticoagulant in the 
absence of AT. When AT levels are significantly reduced, patients can 
become unresponsive to antithrombotic therapy with heparin.

heparin Cofactor ii (hCii)
HCII is a second plasma protease inhibitor whose activity is acceler-
ated by heparin. Unlike AT, HCII is not a broad-spectrum inhibitor. 
It inhibits thrombin but has little activity against other coagulation 
proteases (FXa, FIXa, FVIIa).37 Because HCII’s affinity for heparin is 
significantly less than that of AT, a higher concentration of heparin is 
needed to accelerate its thrombin inhibition. Therefore, HCII proba-
bly contributes a minimal anticoagulant effect in heparinized patients. 
However, it likely is involved in thrombin inhibition in extravascular 
locations because its activity (unlike that of AT) is accelerated signifi-
cantly by extravascular dermatan sulfate. HCII may also play a role in 
protection from thrombosis during pregnancy, as plasma levels rise to 
∼150% during the third trimester.39

Protein C (PC) and Protein s (Ps)
The PC pathway is a major inhibitory mechanism involved in con-
trolling blood coagulation. Unlike the other inhibitory mechanisms 
directed at the proteases of the coagulation cascade, activated PC 
(APC) inhibits two of the nonproteolytic regulatory cofactors of 
coagulation: Va and VIIIa. APC cleavage of FVa at specific sites con-
verts it to FVai, which totally lacks cofactor activity. Although FVIII 
is also a substrate of APC, its inactivation by APC may be of limited 
biologic significance because the intrinsic instability of FVIII is likely 
responsible for most of its loss of activity in vivo.40

■  Figure 32-18 Major naturally occurring inhibitors of 
coagulation. Solid lines indicate proteolytic pathways. 
Dashed lines show direction of inhibition. Shaded ovals 
indicate inhibitors.
TFPI = tissue factor pathway inhibitor

FIXa
(� FVIIIa)

FXa
(� FVa)

FIIa
(thrombin)

FXIa

Fibrinogen Fibrin

TFPI

Antithrombin
Protein C
system

Tissue Factor 
& FVIIa

Antithrombin, a1@antitrypsin, heparin cofactor II, C1-inhibitor, 
ZPI, AP, and PAI-1 are members of the serpin family of serine prote-
ase inhibitors (serpins). Serpins inhibit their target enzymes in what 
has been described as a suicide-substrate inhibition mechanism in 
which they form a covalent complex with the enzyme’s active site ser-
ine.37 Conformational changes are induced in both the protease and 
the inhibitor, trapping the enzyme with the serpin and resulting in loss 
of activity of both proteins.

antithrombin (at)
Formerly called AT III, AT is a serpin protease inhibitor and is clini-
cally the most important inhibitor of procoagulant serine proteases. The 
name antithrombin is misleading because AT can neutralize all serine 
proteases including thrombin; factors IXa, Xa, XIa, and XIIa; kallikrein; 
and plasmin. AT molecules circulating in the blood have limited inhibi-
tory activity. AT forms a 1:1 complex with each target protease, but the 
reaction is slow in the absence of heparin or heparin-like molecules. Gly-
cosaminoglycans (GAGs) such as heparin, heparan sulfate, or dermatan 
sulfate accelerate inhibition of the target proteases by three to four orders 
of magnitude. Originally, two antithrombin activities—progressive anti-
thrombin (in the absence of heparin) and heparin cofactor (in the pres-
ence of heparin)—were described and were thought to result from two 
separate plasma proteins. Subsequently, both activities were shown to be 
associated with a single protein, AT.38 Procoagulant proteases associated 
in surface-activating complexes (prothrombinase, tenase) are protected 
against AT/heparin inactivation.

AT is produced by hepatocytes and secreted into the plasma. In 
vivo, heparin is located in the granules of mast cells and basophils 
although under normal circumstances, it is not released from these 
cells into the circulation and cannot be detected in plasma. Although 
only small amounts of naturally occurring heparin are found in 
plasma, vascular endothelium is rich in heparin-like molecules, 
GAGs or heparan sulfate proteoglycans (HSPGs). These endothelial 
cell–associated proteins have heparan side chains with the correct car-
bohydrate sequences needed for AT recognition. Both thrombin and 
AT can bind to HSPGs, forming a ternary complex. Upon binding, 
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■  Figure 32-19 Protein C (PC) pathway. Thrombin (FIIa) forms on the vessel wall at the site 
of injury. Thrombomodulin (TM) on the endothelial cell forms a complex with thrombin. This 
complex activates PC, which then in association with free protein S (PS) inactivates FVa and 
FVIIIa.
TF = tissue factor; FII = prothrombin; APC = activated protein C; C4BP = complement 4b binding protein; 
EPCR = endothelial cell protein C receptor
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FVIIIa. APC cleaves Arg 306 and Arg 506 in FVa, and the analogous 
Arg 336 and Arg 562 in FVIIIa. The inactive cleavage products of APC 
are referred to as FVai and FVIIIai. Inactivation of FVIIIa requires 
both PS and FVa as cofactors.23 APC also produces a profibrinolytic 
effect, presumably because of the decreased generation of thrombin 
resulting in the lack of activation of TAFI.

An endothelial cell protein C receptor (EPCR) is found on 
the endothelial cells of larger vessels.43 When EPCR binds PC, it aug-
ments PC activation by increasing the affinity of the T/TM complex 
for PC.44 When activated by T/TM in the microcirculation, APC rap-
idly dissociates from the endothelial cells but dissociates more slowly 
from the endothelium of larger vessels because of binding to EPCR. 
When APC dissociates from EPCR, APC can bind PS and then inacti-
vate FVa. APC bound to EPCR induces a profound anti-inflammatory 
effect, mediated at least in part via activation of protease-activated 
receptor-1 (PAR-1) on the EC membrane.45 APC is neutralized by 
PC inhibitor (PCI, or PAI-3), a1@antitrypsin, and a2@M.

Deficiency of either PC or PS results in a tendency for thrombo-
embolic disease. Patients have been described with normal amounts 
of PC and PS in their plasma, yet PC activation fails to inactivate FVa. 
This abnormality (FV Leiden), referred to as APC resistance, is the 
result of a mutation in one of the cleavage sites of FVa (Chapter 35).46

tissue Factor Pathway inhibitor (tFPi)
Originally called extrinsic pathway inhibitor or lipoprotein- 
associated coagulation inhibitor, tissue factor pathway inhibi-
tor (TFPI) inhibits the FVIIa/TF complex, suppressing the activity 
of the extrinsic pathway. PS serves as a cofactor for TFPI’s inhibition 
of FXa.23

PC and its cofactor, PS, are vitamin K-dependent proteins syn-
thesized in the liver. PC circulates as a two-chain disulfide-linked 
zymogen containing 9 Gla residues. PS is a single-chain glycoprotein 
with 11 Gla residues. Unlike the other vitamin K-dependent factors, 
PS does not contain a serine protease domain and thus lacks protease 
activity. The protein C pathway is illustrated in Figure 32-19 ■.

When generated at the site of injury, thrombin does not remain 
tethered to the phospholipid surface that catalyzed its formation. As 
excess thrombin (T) accumulates, some binds to TM on adjacent 
endothelial cell (EC) surfaces. Thrombomodulin (TM) is an inte-
gral membrane protein named for its ability to alter the activity of 
thrombin from procoagulant to anticoagulant so that thrombin loses 
its ability to clot fibrinogen and activate FV, FVIII, and platelets, but 
instead rapidly activates PC in the presence of Ca++.41,42 TM binding 
seems to cause a conformational change in the thrombin molecule 
that accounts for its altered activity. APC is released from the throm-
bin/TM (T/TM) complex and in association with its cofactor PS, pro-
teolytically inactivates FVa and FVIIIa in the presence of Ca++ and 
phospholipid. The precursor FV and FVIII molecules are resistant to 
the action of APC. The inactivation of these cofactors prevents sus-
tained thrombin generation. Thus thrombin creates a self-dampening 
effect via activation of PC that limits the growth of the fibrin clot.

To function effectively, APC must interact with PS, forming a 
1:1 complex in the presence of Ca++ and a phospholipid surface. PS 
circulates in the blood in two forms: (1) free PS (40% of the total cir-
culating protein) and (2) protein that is noncovalently associated with 
the complement regulatory protein, C4b-binding protein (C4BP). The 
free form of PS is the only effective cofactor for APC. When bound to 
a cell surface, the complex of PC–PS is capable of inactivating FVa and 

M32_MCKE6011_03_SE_C32.indd   656 01/08/14   11:51 pm



 657Chapter 32   •   SeCondary hemoStaSiS and FibrinolySiS

A2-macroglobulin (A2-m)
The glycoprotein a2@M is capable of inhibiting several serine prote-
ases including thrombin, FXa, plasmin, and kallikrein. The inhibition 
rate is relatively slow when compared with other inhibitors, and pro-
tease activity is not completely neutralized. However a2@M is thought 
to serve as a secondary or backup inhibitor for many coagulant and 
fibrinolytic enzymes.

Widely distributed in the body, the concentration of a2@M 
changes with age with the highest levels in infants and children. It 
also can be elevated in pregnancy, in women using oral contracep-
tives, and in a number of disorders. Following initial binding to the 
target enzyme, a2@M undergoes a conformational change, essentially 
trapping the enzyme within the inhibitor and preventing binding to 
its substrate. However, the catalytic site of the protease is left intact. 
This suggests that a2@M can function primarily as a clearance mecha-
nism for serine proteases rather than as an actual inhibitor of enzy-
matic activity. The a2@M/protease complexes are rapidly cleared from 
plasma via binding to LRP receptors in the liver.

A1-antitrypsin (A1-Protease inhibitor [A1-Pi])
The glycoprotein a1@PI has the capacity to inhibit a number of prote-
ases and is the major inhibitor of FXIa.53 Its activity is thought to be 
more important at the tissue level, particularly in its role as an inhibitor 
of neutrophil elastase.

C1-esterase inhibitor (C1-inh)
The C1-INH was first recognized as an inhibitor of the esterase activ-
ity of C1 from the complement cascade. It also inhibits the contact 
system proteases FXIIa, FIXa, kallikrein, and plasmin. C1-INH is the 
major plasma protease inhibitor of FXIIa and kallikrein, accounting 
for 790% of the plasma inhibitory activity.

Protein Z (PZ) and Protein Z-Dependent Protease 
inhibitor (ZPi)
PZ is a vitamin K-dependent protein that contains 13 Gla residues. 
Like PS, PZ lacks a catalytic domain and serves as a cofactor, mark-
edly enhancing the inhibitory function of ZPI.23 ZPI is a plasma ser-
pin that inhibits FXa in a PZ-dependent manner. It also inhibits FXIa 
in the absence of PZ but does not seem to inhibit other coagulation 
proteins.15 The physiologic importance of ZPI and PZ in the in vivo 
regulation of coagulation is still unclear.

The microvascular endothelium is the major source of TFPI 
synthesis in vivo. A significant portion of TFPI is bound to heparan 
sulfate on the surface of ECs with most of the remainder in blood 
bound to low-density lipoproteins (LDL).47 Heparin administration 
releases the EC-bound TFPI and raises the plasma level several-fold.48 
The range of plasma TFPI concentration varies highly among normal 
individuals. Plasma concentrations of TFPI activity vary with LDL 
levels because the interaction of TFPI with lipoproteins reduces the 
measurable anticoagulant activity.49

TFPI is unique among the protease inhibitors because it is a 
potent inhibitor of both FXa and FVIIa. First, TFPI binds to and inhib-
its the active site of FXa in the presence of Ca++ and procoagulant 
phospholipids. PS enhances this inhibition. Subsequently, this binary 
complex reacts with the FVIIa/TF complex, forming a quarternary 
compound (VIIa/TF/Xa/TFPI) on a membrane surface, inactivating 
both proteases50 (Figure 32-20 ■).

The molecular basis for TFPI’s capacity to neutralize two prote-
ases simultaneously is the fact that TFPI has three potential inhibitor 
domains (Kunitz domains): The first domain binds to and inhibits 
the FVIIa/TF complex, and the second inhibits FXa. The third Kunitz 
domain lacks direct inhibitory activity but is involved in the PS-
enhanced FXa inhibition.50,51

Because TFPI inhibition of FVIIa/TF requires FXa, the extrin-
sic pathway is not shut off until FXa is generated. Once FXa is pro-
duced, TFPI prevents continued activation of FX by the FVIIa/TF 
complex, and further FX activation must occur through the intrin-
sic pathway by the FIXa/FVIIIa complex. Thus, whereas initial 
FXa activation occurs via the extrinsic pathway, sustained activa-
tion requires FIXa activation via the intrinsic pathway.52 This fact 
explains the severe bleeding associated with factor deficiencies of 
the intrinsic pathway. Deficiencies of factors VIII and IX (Hemo-
philia A and B) will not permit sufficient activation of FXa to main-
tain normal hemostasis even in the event of tissue damage and TF 
generation.

■  Figure 32-20 The inhibition of FVIIa/TF by tissue fac-
tor pathway inhibitor (TFPI) occurs as the result of a mul-
tistep process. First, TFPI binds to FXa and neutralizes it, 
resulting in a conformational change of TFPI that promotes 
binding of the FXa/TFPI complex with the FVIIa/TF com-
plex in a calcium-dependent reaction.
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hemostatic mechanism?

CheCkpoint 32-9

10.  Why were liver function tests done on Shawn?

11.   What is the significance of normal results in a patient 
with hemostatic disease?

Case stuDy (continued from page 653)
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■  Figure 32-21 Tissue factor (TF) initiation of the physiologic pathway by 
activation of FIX and FX. Purple lines indicate positive feedback activation 
of TF/FVII by Xa and activation of FXI by thrombin.
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thrombin, which may or may not be sufficient to induce fibrin for-
mation. However, it is sufficient to set in motion the events that will 
result in a subsequent burst of thrombin generation. Importantly, the 
TF-bound FVII is rapidly converted to FVIIa/TF by proteases (FVIIa/
TF, FXa, thrombin) generated during the initiation phase.3

The small amounts of thrombin formed during the initiation 
phase launch a series of events associated with the multiple roles of 
thrombin in hemostasis that culminate in the acceleration or propa-
gation of the coagulation mechanism. These events include the acti-
vation of (1) platelets, (2) FV, FVIII, and FXIII, and (3) FXI, IX, and 
X. The FXa produced on the TF-bearing cell is almost immediately 
inhibited by TFPI, which quickly inhibits the FVIIa/TF complex. 
Formation of thrombin through the “extrinsic” pathway is transient, 
and subsequent propagation of the coagulation cascade occurs on the 
surface of activated platelets (activated by either the initial injury or 
thrombin generated during the initiation phase). Additional activation 
of FX and generation of thrombin occur through the “intrinsic Xase” 
by the FIXa/FVIIIa complex generated by FVIIa/TF activation of FIXa 
and thrombin activation of FXIa. The result is massive prothrombin 
activation and with the surge in thrombin generation, activation of PC 
and TAFI (via thrombin binding to TM).

TF is distributed throughout the body and is abundant in a 
variety of cell types. Thus, it is readily available to trigger the clotting 
cascade anywhere following vascular injury. This distribution pattern 
has been described as providing a protective “hemostatic envelope” 
surrounding the vasculature and organ structures.50

Once the platelet–fibrin clot has formed, the coagulation process 
must be terminated to prevent clot extension into noninjured areas of 
the vasculature. The coagulation reactions subside in the termination 
phase. Activated by the burst of thrombin generation in the propaga-
tion phase, the PC/PS/TM system inactivates FVa and FVIIIa, pre-
venting the generation of additional thrombin. AT and TFPI bound 
to heparan sulfate molecules on intact endothelium adjacent to the 
area of injury inactivate proteases that venture beyond the injury area. 

PhysiOLOgiC hemOstasis
Although the coagulation proteins are found primarily in the plasma, 
coagulation is not a humoral or liquid-phase process but a cell-based 
system. Also, although it has been traditional to divide the coagulation 
mechanism into intrinsic and extrinsic pathways, it is now accepted 
that the two pathways do not operate independently of each other. TF 
is considered the key initiator of coagulation in vivo, and TF/VIIa can 
activate both FX and FIX, generating both “intrinsic” and “extrinsic” 
Xase activity (Figure 32-21 ■). This revised understanding of physi-
ologic hemostasis has been referred to as the tissue factor pathway.

TF is not normally expressed on cells in contact with blood but is 
found on the surface of a variety of cell types outside the vasculature. 
Upon injury, cells expressing TF are exposed to the blood. Membrane-
bound TF binds FVII or FVIIa with high affinity, anchoring the com-
plex to the site of injury. FVIIa/TF then activates FX to FXa, and the 
common pathway continues. The extrinsic activation of FX would 
seem to make the activation of FX by the intrinsic Xase complex (FIXa, 
FVIIIa, PL, and Ca++) unnecessary, but clinical observations have dem-
onstrated the absolute necessity of these factors for normal hemostasis. 
Patients with FVIII and FIX deficiencies have major bleeding problems 
(Chapter 34) as do patients with severe deficiencies of factors II, V, VII, 
and X. The observation that FVIIa/TF also activates FIX to IXa demon-
strated that extrinsic pathway activation could result in activation of FX 
through both “intrinsic” and “extrinsic” mechanisms (Figure 32-21). The 
roles of TFPI (see below) and the positive feedback effects of thrombin 
also contribute to explaining physiologic coagulation.

When coagulation is triggered, a series of events described as 
the initiation, propagation, and termination phases of coagulation 
occurs. Trace amounts of FVIIa are found in the circulation at all times 
and are not reactive with plasma protease inhibitors.50 Coagulation is 
initiated when TF-bearing cells are exposed to blood at a site of vas-
cular injury. The TF binds FVII or FVIIa, and the FVIIa/TF complex 
subsequently binds and activates FX and FIX on the surface of the 
TF-bearing cells. The result is the generation of a small amount of 
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Circulating protease inhibitors directly inhibit proteases that escape 
into the fluid phase.

Patients with hereditary deficiencies of FXII, PK, and HK have a 
markedly prolonged partial thromboplastin time (PTT), suggesting an 
abnormality in the intrinsic pathway but do not have abnormal bleeding 
in vivo because in vivo hemostasis requires only FVIIa/TF activation of 
FIX and FX and thrombin activation of FXI. The severe bleeding seen 
in patients with deficiencies of FVIII or FIX occurs because of their 
inability to generate the “burst” of thrombin generation associated with 
the propagation phase of coagulation. In addition to failing to generate 
enough thrombin to produce an adequate fibrin clot, the thrombin gen-
erated is insufficient to activate TAFI and suppress fibrinolysis.

A specific assay for FVII activity was done on Shawn and 
both of his parents. His FVII activity was found to be 3% 
of that in normal plasma. Prothrombin and FX activi-
ties were normal. The FVII activity of Shawn’s father and 
mother was 50% and 47%, respectively. (The reference 
interval of FVII activity is 70–120%.)

12.   Do these findings explain the patient’s bleeding 
history?

Case stuDy (continued from page 657)

Review Questions
Level i

 1. Which of the following is/are involved in hemostasis? 
(Objective 1)

 A. only blood clotting

 B. clot formation, clot dissolution, vessel repair

 C. only blood clotting and bleeding

 D. only keeping blood in the fluid state

 2. Which of the following describes the events involved in 
secondary hemostasis? (Objective 2)

 A. lead to the formation of a chemically stable fibrin clot

 B. usually occur independently of primary hemostasis

 C. are uncontrolled

 D. occur in a random fashion

Summary
The hemostatic system functions to keep blood fluid within the 
vasculature and to prevent excessive blood loss upon vascular 
injury. Platelets, vascular endothelial cells, and numerous coagu-
lation proteins interact to maintain a balance between bleeding 
and clotting in vivo. Primary hemostasis occurs through acti-
vation of platelets and results in the formation of an unstable 
platelet plug. The formation of fibrin (coagulation) subsequently 
reinforces this plug and stabilizes it. The fibrin formation occurs 
through a process called secondary hemostasis.

The process of fibrin formation is carefully controlled and 
limited to areas of damage within the vascular network. Local-
ization of the response to the site of injury prevents widespread 
coagulation activation. Activation of the coagulation system 
occurs on phospholipid membrane surfaces (activated plate-
lets) or on exposed subendothelial tissue at sites of vessel injury. 
Coagulation involves a series of sequential activations of inac-
tive zymogens to active enzyme products. Classically, activation 
of the coagulation system has been described as being initiated 
via one of two possible pathways, the intrinsic and the extrinsic. 
Currently, however, it is believed that this distinction, although 

useful in discussing the system, is probably not physiologically 
relevant. In vivo, FVIIa/TF activation of FX and FIX is believed 
to initiate coagulation.

Each sequential activation step in the coagulation cascade 
involving the generation of an active clotting enzyme is modi-
fied and/or controlled by cofactors that accelerate the activation 
and inhibitory mechanisms that slow activation. The net result of 
these two opposing forces is a well-balanced physiologic pro-
cess designed to control activation of the system to an appropri-
ate degree. The final activation step results in the formation of 
the enzyme thrombin, which is responsible for converting the 
soluble plasma protein, fibrinogen, into an insoluble state, fibrin.

Once the fibrin clot has been formed and hemostasis 
achieved, repair of the damaged vascular tissue is initiated. The 
final step in the process requires the dissolution of the fibrin clot 
by the plasma fibrinolytic system once it is no longer needed. 
Like clotting, fibrinolysis involves the activation of an inactive 
proenzyme precursor (plasminogen) to the active enzyme plas-
min. Both activators (PAs) and inhibitors (PAIs and a2@AP) also 
help regulate this process.
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 10. Which of the following pairs the correct protease with its 
inhibitor? (Objective 12)

 A. thrombin–antithrombin

 B. tissue factor–TFPI

 C. heparin–heparin cofactor II

 D. fibrin–TAFI

Level ii

 1. Hemostasis depends on the balance of which of the follow-
ing? (Objective 1)

 A. the interaction of blood vessels, platelets, and coagu-
lation proteins

 B. the interaction between platelets and coagulation 
proteins

 C. the interaction between blood vessels and coagulation 
proteins

 D. the rate of complex formation

 2. Which statement most accurately describes the domains 
of coagulation proteins? (Objective 2)

 A. The catalytic region distinguishes each of them from 
trypsin.

 B. The catalytic region gives each protein its own 
identity.

 C. The noncatalytic regions are identical in all coagula-
tion proteins.

 D. The domains impart specificity and recognition to con-
trol hemostasis.

 3. Which of the following is true concerning the formation 
of protein complexes that occur during coagulation? 
( Objective 3)

 A. slows the rate of reaction

 B. does not require the presence of Ca++

 C. is not necessary for normal coagulation

 D. localizes the reaction to the site of injury

 4. Which of the following describes the contact factors? 
(Objective 4)

 A. have a significant role in initiating hemostasis in vivo

 B. cause a serious bleeding problem when defective or 
deficient

 C. contribute to fibrinolysis, inflammation, and comple-
ment activation

 D. can be assayed by the prothrombin time

 3. Which factor is known as the antihemophilic factor? 
( Objective 3)

 A. FIX

 B. FXI

 C. FVIII

 D. FXII

 4. The prothrombin group includes which of the following 
coagulation proteins? (Objective 4)

 A. factors I, V, VIII, XIII

 B. PK, HK, FXI, FXII

 C. factors II, VII, IX, X

 D. factors I, II, V, X

 5. Which of the following function as cofactors in hemostasis? 
(Objective 6)

 A. fibrinogen, prothrombin

 B. FVa, FVIIIa

 C. factors IXa, XIa, XIIa

 D. platelet phospholipid, Ca++

 6. What activates the extrinsic pathway? (Objective 7)

 A. exposure to negatively charged surfaces

 B. contact with tissue factor

 C. the intrinsic pathway

 D. FXIIa

 7. Which factors are involved in the initial activation of the 
coagulation system and require contact with a negatively 
charged surface for their activation? (Objectives 7, 8)

 A. factors II, V, VII, X

 B. factors XII, XI, PK, HK

 C. factors II, VII, IX, X

 D. factors I, V, VIII, XIII

 8. Which of the following is not involved in the fibrinolytic 
system? (Objective 10)

 A. plasminogen activator inhibitors

 B. plasmin

 C. FXa

 D. FXII, kallikrein

 9. Which of the following is/are end products in the break-
down of fibrin? (Objective 11)

 A. fragment X

 B. fragments y and d

 C. fragments D and E

 D. fibrin monomer
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 8. What is needed for fibrinolysis to occur at a physiologically 
significant rate? (Objective 7)

 A. tPA must bind to fibrin.

 B. Circulating plasminogen must be activated to plasmin.

 C. PAI-1 must be inhibited by a2@antiplasmin.

 D. Plasminogen must be bound to fibrinogen.

 9. Which is true of TFPI? (Objective 8)

 A. is found in platelets

 B. is unique because two different proteases are inhib-
ited at the same time

 C. does not require Ca++

 D. inhibits the entire coagulation cascade by inhibiting 
the extrinsic pathway

 10. The following results were reported on a 10-year-old male 
with a history of bleeding problems: prothrombin time: 
29.5 seconds (control, 12.5 seconds), partial thromboplas-
tin time: 51.0 seconds (control, 55.4 seconds). What do 
these results indicate? (Objective 9)

 A. An FVII defect or deficiency exists.

 B. A defect in the intrinsic system exists.

 C. The child has hemophilia A.

 D. Platelet testing should be done.

 5. The role of ADAMTS-13 in hemostasis is to: (Objective 6)

 A. activate protein C to activated protein C

 B. cleave ULVWF to multimers normally found in the 
circulation

 C. serve as a receptor for uPA on hepatocytes

 D. inhibit activated hemostatic proteases

 6. What is the hepatic cell receptor that binds and clears tPA/
PAI-1, plasmin/AP, and uPA/PAI-1 complexes from the cir-
culation? (Objective 6)

 A. UPAR

 B. LRP

 C. annexin-2

 D. TM

 7. Which of the following is a procoagulant function of throm-
bin? (Objective 5)

 A. activate FXII

 B. inactivate protein C

 C. suppress platelet activation

 D. activate FV and FVIII

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define and differentiate among thrombocytopenia,  thrombocytosis, 

and thrombocythemia and state an expected range of platelet 
count in each.

 2. Define and differentiate among petechiae, purpura, ecchymoses, 
hematoma, and easy bruisability.

 3. Identify laboratory tests that can be ordered to screen for abnormalities 
of the hemostatic system.

 4. Explain the expected clinical consequences when a patient has an 
abnormality of platelets or blood vessels.

 5. Correlate quantitative variations in the platelet count with disease 
manifestations.

 6. Recognize hematologic disorders characterized by the presence 
of thrombocytopenia or thrombocytosis.

 7. Describe the etiology, pathophysiology, and laboratory findings 
of the thrombocytopenias.

 8. Differentiate primary (malignant) from secondary (reactive) 
thrombocytosis.

 9. Explain the effect of aspirin and its duration on platelet function.
 10. Identify the cause and describe the clinical and laboratory features 

of hereditary disorders of platelet function.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Categorize each specific disorder of hemostasis by body system 

affected (e.g., vasculature, platelets).
 2. Predict the type of bleeding symptoms in patients with disorders 

of  primary hemostasis.
 3. Describe the expected symptomatology, etiology, pathophysiology, 

and laboratory test results in patients with disorders of the vasculature.
 4. Organize thrombocytopenic and thrombocytosis conditions by etiology 

and pathophysiology and explain laboratory findings in each condition.

(continued)
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Objectives—Level II (continued)

 5. Differentiate acute from chronic immune thrombocytopenia 
by significant clinical and laboratory data.

 6. Explain the pathophysiology of thrombocytopenia and 
thrombocytosis in hematologic disorders.

 7. Organize the hereditary and acquired qualitative platelet 
defects by etiology and pathophysiology, and predict the 
clinical and laboratory features.

Key Terms
Bernard-Soulier syndrome (BSS)
Congenital amegakaryocytic 

thrombocytopenia (CAMT)
Congenital thrombocytopenia 

with radioulnar synostosis 
(CTRUS)

d@storage pool disease
Disseminated intravascular 

coagulation (DIC)
Ecchymoses
Epistaxis
Fanconi anemia (FA)
Glanzmann thrombasthenia (GT)
Gray platelet syndrome (GPS) 

(a@storage pool disease)
Hematoma
Hemolytic uremic syndrome 

(HUS)
Heparin-associated 

thrombocytopenia (HAT)
Heparin-induced 

thrombocytopenia (HIT)
Immune thrombocytopenia 

(ITP)

Ischemia
May-Heggelin anomaly (MHA)
Necrosis
Neonatal alloimmune 

thrombocytopenia (NAIT)
Nonthrombocytopenic purpura
Petechiae
Primary thrombocytosis
Purpura
Recombinant factor VIIa (rFVIIa)
Quebec platelet disorder
Scott syndrome
Secondary (reactive) 

thrombocytosis
Thrombocytopenia with absent 

radii (TAR)
Thrombotic thrombocytopenic 

purpura (TTP)
Vasculitis
Wiskott-Aldrich syndrome (WAS)
X-linked thrombocytopenia 

(XLT)
X-linked thrombocytopenia 

with thalassemia (XLTT)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level I
• Hemostasis: Describe how a blood clot forms after an injury, 

especially the role of platelets in cessation of bleeding. 
(Chapter 31)

• Immunology: Define and describe antigen/antibody  reactions, 
classes of immunoglobulins, and the process of immune 
 complex formation. (Chapter 8)

• Immune hemolytic anemia: Summarize the pathophysiology 
of the immune hemolytic anemias. (Chapter 19)

• Correlate the automated platelet count with the platelet count 
estimate on a peripheral blood smear. (Chapters 9, 10)

• Identify artifacts that can cause spuriously increased or 
decreased automated platelet counts. (Chapters 9, 10)

level II
• Hemostasis: Correlate the functions of the blood vessels, 

 platelets, and coagulation factors in forming a blood clot. 
(Chapters 31, 32)

• Neoplastic leukocyte disorders: Summarize the consequences 
of malignant diseases of the bone marrow, particularly as they 
relate to platelet production. (Chapters 23–28)

• Cytokines: Describe how cytokines and growth factors regulate 
blood cell production. (Chapter 4)

• Flow cytometry: Recognize and correctly utilize the CD 
 nomenclature of cellular antigens. (Chapter 40)

We will address this case study throughout the chapter.

Mohammed, a 15-year-old male from Saudi Arabia, was 
admitted to the emergency room after an automobile acci-
dent with several superficial cuts and bruises to his head 
and arms. He was bleeding profusely and more severely 
than would be expected from the nature of his wounds. 

Consider possible causes of this abnormal bleeding 
and the laboratory tests that might be used to differenti-
ate and diagnose the cause.

Case stuDy

 8. Explain the biochemical mechanism of the effect of 
 aspirin on platelet function and recommend a time frame 
for patients to refrain from taking aspirin and related 
 anti-inflammatory drugs prior to platelet function testing.

 9. Summarize the effect of aspirin, alcohol, and antibiotics 
on platelet function.

OvervIew
This chapter is the first of two that describe abnormalities of 
the hemostatic system that result primarily in bleeding. It begins 
with the general clinical and laboratory aspects of hemostatic 
disorders, followed by a discussion of defects in primary hemo-
stasis, including the vascular system and platelets. The patho-
physiologic basis and clinical manifestations for each defect are 
presented, but the major emphasis is on laboratory involvement 
in the diagnosis and/or treatment of the conditions. It is impor-
tant to correctly identify the cause of the hemostatic defect so 
that appropriate treatment or preventive measures can be 
implemented.
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IntrODuCtIOn
As discussed in Chapters 31 and 32, hemostasis minimizes blood 
loss from disruptive injuries to blood vessels and prevents blood 
loss from intact vessels. The hemostatic response includes vasocon-
striction of blood vessels, primary hemostatic plug formation by 
platelet activation, fibrin formation by activation of soluble plasma 
proteins, and the function of inhibitors that prevent inappropriate or 
excessive activation of hemostasis and regulate the system to allow 
activation only when and where it is needed. Adequate hemosta-
sis depends on a large number of intricately balanced mechanisms. 
Abnormalities of one or more components in the process of clot 
formation (i.e., the blood  vessels, platelets, or clotting factors) can 
lead to excessive bleeding. Failure to regulate excessive clot forma-
tion leads to thrombosis.

DIagnOsIs Of BleeDIng DIsOrDers
Clinical Manifestations 
of Bleeding Disorders
A patient with a clinically significant bleeding disorder presents to the 
physician with hemorrhagic symptoms. Bleeding symptoms can range 
from easy bruisability to life-threatening hemorrhage. The severity of 
the bleed is generally proportional to the severity and type of hemo-
static defect.

The type of bleeding can indicate which component of the 
hemostatic system is defective. A defect in a component of primary 
hemostasis (vasculature, platelets) usually results in bleeding from the 
skin or mucous membranes, such as epistaxis (nose bleeds),  gingival 
mucosa (gums), or menorrhagia (abnormal menstrual bleeding). 
Bleeding symptoms in patients with coagulation factor abnormali-
ties, on the other hand, are usually internal, involving deeper tissues 
and joints.

Bleeding from subcutaneous blood vessels (capillaries) into 
intact skin can be visualized as petechiae, purpura, ecchymoses, or 
hematomas (Figure 33-1 ■). Petechiae are small red to purple spots 
in the skin 63 mm in diameter resulting from blood leakage through 
the endothelial lining of capillaries. Petechiae usually occur on the 
extremities because of the high venous pressure. When occurring 
spontaneously without trauma, they are painless. Several petechiae 
in one area can merge into a larger bruised area. Petechial lesions 
are characteristic of abnormalities of platelets and blood vessels and 
 usually are not seen in coagulation factor disorders.

Ecchymoses are bruises that are larger than 1 cm in diameter 
and are caused by blood escaping through the endothelium into 
subcutaneous tissue, commonly from a vessel larger than a capillary. 
They are red or purple when first formed and become yellowish green 
as they heal and hemoglobin degrades into bilirubin and biliverdin. 
Ecchymoses can appear spontaneously or with trauma and can be 
painful and tender. They can occur when abnormalities of blood 
 vessels, platelets, or coagulation factors exist.

Intermediate lesions (73 mm but 61 cm) are called purpura. A 
hematoma is formed when blood leaks from an opening in a  vessel 
and collects beneath intact skin, forming a blue or purple slightly 
raised area. Hematomas can occur in any organ or tissue.

When ecchymoses and purpura are found in higher than 
normal numbers and with less than usual trauma, the condition is 
termed easy bruisability. Bleeding disorders can also be charac-
terized by excess bleeding, which occurs from superficial cuts and 
scratches when platelets fail to form an effective primary hemostatic 
plug. Excess bleeding indicates that the bleeding is more prolonged 
and/or more profuse than normal for the patient or as compared 
with a normal person. Blood can escape from visceral organs into 
any body cavity or from mucous membranes into any body orifice. 
Frank bleeding is characteristic of both platelet and coagulation 
abnormalities.

Evaluation of a Patient 
with Abnormal Bleeding
Excessive bleeding can be caused by a local disruption of the vascu-
lature, such as a bleeding ulcer, or by generalized failure of the hemo-
static mechanism. In some cases, both are present, compounding the 
effect of the vascular disruption. Determining the cause of the bleed-
ing and instituting proper treatment are important. Doing so requires 
obtaining an accurate medical history, performing a thorough physical 
examination, and ordering and interpreting the results of appropriate 
laboratory tests.

The patient’s history should include:

•	 Age of onset of hemorrhagic symptoms
•	 Type of symptoms
•	 Family history
•	 Presence of other diseases
•	 Complete drug history (including over-the-counter drugs and 

herbal supplements)
•	 Exposure to toxins

The answers should enable the evaluation of whether a bleed-
ing disorder exists, determine the probability of an inherited versus 
an acquired condition, and help define the affected portion of the 
hemostatic system. The age at which symptoms first appeared pro-
vides a clue to the disorder’s etiology. Bleeding occurring at birth 
or shortly thereafter often indicates an inherited disorder, although 
onset later in life does not rule this out. Bleeding from the umbilical 
cord stump and/or from the circumcision site suggests a coagulation 
factor defect.

The persistence and severity of symptoms—whether occurring 
throughout life, a single event, or intermittently—is also informative. 

■  fIgure 33-1 Schematic drawing of bleeding 
 manifestations in intact skin. (a) Petechiae. (b) Ecchymosis. 
(c) Hematoma.

a b

c
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and flow cytometry for platelet antigens. The template bleeding time 
was historically used to evaluate platelet function and measured the 
time for an incision to stop bleeding (Chapter 36). It is rarely used 
today because it lacks reproducibility. The PFA-100 is an alternative 
to the bleeding time test. It provides automated assessment of platelet 
dysfunction by aspirating a blood sample through a capillary tube at 
high shear flow to simulate the hemodynamic conditions of platelet 
adhesion and aggregation at a vascular lesion. Using cartridges with 
membranes coated with collagen and adenosine diphosphate (ADP) 
or collagen and epinephrine, the blood encounters the coated mem-
branes, triggering platelet adhesion, activation, and aggregation, lead-
ing to the occlusion of an aperture and cessation of blood flow. In the 
absence of abnormal results of platelet function testing, the possibility 
of a vascular disorder can be investigated.

Abnormality of the PT and/or APTT denotes a coagulation fac-
tor disorder (Chapter 34). Numerous confirmatory tests are available 
to specify the diagnosis (Chapter 36).

In some patients with mild hemostatic disease, the screening tests 
might not be sensitive enough to detect an abnormality. Other patients 
could have conditions that do not affect the screening tests. In such 
cases, further investigation using the information obtained from the 
clinical history and physical examination may be warranted.

Laboratory testing for the hemostatic system consists of a num-
ber of tests, each of which evaluates a specific part of the hemostatic 
system. It is important for a clinical laboratory professional to correlate 
and understand the significance of the results of all hemostasis tests 
and to correlate the results with the patient’s history, if available. In this 
way, potentially erroneous results can be identified, and/or additional 
testing procedures can be recommended.

Bleeding in excess of that expected from a tonsillectomy, tooth extrac-
tion, trauma, injury, surgery, or childbirth can provide clues.

Family history is helpful in determining whether other family 
members have had similar symptoms. A pedigree analysis can help to 
establish the pattern of inheritance (X-linked, or autosomal dominant 
or recessive). Patients with genetic abnormalities do not always have 
a positive family history because spontaneous (de novo) mutations 
occur in several hemostatic disorders.

The presence of an associated disease or malignancy, such as 
aplastic anemia, liver disease, uremia, infection, or leukemia must be 
considered. These conditions can be associated with secondary or 
acquired platelet disorders and/or coagulation defects.

A history of drug exposure is important to consider because 
many drugs are known to affect the hemostatic mechanism, and 
various drugs affect different portions of the system. Aspirin, chemo-
therapeutic drugs, Coumadin, and other anticoagulants are examples, 
but there are many others. The reader is referred to the Companion 
Resources for Chapter 36 and to  other texts that provide extensive 
lists of specific drugs that have been implicated in acquired hemostatic 
defects.1–3 Finally, past or present exposure to toxic chemicals such as 
benzene, insect sprays, and hair dyes should be investigated.

On physical examination, the type and sites of bleeding should 
be noted as well as whether the bleeding is from single or multiple 
sites and whether it is spontaneous or the result of trauma. Using the 
information from the history and physical examination, appropri-
ate laboratory tests to confirm and classify the presence of abnormal 
hemostasis can be ordered.

laboratory evaluation of abnormal Bleeding
Although laboratory testing plays an important role in evaluating a 
patient with a suspected hemostatic abnormality, it should never be a 
substitute for good clinical assessment of the patient. No single labora-
tory test can fully evaluate defective hemostasis, so initially a battery 
or group of screening tests is usually ordered. Based on their results, 
it can be determined whether a detectable abnormality of hemostasis 
does exist and the confirmatory tests necessary to define the disorder 
can be ordered. Initial screening tests include:

•	 Platelet count
•	 Prothrombin time (PT)
•	 Activated partial thromboplastin time (APTT)

The result of one or more of these tests is abnormal in many 
patients with hemostatic disorders, and they are often within the ref-
erence interval if the patient does not have a defect in the hemostatic 
system. However, some patients with disorders of hemostasis can 
have normal results in these initial three screening tests, necessitating 
additional testing. Also, screening tests are not helpful in predicting 
bleeding risk for the patient. In patients with disorders of primary 
hemostasis, the PT and APTT are usually normal, and the platelet 
count may or may not be abnormal.

When the results of these screening tests are normal in a patient 
with a history of clinically significant bleeding, a vascular disorder or 
functional platelet defect is likely. Confirmatory tests of platelet func-
tion can then be ordered. These include the closure time (measured 
by platelet function analyzer, PFA-100®), platelet aggregation tests, 

Assume that you are the clinical laboratory professional 
collecting a blood specimen from a patient with a sus-
pected bleeding disorder. you noticed petechiae and 
several bruises on the patient’s arm. What screening 
tests would likely have been ordered? What results of 
these tests would you expect (normal or abnormal) in 
this patient?

CheCkpoint 33-1

DIsOrDers Of the vasCular systeM
Because the blood vessels are actively involved in hemostasis in a variety 
of ways (Chapter 31), a structural abnormality or damage either to the 
endothelial lining of blood vessels or the subendothelial structures can 
result from or lead to a variety of clinical manifestations and disease 
conditions. These disorders can be either inherited or acquired second-
ary to another condition. The hereditary vascular diseases are charac-
terized by abnormal synthesis of subendothelial connective tissue or 
extracellular matrix components4–10 (Table 33- 1 ★). Either abnormal 
subendothelium or altered endothelial cells can cause acquired vascular 
disorders (Table 33-2 ★).

Symptoms seen in vascular disorders are for the most part 
superficial bleeding, such as easy bruising, petechiae, or lesions that 
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They are caused by either upregulation of growth-promoting factors 
and/or inhibition of apoptosis. Most hemangiomas appear in infancy 
and spontaneously involute over the next several years. In contrast, the 
t elangiectasia lesions seen in hereditary hemorrhagic telangiectasia 
slowly progress over decades. A more complete description of these 
disorders is available in this chapter’s Companion Resources.

Acquired Disorders of the Vascular System
Acquired disorders of the vascular system are seen quite often and 
are characterized by bruising and petechiae. Defects of either the 
vessel wall or the endothelial cells can be caused by (1) conditions 
that decrease the supportive connective tissue in blood vessel walls, 
(2) presence of abnormal proteins in the vascular tissues, (3) infections 
or allergic conditions, and (4) mechanical stress.11 See Table 33-2 for 
acquired disorders of the vasculature.

Purpura resulting from Decreased Connective tissue
The diseases in this category result from a decreased amount of 
 supportive connective tissue in the blood vessel walls.

senile Purpura
Senile purpura are ecchymoses that appear with unrecognized or 
minor trauma in older individuals. With age, the extracellular matrix 
components of the skin degenerate, especially in body areas that have 

mimic them but are actually not caused by bleeding. In the majority 
of patients with a primary vascular disorder, routine hemostasis test-
ing is entirely normal, and the diagnosis of blood vessel disorders is 
most often made by exclusion. The platelet count, PT, and APTT are 
usually normal in a patient who has a history or physical examination 
suggesting a bleeding problem. The closure time, template bleeding 
time, and other platelet function testing are also usually normal but 
can be prolonged in some vascular disease states. Confirmation of a 
vascular disease usually requires histologic evaluation of the vessel 
wall or the underlying connective tissue or molecular analysis for the 
specific genetic mutation.

When platelets are normal in number and function, purpura are 
considered to be caused by damage to the blood vessels, a condition 
called nonthrombocytopenic purpura.

Hereditary Disorders of the Vascular System
Refer to Table 33-1 for a summary of hereditary disorders of the vas-
cular system. These disorders are rare, and although bleeding is a com-
mon symptom, hemostasis tests are not informative in  making the 
 diagnosis. Some vascular disorders are associated with abnormal  vessel 
wall integrity, but others manifest as vascular proliferative lesions. Hem-
angiomas are arteriovenous malformations resulting in direct connec-
tions between arteries and veins without intervening capillary beds. 

Disorder gene effect Chromosome laboratory findings

• Hereditary hemorrhagic 
 telangiectasia (HHT)

Endoglin/ENG (HHT-1) ACVRL-1 
(HHT-2)

Arteriovenous malformations; c  VEGF 9q (HHT-1)

12q (HHT-2)

Usually normal

• Ehlers-Danlos  
syndromes

COL1A1, COL1A2, COL3A1, 
COL5A1, COL5A2

Fragility of blood vessels and tissues; joint 
 hypermobility and instability

Multiple BT can be increased

• Marfan syndrome Fibrillin-1 (FBN1) Overgrowth of long bones, arachnodactyly, joint 
hypermobility, decreased strength of blood vessels

15 Usually normal

• Osteogenesis  
imperfecta

Type I procollagen (COLA1  
and A2)

Patchy, defective bone matrix; brittle bones that 
fracture easily

2 Usually normal

• Pseudoxanthoma  
elasticum

ABCC6 Degeneration and calcification of elastic fibers 16 Usually normal

BT = bleeding time

★ taBle 33-1 Characteristics of Inherited Disorders of the Connective Tissue

Disorder examples

• Purpura resulting from decreased 
 connective tissue

Senile purpura
Cushing syndrome and glucocorticoid therapy
Scurvy (vitamin C deficiency)

• Purpura associated with  
dysproteinemias

Paraproteins (cryoglobulinemia, cryofibrinogenemia)
Amyloidosis

• Purpura resulting from vasculitis Henoch-Schönlein purpura
Infections
Drugs

• Miscellaneous causes of purpura Mechanical purpura
Artificially induced purpura
Easy bruising syndrome
Purpura fulminans

★ taBle 33-2 Classification of Acquired Disorders of the Vascular System
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2. Complement components C3a and C5a cause increased  vascular 
permeability, resulting in vasodilation and edema.

3. The lytic complement cascade can be completed, resulting in dam-
age to the vascular cell membranes.

Antigen–antibody complexes also cause aggregation of plate-
lets and activation of factor XII (FXII) (Chapter 32), both of which 
contribute to thrombosis. Thrombi can occlude blood vessels caus-
ing ischemia of the supplied tissues and can result in tissue death 
or necrosis. Activated FXII results in the activation of kallikrein and 
the release of kinins from high-molecular-weight kininogens, which 
contribute to the vasodilation and edema associated with inflamma-
tion. The damaged vessels can rupture and produce localized purpura. 
Purpura caused by vasculitis is called palpable purpura because small 
nodules form at the site of the inflammation.

The cause of the vasculitis in most patients is never found. Some 
conditions that are associated with vasculitis are:

•	 Henoch-Schönlein purpura
•	 Infections
•	 Drugs

Details of these conditions can be found in this chapter's 
 Companion Resources.

Miscellaneous Causes of Purpura
Other causes of purpura may or may not be related to abnormalities 
of the hemostatic system.

Mechanical Purpura
Increased pressure within the lumen of capillaries after intense exer-
cise, coughing spasms, or epileptic seizures can cause petechial hemor-
rhages in the skin.

artificially Induced Purpura
Artificially induced bruises can be self-inflicted (factitious purpura) or 
result from abuse by others. The cause is difficult to distinguish from a 
true physiologic (pathologic) process. Petechial purpura can be induced 
by placing negative pressure on the skin for a prolonged period as, for 
instance, sucking the air from a glass held to the mouth. Petechiometers 
used for the capillary fragility test were based on this principle.

easy Bruising syndrome
A benign condition called easy bruising syndrome (or purpura 
simplex) occurs more commonly in young women than men, and is 
thought to result from vascular fragility. Spontaneous small ecchy-
moses appear on the skin of the thighs or upper arms and have been 
called devil’s pinches. The cause of this condition is not fully under-
stood at the molecular level but is thought to result from hormonal 
effects on the blood vessel and/or its surrounding tissue.13

Purpura fulminans
Purpura fulminans is a devastating type of purpura seen in newborns 
and others associated with abnormalities of certain clotting factors or 
their inhibitors and in some patients who are on therapy for throm-
botic conditions (Chapter 35). In purpura fulminans, thrombi form 
in the small vessels supplying the skin and subcutaneous tissues. The 
vessels become occluded, the skin becomes necrotic, and the condition 
can rapidly lead to death.

been exposed to sunlight. This decreases the supportive collagen 
fibrils and allows small blood vessels, particularly capillaries, to burst 
and form bruises with minor pressure. The bruises do not heal easily 
and can last for months.

Cushing syndrome and glucocorticoid therapy
Excess endogenous glucocorticosteroids (Cushing syndrome) or exog-
enous (therapeutic) glucocorticoids result in excessive breakdown of 
collagen, thin fragile skin, vessel wall fragility, and bruising. Small blood 
vessels can be mechanically broken and bleed into the skin.

scurvy
Scurvy is a disease caused by a deficiency of vitamin C, which is 
needed for collagen synthesis. In its absence, collagen production is 
abnormal, resulting in vascular fragility and bleeding. Bleeding gums 
and bleeding around hair follicles on arms and legs are characteristic; 
ecchymoses and intramuscular hemorrhages are also seen. Treatment 
is oral vitamin C.

Purpura associated with Dysproteinemias
The diseases in this category result from the presence of abnormal 
proteins in the vascular system.

Paraproteins
Paraproteins are normal or abnormal proteins appearing in large 
quantities as a result of a pathologic condition. They include cryoglob-
ulins and cryofibrinogens, which are cold-insoluble immunoglobulins 
and abnormal fibrinogens. Monoclonal immunoglobulins are pro-
duced by monoclonal neoplastic plasma cells and occur in a variety 
of malignant conditions such as multiple myeloma, Waldenstrom’s 
macroglobulinemia, and lymphoproliferative disorders (Chapter 28). 
Hemostatic symptoms include purpura, bleeding, and thrombosis. 
The mechanisms leading to these symptoms are varied and complex, 
including qualitative platelet defects, acquired inhibitors and deficien-
cies of coagulation factors, binding of calcium by paraprotein leading 
to interference with coagulation, and deposition of light chain protein 
in the vascular wall. Thrombocytopenia can be present because of the 
underlying disease and contributes to the bleeding.

amyloidosis
Amyloidosis occurs as a primary disorder, as well as secondary to 
paraproteinemias, such as multiple myeloma. It is a condition in which 
deposits of amyloid (modified or misfolded proteins) form in the skin, 
perivascular tissue, and vessel walls. It leads to fragility of the vessels 
and bruising. Bleeding into visceral organs can also occur, and throm-
bosis is common.

Purpura resulting from vasculitis
Vasculitis is inflammation of the small blood vessels, often associ-
ated with infections. It can be caused by a direct attack on the vascu-
lar wall or when immune complexes (antigen–antibody complexes) 
attach either to the endothelial cells or the underlying subendothelial 
structures and activate complement.12 The activation fragments of 
complement initiate several processes:

1. Neutrophils migrate to the area by chemotaxis and phagocytize 
the immune complexes. Enzymes, free oxygen radicals, and other 
substances are then released from the neutrophils and damage the 
vascular tissue.
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Manifestations of increased platelet counts generally reflect the 
underlying problem that caused the thrombocytosis; occasionally, 
there is increased likelihood of thrombosis (or rarely, hemorrhage).

Quantitative Platelet Disorders
Quantitative abnormalities of platelets include thrombocytopenia or 
thrombocytosis. A reference interval of 1509400 * 109/L (Table C, 
inside front cover) is similar to that established by most laboratories. 
Platelets are usually counted by automated instruments, although 
some laboratories use manual counting methods as a backup. Meth-
ods of counting platelets and of correlating the automated platelet 
count with the number of platelets found on a peripheral blood smear 
are described in Chapter 9.

The blood smear can also include the presence of morphologi-
cally abnormal forms of platelets, such as platelets larger (macrothrom-
bocytes) or smaller (microthrombocytes) than normal, those with 
decreased or absent granules (hypogranular or agranular), or a combi-
nation of variables. The clinical laboratory professional should recog-
nize and report platelet variants. Some laboratories use the term giant 
platelet to describe all abnormally large platelets (Figure  33-2 ■).

Platelet DIsOrDers
Platelets function in hemostasis to maintain the integrity of the 
blood vessels and to form the primary hemostatic plug in response 
to injury so that blood loss is minimized (Chapter 31). Bleeding from 
a cut finger stops when the primary hemostatic plug has sealed the 
openings in the injured vessels. Formation of the primary hemostatic 
plug requires an adequate number of normally functioning platelets. 
If platelet numbers are decreased (thrombocytopenia) or if platelet 
function is abnormal (thrombocytopathy), excessive bleeding can 
occur.

Platelet disorders are classified as quantitative (numerical) or 
qualitative (functional). Quantitative disorders are those in which the 
platelet count is either below (thrombocytopenia) or above (throm-
bocytosis) the reference interval. Qualitative disorders involve an 
abnormality of some aspect of platelet function.

Characteristic manifestations of the hemostatic defect seen 
in patients with platelet disorders are petechiae and excess bleed-
ing from superficial areas of the body such as the skin and mucous 
membranes. Epistaxis (nose bleeds), excessive bleeding from cuts 
in the skin, and easy bruisability are commonly experienced. Other 
possible sites of bleeding are listed in Table 33-3 ★. The bleeding 
symptoms reflect the decreased ability of the platelets to form the 
primary hemostatic plug.

• Petechiae

• Ecchymoses

• Epistaxis

• Excessive bleeding from superficial wounds

• Bleeding into the retina

• Gastrointestinal bleeding

• Bleeding in the urinary tract

• Hypermenorrhea

• Gingival bleeding (gums)

• Increased bleeding after tooth extraction

• Intracranial bleeding

★ taBle 33-3 Types of Bleeding in Disorders 
of  Primary Hemostasis

■  fIgure 33-2 (a) Large granular platelet. (b) Increased numbers of platelets, some of which have 
normal  morphology, some of which are hypogranular, and several giant platelets (peripheral blood, 
Wright-Giemsa stain, 1000* magnification).

a b

petechiae were noted on Mohammed’s extremities. 
Blood work was ordered.

1. Which laboratory tests—hematology and  hemostasis—
would likely be ordered immediately and be most 
informative in interpreting the cause of the patient’s 
bleeding?

2. Does the patient most likely have a disorder of primary 
or of secondary hemostasis? Why?

Case stuDy (continued from page 664)
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Increased Destruction
The most common cause of thrombocytopenia is increased destruc-
tion of platelets, resulting in a decreased platelet life span after they 
have been released into the peripheral blood. A normal bone mar-
row attempts to compensate for the decreased platelet numbers in 
the peripheral blood by increasing production. Consequently, the 
number of bone marrow megakaryocytes is normal to increased. 
However, the platelets may be eliminated from the circulation faster 
than the bone marrow can produce them, resulting in thrombocyto-
penia (Figure 33-3 ■). Because of the unique mechanism of throm-
bopoietin (TPO) regulation of platelet production, plasma levels of 
TPO are not increased above the normal range in most patients with 
thrombocytopenia due to increased destruction15 (Chapter 9). Causes 
of increased destruction include both immune-mediated and nonim-
mune destruction of platelets (Table 33-6 ★).

Immune-Mediated Destruction. Immune platelet destruction is 
caused by antibodies and is analogous to the destruction of erythrocytes 
in immune hemolytic anemias (Chapter 19). Platelets become coated or 
“sensitized” with antibody, and mononuclear phagocytes, primarily in 
the spleen, destroy them. Monocytes and macrophages possess Fc recep-
tors (FcgR) by which they recognize immunoglobulin-coated platelets 
(Figure 33-4 ■). Liver macrophages can remove platelets coated with 
large amounts of antibody.

thrombocytopenia
The lower limit of the reference interval for platelets is approximately 
150 * 109/L. The clinical significance of borderline thrombocy-
topenia (1009150 * 109/L) is unclear. However, severe thrombo-
cytopenia is usually associated with clear clinical complications.14 
Clinical symptoms are usually not seen unless the count falls below 
100 * 109/L. When it is below 50 * 109/L, the severity of clinical 
manifestations can to some degree parallel the platelet count. Possible 
symptoms include petechiae, menorrhagia, or spontaneous bruising 
with little or no trauma. The possibility of severe and spontaneous 
bleeding in otherwise hemostatically healthy individuals usually does 
not occur until the platelet count is below 10 * 109/L.14 Fatal bleed-
ing into the central nervous system as well as spontaneous bleeding 
from mucous membranes (e.g., the gastrointestinal tract, the genito-
urinary tract, and the nose) can occur. Replacement therapy (platelet 
transfusions) is generally not indicated (in the absence of overt bleed-
ing) unless the platelet count falls to this level. The extent of symptoms 
at all platelet levels varies from patient to patient and can be affected by 
medications, the blood vessel status, impaired platelet function, fever, 
sepsis, or other concurrent disease. The number of circulating plate-
lets is usually significantly in excess of what is required for normal 
hemostasis.

Laboratory tests for coagulation factors (PT and APTT) and for 
fibrinolysis are unaffected by thrombocytopenia. Table 33-4 ★ com-
pares typical laboratory screening test results in thrombocytopenia, 
disorders of abnormal platelet function, and vascular disorders.

Thrombocytopenia, the most common cause of excess or 
abnormal bleeding, is not a disease but a symptom of an underlying 
condition, as is anemia. Finding a decreased platelet count with or 
without abnormalities of other hematologic parameters suggests the 
need to search for the underlying cause so that the condition can be 
appropriately treated. A decreased platelet count can be the primary 
feature or a secondary manifestation of several conditions. This text 
classifies thrombocytopenia into five major categories based on 
pathophysiology (Table 33-5 ★).

screening tests

Platelet Count Prothrombin time aPtt template Bt

Vascular disorders Normal Normal Normal Normal or abnormal

Thrombocytopenia Decreased Normal Normal Abnormal

Platelet dysfunction Usually normal Normal Normal Normal or abnormal

★ taBle 33-4 Significant Laboratory Tests in Defects of Primary Hemostasis

thrombocytopenia

• Increased destruction

  Immune

  Nonimmune

• Decreased production

  Megakaryocyte hypoplasia

  Replacement of normal marrow

  Ineffective thrombopoiesis

  Inherited disorders

• Increased splenic sequestration

• Dilutional thrombocytopenia

• Conditions with multiple mechanisms of thrombocytopenia

thrombocytosis

• Primary thrombocytosis

• Secondary thrombocytosis

• Transient thrombocytosis

artifacts in the quantitative measurement of platelets

★ taBle 33-5 Classification of Quantitative Platelet 
Abnormalities

If you observed an average of 14 platelets per high power 
field on a peripheral blood smear prepared from the nee-
dle tip and your laboratory allowed correlation between 
the direct instrument count and the blood smear estimate 
of 20%, what range would you expect the instrument 
count to be? Is this platelet estimate within an accept-
able reference range?

CheCkpoint 33-2
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In immune-mediated thrombocytopenias, the thrombocyto-
penia is typically the only hematologic abnormality present, so bone 
marrow examination is rarely needed.14 If performed, it can evaluate 
megakaryocyte number and morphology and rule out other causes of 
thrombocytopenia. Megakaryocytes (MKs) are increased, often mark-
edly, reflecting stimulation by TPO to increase platelet production. In 
cases of severe thrombocytopenia, the marrow can increase produc-
tion up to five times normal. The ploidy of MKs also can be increased, 
resulting in a larger cytoplasmic mass and an increased number of 
platelets produced per MK (Chapter 9). In autoimmune thrombo-
cytopenia (see the next section), some patients’ antibodies appear to 
react with marrow MKs and can interfere with platelet production. 
Although MK number and morphology appear normal when viewed 
on a Romanowsky-stained smear by light microscopy, they may show 
extensive damage when viewed by electron microscopy.15

autoimmune thrombocytopenia. The most common form of 
thrombocytopenia is immune thrombocytopenia (ITP) (formerly 
called immune thrombocytopenic purpura).16 It can occur as either 
a primary (idiopathic) disorder, or secondary to a number of associ-
ated diseases. Historically, ITP has been described as an autoimmune 
 disorder in which autoreactive antibodies bind to platelet glycopro-
teins, shortening the platelet life span. Studies over the past 20 years 
have indicated that the immune dysregulation is more complex. In 
addition to abnormal, autoreactive B lymphocytes (autoantibody 
production), immune abnormalities can include abnormal regulatory 
T cells (TReg) that normally function to contain autoimmune reactions, 
and loss of T-cell tolerance against platelet antigens with the accumu-
lation of autoreactive cytotoxic T cells.15 The clinical presentation of 
affected individuals can vary from an asymptomatic thrombocytope-
nia to severe mucosal bleeding.

Because of the difficulty in identifying platelet-specific anti-
bodies, the diagnosis of ITP has been and continues to be made by 
exclusion (i.e., ruling out all other causes of thrombocytopenia). The 
diagnosis is based on the patient’s history and physical examination, 
complete blood counts, and examination of the blood smear. Char-
acteristically, patients present with an isolated thrombocytopenia 
with a peripheral blood platelet count of 6100 * 109/L.16 Except 

Antibodies attach to platelets either by their Fab regions, binding to 
specific epitopes on GPIIb/IIIa or Ib/IX or by nonspecific attachment of 
immune complexes to platelet Fc receptors (Figure 33-4). The antibodies 
can be IgG, IgA, or, rarely, IgM, and complement can become activated. 
The level to which the platelet count becomes decreased depends on the 
concentration and activity of the antibody, the function of the macro-
phage Fc and complement receptors, and the ability of the bone marrow 
to increase platelet production to compensate for the increased loss.

Unlike the immune hemolytic anemias, routine laboratory tests 
designed to quantitate the amount of immunoglobulin on platelets 
of thrombocytopenic patients are not available. Although several 
laboratory assays have been developed to measure the immunoglob-
ulin on the surface (platelet-associated immunoglobulin [PAIg]), 
they lack both sensitivity and specificity, and thus are rarely used 
diagnostically.14

■  fIgure 33-3 Schematic drawing showing various causes of thrombocytopenia.
IL@3 = interleukin@3; GM@CSF = granulocyte macrophage colony stimulating factor; 
TPO = thrombopoietin; X = abnormal or absent
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nonimmune mechanisms of destruction

• Disseminated intravascular coagulation
• Thrombotic thrombocytopenic purpura
• Hemolytic uremic syndrome
• Mechanical destruction by artificial heart valves

★ taBle 33-6 Classification of Thrombocytopenia 
Caused by Increased Destruction
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■  fIgure 33-4 Mechanisms of  thrombocytopenia 
caused by immune destruction of platelets. In immune 
 thrombocytopenia, Fc receptors of the splenic  macrophages 
(M)  recognize antibody-sensitized platelets and eliminate 
them from the circulation. The bone marrow is stimulated 
by thrombopoietin (TPO) and produces increased numbers 
of megakaryocytes.  Thrombocytopenia develops if immune 
destruction exceeds the  compensatory capacity of the 
 marrow. The antibody can also injure megakaryocytes.
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How many platelets per 1000*  field would you expect to 
observe on the peripheral smear of a patient with acute 
ITP?

CheCkpoint 33-3

for thrombocytopenia, the findings on a peripheral blood smear are 
within normal intervals for the age of the patient unless an underlying 
condition exists. Other tests are usually not indicated.

Historically, ITP was defined as either acute (resolution of the 
thrombocytopenia within 6 months) or chronic (thrombocytopenia per-
sisting  76 months). In 2009, the International Working Group for ITP 
consensus report recommended dividing the disorder into three phases: 
newly  diagnosed ITP (duration up to 3 months), persistent ITP (duration 
3 months to 1 year), and chronic ITP (cITP) (duration 71 year).16

The clinical features of ITP in children and adults are  different 
(Table  33-7 ★). During the time period encompassing newly 

diagnosed and persistent ITP, 85% of children have a spontaneous 
remission, whereas only 15% of adults spontaneously remit during 
the same time period. ITP occurs most often in children 5–6 years 
of age, shows no gender preference, and often follows a viral infection 
by 1–3 weeks. Nonspecific upper respiratory infections, chickenpox, 
rubella, rubeola, cytomegalovirus, and viral hepatitis are some diseases 
that have been associated with ITP in children.

The platelet count is often 6  20 * 109/L. Bleeding manifestations 
vary from none to mild to moderate and can include the abrupt onset of 
easy bruising, petechiae on the extremities, and bleeding from mucous 
membranes. Life-threating bleeding is rare (61% of cases) with sponta-
neous bleeding into the central nervous system being the most dreaded 
consequence.15 There can be an increase in the number of lymphocytes 
or mild eosinophilia in some cases, most likely related to the preceding 
infection. Bone marrow examination is typically not needed.

Most children experience a spontaneous remission within 2–6 
weeks of the onset of the illness regardless of treatment,15 and the 
 disease does not recur in these patients. However, therapy may be 
 useful in reducing the period of severe thrombocytopenia; 80–90% 
of children will remit by 12 months. Only 5–10% develop cITP.

ITP in adults differs from ITP in children in several aspects, 
including typical patient age, female predominance, insidious onset, 
and initial platelet count (Table 33-7). ITP in adults is most commonly 
a chronic disorder and rarely has a spontaneous resolution.

The diagnosis is made based on the patient’s medical history, 
 physical examination, peripheral blood counts, and blood smear 
examination. Of adult patients with ITP, 30–40% are asymptomatic 
and are diagnosed only by the incidental finding of a low platelet 
count.15 Bleeding symptoms are rare unless the thrombocytopenia is 
severe (630 * 109/L). The erythrocyte and leukocyte morphology 
are  usually normal; thrombocytopenia is the only significant finding. 
Bone marrow examination is not recommended unless it is necessary to 
rule out other diseases with similar presentation, such as acute leukemia, 
aplastic anemia, or myelodysplastic syndrome. Human immunodefi-
ciency virus (HIV) and hepatitis C virus (HCV) testing should be rou-
tinely performed on adults with newly diagnosed thrombocytopenia.17

Antiplatelet autoantibodies can be identified in 58–80% of 
patients with chronic ITP. Most are directed toward epitopes on 
either GPIIb/IIIa or GPIb/IX.17 Although the numbers of mega-
karyocytes in the bone marrow are normal or increased, platelet pro-
duction is generally decreased to low normal, probably because of an 
effect of antiplatelet antibodies or cytotoxic T cells on the marrow 
megakaryocytes.15

Bleeding manifestations rarely occur until platelet counts fall 
below 20930 * 109/L; thus, initial treatment for patients (both 
adults and children) with ITP may simply involve preventing trauma 
to reduce the risk of bleeding and observation.18 Because of the high 
spontaneous remission rate in children, they usually require no specific 
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after at least 3 months. This is referred to as an intermittent form of 
the disease.

Transplacental (or neonatal) ITP is an immune form of throm-
bocytopenia that occurs in newborn infants of mothers with ITP. It is 
estimated to affect 1–2 of every 10,000 pregnancies.19 Approximately 
15– 65% of newborns of mothers with ITP have thrombocytopenia at 
birth; of them 6–70% will have severe thrombocytopenia with platelet 
counts of 650 * 109/L. The maternal platelet count does not corre-
late with that of the fetus, so there is no way to predict which neonates 
will be at risk. The major hazard is intracranial bleeding during deliv-
ery. Thrombocytopenia lasts until the maternal antibody is cleared 
from the newborn’s system, an average of 3–4 weeks postdelivery.19

ITP can occur secondarily to a number of underlying disor-
ders, including chronic HIV and HCV infections; infection with 
Helicobacter pylori and the Epstein Barr virus; lymphoproliferative 
disorders; and other autoimmune disorders such as systemic lupus 
erythematosus (SLE) and antiphospholipid antibody syndrome 
(APLS). Thrombocytopenia occurs in more than one-third of patients 
with bacterial septicemia, although the platelet count is usually not 
650 * 109/L and resolves when the infection is treated.

alloimmune thrombocytopenias. Immune platelet destruction can 
be caused by alloantibodies stimulated by foreign antigens during preg-
nancy or after blood transfusions. Neonatal alloimmune thrombo-
cytopenia (NAIT) is similar to hemolytic disease of the fetus and 
newborn except that the antibodies are directed toward platelet antigens 
rather than erythrocyte antigens, and it commonly occurs in a first preg-
nancy. Platelet destruction in the newborn is the result of maternal allo-
antibodies formed against a platelet-specific antigen the baby inherited 
from the father and that the mother lacks.17 Maternal IgG antiplatelet 
antibodies cross the placenta, destroying the infant’s platelets.

The target of the alloantibodies are epitopes on platelet glyco-
proteins, usually resulting from single nucleotide polymorphisms 
(SNPs).17 The majority of alloantigens are associated with GPIIIa, 
although other glycoproteins have been implicated as well. The most 
frequently encountered platelet antigen causing NAIT is HPA-1a 
(PLA1) ( 780% of cases of NAIT).17 Approximately 3% of the Cau-
casian population is homozygous for HPA-1b (PLA2) and will be 

treatment. Most adults eventually require treatment because of the low 
rate of spontaneous remission. The goal of treating patients, if needed, 
is to raise the platelet count to a level that supports adequate hemo-
stasis as rapidly as possible while preventing life-threatening bleeding. 
The goal of ITP treatment is thus to reach a safe platelet count, not a 
normal platelet count. The American Society of Hematology recently 
published guidelines for the management of ITP,18 recommending a 
platelet count 630 * 109/L as the threshold for considering treat-
ment unless the patient is bleeding.

Initial treatment approaches usually involve corticosteroids, 
intravenous immunoglobulin (IVIg) or anti-D. Although 60–70% of 
adults achieve an initial response with corticosteroids, 650%  sustain 
the response at 6 months. Both high-dose IVIg and anti-D are thought 
to work by blocking the Fcg receptors on macrophages in the spleen 
and liver and are generally effective only in nonsplenectomized 
patients. The use of anti-D is an option for Rh-positive individuals 
because anti-D-coated patient RBCs compete for Fcg receptor occu-
pancy on macrophages. Although effective at increasing the platelet 
count temporarily, it is not a long-term therapeutic option for cITP. If 
patients fail to respond to first-line therapies, the choice of subsequent 
therapy is controversial. Splenectomy has been used for 780 years and 
is successful at raising the platelet count. The spleen is not only the site 
of the removal of the majority of sensitized platelets but also a major 
site for antibody production. However, splenectomized patients are at 
increased risk of infection with encapsulated bacteria (Streptococcus, 
Neisseria, Haemophilus); thus, immunization against encapsulated 
bacteria at least 2 weeks prior to surgery is recommended.17 Recently 
rituximab, an anti-CD20 antibody, has been used with some success 
to destroy B lymphocytes, which are involved in autoantibody produc-
tion. Currently, thrombopoietin receptor agonists are being evaluated 
to increase platelet counts to a hemostatically safe level.17 For patients 
who are refractory to these therapies, the most aggressive treatments 
include chemotherapeutic agents such as vincristine or vinblastine or 
immunosuppressive therapies such as cyclosporin. In general, replace-
ment therapy with platelet transfusions should be used only in life-
threatening situations.

The clinical course of ITP in some patients consists of alternate 
periods of remission within 6 months of the onset followed by relapse 

feature Childhood adult

Peak age incidence 5–6 years 20–40 years

Platelet count, initial 620 * 109/L 30980 * 109/L

Onset of symptoms Abrupt Insidious

Type of bleeding Petechiae and superficial Petechiae and superficial

Antecedent infection Common 1–3 weeks prior Unusual

Gender predilection None Females 3:1

Eosinophilia Common Rare

Lymphocytosis Common Rare

Hemorrhagic bullae in mouth Present in severe cases Usually absent

Duration 2–6 weeks Months or years (lifetime)

Spontaneous remissions Up to 95% of cases Rare (615% of cases); course of disease fluctuates

Therapy Corticosteroids, anti-D, IVIg Corticosteroids, splenectomy, Rituximab

IVIg = intravenous immunoglobulin

★ taBle 33-7 Comparative Features of Childhood and Adult ITP
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be operative.13 One hypothesis is that PTP is triggered by binding 
antigen–antibody immune complexes to autologous platelets, result-
ing in their clearance by macrophages. Symptoms such as bleeding 
from mucous membranes and purpura begin abruptly and usually last 
2–6 weeks. However, prolonged severe thrombocytopenia can result 
in life-threatening bleeding, necessitating treatment with IVIg with or 
without corticosteroids.15

Drug-Induced thrombocytopenia. Drug-induced thrombo-
cytopenia is relatively common, and drugs can induce it through a 
variety of mechanisms. Some drugs inhibit platelet production either 
selectively or by a generalized suppression of marrow hematopoiesis. 
Other drugs cause thrombocytopenia by promoting platelet destruc-
tion, generally by drug-dependent antibodies.20,21 A list of the drugs 
that have been identified as causing thrombocytopenia is accessible at 
http://w3.ouhsc.edu/platelets (accessed January 11, 2014).

More than 200 drugs have been reported to cause thrombo-
cytopenia. Drugs more commonly associated with immunologic 
thrombocytopenia are quinidine, quinine, vancomycin, gold  salts, 
 sulfonamides and derivatives, and heparin. In some cases, the 

immunized if exposed to HPA-1a. Figure 33-5a ■ shows a proposed 
mechanism of attaching alloimmune or autoimmune antibodies to 
the platelet surface.

Symptoms appear at or shortly after birth and are self-limited. 
Bleeding occurs in ∼20% of neonates with NAIT.17 Bleeding symp-
toms can range from mild to severe and life-threatening. The overall 
mortality for infants with severe thrombocytopenia is ∼10%. Intracra-
nial bleeding, sometimes a result of birth trauma, can result in severe 
lifelong neurologic deficits in infants who survive. Thus, it is important 
to recognize NAIT and treat it with IVIg or transfusion with HPA-1a 
negative platelets as soon as possible.17

Post-transfusion Purpura. Rarely, patients develop severe throm-
bocytopenia 5–10 days after blood transfusion (post-transfusion 
purpura [PTP]). Approximately 90% of affected patients are women. 
Most are homozygous for the HPA-1b polymorphism and have pro-
duced an alloantibody against the HPA-1a antigen; however, other 
platelet-specific antigens have been implicated as well.15 The mecha-
nism of alloantibody destruction of autologous platelets negative 
for the antigen is controversial, and more than one mechanism may 

■  fIgure 33-5 Variations in antibody binding to  platelets. (a) Platelet autoantibodies or 
alloantibodies bind to epitopes on GPIIb/IIIa, GPIb/IX, most frequently, or to other glycopro-
teins resulting in ITP. (b) Quinine-/quinidine-dependent antibodies bind to a complex of drug 
and glycoprotein, usually either GPIb/IX or IIb/IIIa. (c)  Heparin binds platelet factor 4, and 
the  heparin/PF4 complex attaches to IgG antiheparin antibodies via the Fab combining site. 
The Fc portion of the antibody binds to platelet FcgIIa receptors.
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FcgIIa receptors, resulting in increased platelet clearance and throm-
bocytopenia. Occasionally, the antibody-heparin-PF4 complexes can 
induce platelet activation (Figure 33-5c). The most serious complica-
tion of HIT is the activation of the clotting system and thrombosis 
(Chapter 35). Thrombocytopenia develops in approximately 3% of 
patients who receive heparin, and thrombosis occurs in 2–33% of 
those.22 For this reason, patients receiving heparin therapy should be 
monitored with daily platelet counts. For a complete discussion of the 
role of HIT in inducing thrombosis, see Chapter 35.

Miscellaneous thrombocytopenias. Thrombocytopenia occurs 
as a secondary feature in many diseases. Although a variety of mecha-
nisms can contribute to thrombocytopenia in these disease states, 
there appears to be an immune element in collagen diseases, other 
autoimmune disorders including systemic lupus erythematosus and 
rheumatoid arthritis, lymphoproliferative disorders such as Hodgkin 
disease and chronic lymphocytic leukemia, and solid tumors (see 
 secondary ITP in the “Autoimmune Thrombocytopenia” section).

offending agent is a metabolite of the drug formed in vivo rather than 
the original form of the drug.

Symptoms of excess bleeding appear suddenly and can be severe. 
The platelet count can be very low, often 620 * 109/L. Bleeding 
manifestations include petechiae, purpura, and, occasionally, intra-
cranial hemorrhage. On first exposure, symptoms appear 1–2 weeks 
after taking the drug. After the patient has been sensitized, symptoms 
can occur within hours after taking a dose. Usually the only necessary 
treatment is withdrawal of the offending drug. The platelet count typi-
cally begins to rise within a few days and symptoms subside, although 
occasionally several weeks are required.21 The exception is the throm-
bocytopenia induced by a@methyldopa and gold, a condition in which 
drug-induced autoantibodies bind to platelets even in the absence of 
the drug. The mechanism by which drugs can induce the formation 
of platelet-specific autoantibodies is unclear.

Three pathways have been proposed to explain drug-induced 
immune-mediated platelet destruction.20 The first mechanism, the hap-
ten theory, proposes that the drug binds covalently with platelet mem-
brane glycoproteins to form a drug–platelet antigenic complex, and 
the drug acts as a hapten. A drug-dependent antibody that recognizes 
and binds to this complex is formed. However, few studies support the 
hapten model of antibody formation except for perhaps the thrombo-
cytopenia seen with large doses of penicillin. The second model was the 
innocent bystander mechanism in which the drug binds to a plasma 
protein and elicits an antibody response. Antibody binding to the drug-
protein complex forms an immune complex that nonspecifically binds 
to circulating platelet Fc receptors (Figure 33-5c). Again, with the excep-
tion of some heparin-induced thrombocytopenias, most drugs do not 
appear to work via this mechanism.

The most common mechanism is the formation of drug- 
dependent antibodies against epitopes created by the association of 
the drug with proteins on the platelet surface. The association can be a 
specific ligand–receptor interaction, often with GPIIb/IIIa molecules, 
or a nonspecific noncovalent interaction. Some drugs can create neo-
epitopes for antibody formation by interacting with the platelet sur-
face glycoproteins. Antibodies to quinidine and quinine bind to either 
drug/GPIb/IX or drug/GPIIb/IIIa complexes on the platelet surface 
by their Fab portions (Figure 33-5b).

The mechanism of platelet destruction is similar to that described 
previously: antibodies bind to the platelet, and macrophages remove 
the sensitized platelet. Drug-induced thrombocytopenias occasionally 
are caused by inhibition of megakaryocyte proliferation and platelet 
production as well as destruction of platelets in the circulation.

Heparin can cause thrombocytopenia via two mechanisms, one 
immune mediated (heparin-induced thrombocytopenia [HIT]) 
and the other nonimmune mediated (heparin-associated throm-
bocytopenia [HAT]). Heparin is used to prevent or treat thrombosis 
(Chapter 35). In some patients, heparin causes a direct platelet activa-
tion effect, a nonimmune-mediated thrombocytopenia, resulting in 
HAT. HIT refers to the situation characterized by immune-mediated 
destruction of platelets because of heparin-dependent, platelet- 
activating IgG antibodies that recognize complexes of platelet factor 
4 (PF-4) bound to heparin. PF-4 is released from platelet aG during 
platelet activation, binds to heparin in the circulation, and antibodies 
are produced to the heparin/PF-4 complex. The antibody/ heparin/
PF-4 complex then attaches to the platelet surface via the platelet 

A 6-year-old boy was brought to his pediatrician because 
the mother noticed small pinkish spots on his legs. 
Examination discovered several bruises on his arms and 
legs. Laboratory tests were ordered. His platelet count 
was 20 * 109/L, and the PT and APTT were within nor-
mal limits. The complete blood count (CBC) was normal 
except for the low platelet count. The boy had no previ-
ous history of bleeding. The mother said she had noted 
the spots after he was given the hepatitis vaccine. What 
is the most probable type of thrombocytopenia? Should 
other coagulation tests be performed at this time?

CheCkpoint 33-4

Nonimmune Destruction. Increased destruction of platelets can 
occur by processes other than immune-related mechanisms. Platelets 
can be activated and consumed by aggregation within the circulation. 
Disseminated intravascular coagulation (DIC) is a disorder in 
which fibrin formation within the blood vessels is associated with 
platelet activation and consumption (Chapters  34, 35). Thrombotic 
thrombocytopenic purpura (TTP) and hemolytic uremic syn-
drome (HUS) are conditions in which platelets are activated without 
generalized activation of the coagulation cascade. These are discussed 
in Chapter 35 with other hypercoagulable disorders and briefly in 
Chapter  20 with other causes of hemolytic anemias (erythrocyte 
destruction is also a classic feature of these disorders). 

Mechanical destruction of platelets occurs in patients with artifi-
cial heart valves or vascular grafts. Platelets are destroyed by adhering 
to the artificial prosthesis or by mechanical rupture as the valves open 
and close against them.

Decreased Production
A second category of disorders causing thrombocytopenia is charac-
terized by failure of the bone marrow to deliver adequate numbers of 
platelets to the peripheral blood. The bone marrow function in these 
disorders is abnormal, and thrombocytopenia develops secondarily. 
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(mean platelet volume [MPV]) is normal in aplastic conditions in 
contrast to the increased MPV seen in immune-mediated thrombo-
cytopenia. Platelets can, however, demonstrate an increased variation 
in size as indicated by the platelet distribution width (PDW) on elec-
tronic instruments. TPO levels are increased in patients with aplastic 
anemia in contrast to normal levels in immune-mediated platelet 
destruction.

Several hereditary disorders result in a congenital aplastic 
 anemia. Fanconi anemia (FA) (Chapter 16) is a congenital dis-
order characterized by chromosomal instability, defective DNA 
repair mechanisms, and progressive bone marrow hypoplasia, 
eventually resulting in aplastic anemia in ∼90% of affected patients. 
At least 15 different genes have been associated with the develop-
ment of FA.23

Congenital amegakaryocytic thrombocytopenia (CAMT) 
presents with isolated hypomegakaryocytic thrombocytopenia 
 during the first years of life but eventually converts into bone marrow 
failure and aplastic anemia, usually between the ages of 3–20.24 The 
molecular basis for most patients has been identified as a mutation 
within the gene for the thrombopoietin receptor, TPO-R (MPL). The 
evolution from an isolated thrombocytopenia to complete marrow 
hypoplasia underscores the importance of TPO and its receptor in 
the maintenance of hematopoietic stem cells.

Congenital thrombocytopenia with radioulnar  synostosis 
(CTRUS) is also a congenital disorder presenting as an isolated 
amegakaryocytic thrombocytopenia that evolves into aplastic 
 anemia.24 Most patients have a mutation within the HOXA11 gene, 
resulting in a truncated HOXA11 protein, an important regula-
tory protein for development of both hemopoietic and bone  tissue. 
The abnormal bone morphology usually presents as a union of 
the ulna and radius by osseous tissue and sometimes other skeletal 
abnormalities.

Thrombocytopenia with absent radii (TAR) is an inherited 
condition characterized by isolated hypoplasia of the megakaryocyte 
lineage, thrombocytopenia, and bilateral radial aplasia. Other  skeletal 
malformations occasionally can be seen. The thrombocytopenia 
is usually severe only during the first years of life with a gradual 
improvement in platelet count to within normal values in adulthood. 
No mutations within the genes for TPO or TPO-R have been iden-
tified, and the defect is assumed to be an abnormality in the TPO/
TPO-R signaling pathway.24

X-linked thrombocytopenia (XLT) is an X-linked inherited 
thrombocytopenia that can occur with or without anemia as the result 
of mutations in the gene for the transcription factor GATA-1, which 
plays a key role in both megakaryocytopoiesis and erythropoiesis. 
Depending on the exact mutation inherited, patients can either pres-
ent with isolated thrombocytopenia (XLT), or a combined disorder of 
X-linked thrombocytopenia with thalassemia (XLTT).

Replacement of Normal Marrow. Abnormal cells, malignant or non-
malignant, can replace normal marrow, decreasing the number of mega-
karyocytes (as well as the precursor cells for the other marrow lineages). 
Some myelodysplastic syndromes have decreased platelets as part of their 
pathology (Chapter 25). The bone marrow can have normal or increased 
numbers of megakaryocytes, many of which are micromegakaryocytes 

Examination of bone marrow smears and sections aids in identifying 
the primary condition. The decreased platelet count occurs because 
of one of the following: (1) megakaryocyte hypoplasia in the bone 
marrow, (2) ineffective thrombopoiesis, or (3) a hereditary condition 
that affects the ability of the bone marrow to support megakaryocyte 
growth (Table 33-8 ★).

Megakaryocyte Hypoplasia Syndromes. Hypoplasia of mega-
karyocytes (Figure 33-3) can result from either decreased prolifera-
tion of megakaryocytes in the bone marrow or replacement of the 
bone marrow by neoplastic disease, fibrosis, or granulomatous inflam-
mation. All three myeloid cell lineages can be affected or only the 
megakaryocytes.

Decreased Megakaryocyte Proliferation The most frequent 
cause of marrow hypoplasia is drug or radiation therapy for malignant 
disease. Chemotherapeutic agents and radiation produce generalized 
marrow suppression affecting all three lineages. The marrow usually 
regenerates shortly after the therapy is stopped, but the megakaryo-
cytes are often the last lineage to recover.

aplastic anemia Megakaryocytes are decreased in aplastic anemia, 
a bone marrow disease characterized by pancytopenia and bone 
marrow hypoplasia. Acquired and constitutional aplastic anemias 
are  discussed in Chapter 16. In acquired aplastic anemia, a decreased 
platelet count can appear before hypoplasia of other cell lineages and 
can be the last lineage to return to normal after recovery. Platelet size 

hypoplasia of megakaryocytes

• Decreased megakaryocyte proliferation

  Chemotherapy and radiation therapy for malignant disease
  Aplastic anemia
   Acquired
   Congenital/Hereditary
    Fanconi anemia
    Congenital amegakaryocytic thrombocytopenia (CAMT)
     Congenital thrombocytopenia with radioulnar synostosis 

(CTRUS)
  Isolated megakaryocyte hypoplasia
   Thrombocytopenia with absent radii (TAR)

  X-linked thrombocytopenia (XLT)
   X-linked thrombocytopenia with thalassemia (XLTT)

• Replacement of normal marrow
  Leukemias and lymphomas
  Myelodysplastic syndromes
  Other neoplastic diseases at times
  Fibrosis or granulomatous inflammation

Ineffective thrombopoiesis

• Megaloblastic anemia

hereditary thrombocytopenia

• Wiskott-Aldrich syndrome/X-linked thrombocytopenia

• Bernard-Soulier syndrome

• May-Hegglin anomaly

★ taBle 33-8 Causes of Decreased Platelet Production

M33_MCKE6011_03_SE_C33.indd   676 01/08/14   7:42 pm



 677CHApTER 33   •   DISORDERS OF pRIMARy HEMOSTASIS

for splenomegaly to occur as an isolated event. Examples of diseases 
in which splenomegaly is found include hepatic cirrhosis with portal 
hypertension, hemolytic anemia, infections, Gaucher’s disease and 
other storage diseases, Felty’s syndrome, leukemias, and lymphomas. 
Bone marrow infiltration with malignant cells can complicate the 
decreased platelet count in lymphomas.

Some myeloproliferative neoplasms (MPNs) are characterized 
by splenomegaly but increased platelet counts. In these conditions, 
the number of platelets sequestered increases, but the spleen also may 
be involved in producing platelets (extramedullary hematopoiesis).

Dilutional thrombocytopenia
Platelet counts decrease by 30–70% following major surgery because of a 
combination of hemodilution associated with fluids infused during the 
procedure and increased consumption.21 Patients who experience massive 
hemorrhage requiring replacement of 10 or more units of blood within 
24 hours can develop thrombocytopenia if only stored banked blood is 
used for transfusion. Because of the relatively short half-life of platelets, 
minimal viable platelets are in banked blood. Certain coagulation factors 
are also deficient in stored blood, possibly contributing to the bleeding 
diathesis. Recommendations for patients receiving massive transfusions 
are to monitor the platelet count, PT, and APTT and to administer platelet 
transfusions to maintain the platelet count at 75 * 109/L.27

Conditions with Multiple Mechanisms of thrombocytopenia
Thrombocytopenia in some conditions is the result of more than one 
mechanism (Table 33-9 ★). In alcoholic patients without cirrhosis, the 
major effect of ethanol is on the platelets. When cirrhosis is present, 
coagulation factors can also be affected. Alcohol reduces platelet num-
bers and causes defects of aggregation, secretion, and procoagulant 
activity. Platelet production is suppressed by a direct toxic effect of 
alcohol on the bone marrow, which can be compounded by ineffec-
tive production associated with a deficiency of folate. Also, decreased 
TPO production by the liver contributes to a reduced thrombopoiesis. 
Patients with cirrhosis have enlarged spleens as the result of passive 
congestion, also contributing to thrombocytopenia.

and dysplastic forms. Peripheral blood platelets also can have abnormal 
morphology and abnormal function as indicated in platelet aggregation 
assays. Marrow replacement by solid tumors or by fibrous tissue, as in 
chronic idiopathic myelofibrosis, sometimes results in thrombocyto-
penia, although thrombocytosis is more common. Abnormal platelet 
morphology, such as large and/or hypogranular forms, can be present.

Ineffective Thrombopoiesis. Megaloblastic anemias caused by a 
deficiency of vitamin B12 or folic acid are characterized by ineffective 
thrombopoiesis as well as ineffective erythropoiesis and granulopoi-
esis (Figure 33-3) (Chapter 15). Pancytopenia is often seen in these 
diseases. The bone marrow contains normal or increased numbers of 
megakaryocytes, but the number of platelets entering the peripheral 
blood is decreased.

Hereditary Thrombocytopenia. Wiskott-Aldrich syndrome, 
 Bernard-Soulier syndrome, and May-Hegglin anomaly are inherited 
disorders in which platelet production is decreased. These disorders 
also demonstrate other abnormalities.

The Wiskott-Aldrich Syndrome (WAS), an X-linked 
 disorder, is characterized by very small platelets, thrombocytopenia, 
and severe immune dysregulation (eczema and infections) result-
ing from a progressive decline in T lymphocyte number and func-
tion.23 The WAS gene codes for a protein expressed exclusively in 
hematopoietic cells that is involved in cell signaling and regulation of 
the cytoskeleton. WAS platelets show decreased aggregation to ADP, 
epinephrine, and collagen and reduced numbers of dense granules.25

Bernard-Soulier syndrome (BSS) is characterized by both 
thrombocytopenia and dysfunctional platelets and is discussed later 
in this chapter. May-Hegglin anomaly (MHA) is characterized 
by a moderate macrothrombocytopenia and Döhle-like  inclusions 
in  leukocytes and is one of a group of disorders associated with 
abnormalities of the MYH9 gene (nonmuscle myosin gene). MHA is 
 discussed in Chapter 21.

What is the pathophysiology of thrombocytopenia in 
megaloblastic anemia?

CheCkpoint 33-5

Increased splenic sequestration
The spleen normally stores approximately one-third of the platelets 
produced and released by the bone marrow in a pool that is in equilib-
rium with circulating platelets. In some conditions in which the spleen is 
enlarged (congestive splenomegaly and reactive splenomegaly or hyper-
splenism), the proportion of platelets sequestered also is increased and 
can reach 90% of the total platelet mass.26 Hypersplenism is a condi-
tion in which the spleen is enlarged as well as hyperactive. The enlarged 
spleen can simultaneously sequester erythrocytes and neutrophils. 
Because the bone marrow production remains constant, the number 
of circulating platelets decreases. The platelet count is usually above 
20 * 109/L, and symptoms of excess bleeding usually are not seen.

Most causes of thrombocytopenia resulting from splenomegaly 
are complicated by other factors that also contribute to it. It is rare 

alcoholism

• Suppressed platelet production

• Ineffective platelet production

• Increased destruction

• Splenomegaly

lymphoproliferative disease

• Impaired production

• Immune destruction

• Splenomegaly

Cardiopulmonary bypass surgery

• Mechanical destruction

• Increased utilization

• Dilutional thrombocytopenia

• Inadequate neutralization of heparin

★ taBle 33-9 Conditions with Multiple Mechanisms 
of Thrombocytopenia
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or autonomous production of megakaryocytes in the bone marrow 
results in a marked increase in the number of circulating platelets. 
The platelet count is usually 71000 * 109/L. In the bone marrow, 
megakaryocyte hyperplasia as well as giant megakaryocytes with 
increased ploidy are seen, and hematopoiesis is clonal. In familial 
 thrombocytosis, hematopoiesis is polyclonal. Identified genetic muta-
tions include genetic abnormalities of both thrombopoietin produc-
tion, and the thrombopoietin receptor.28

Acquired primary thrombocytosis occurs in both the chronic 
myeloproliferative neoplasms (MPNs) and myelodysplasia ( Chapters 24 
and 25). In essential thrombocythemia (Chapter 24), the megakaryo-
cyte lineage predominates. Thirty-five percent of patients with refrac-
tory anemia with ringed sideroblasts (RARS) and some patients with 
the 5q-  syndrome have thrombocytosis, but the platelet count is 
 usually 61000 * 109/L (Chapter 25).28

Patients with MPNs can have either hemorrhagic or thrombotic 
episodes; their cause is not always known. Although thrombotic 
 complications are slightly more frequent than bleeding symptoms 
in general, patients with chronic myelogenous leukemia only rarely 
develop thrombosis. Hemorrhagic symptoms are present in approxi-
mately 25% of patients despite the increased numbers of platelets. 
Epistaxis and bleeding from the gastrointestinal tract and from other 
mucous membranes can be quite profuse.

Abnormal platelet aggregation has been demonstrated most 
 frequently with epinephrine but can also be abnormal with ADP and 
collagen.28 Screening tests for clotting factors are normal.

In lymphoproliferative disease, when the tumor affects the bone 
marrow, production of platelets is impaired. Additionally, the produc-
tion of autoantibodies can enhance platelet destruction. If splenomeg-
aly is present, increased sequestration by the spleen can contribute to 
the thrombocytopenia.

During cardiopulmonary bypass surgery, the patient’s blood 
 circulates through a pump outside the body to be oxygenated, altering 
hemostasis in a variety of ways. The platelet count decreases to approxi-
mately one-half of the presurgical level because of the dilution by IV 
fluids and donor blood if transfusions are necessary. Platelet counts 
usually remain above 100 * 109/L during the procedure but can take 
several days to correct to the patient’s normal concentration. Platelets 
can be activated or mechanically damaged by the artificial surfaces 
encountered during the procedure.1 The extent of platelet dysfunc-
tion correlates with the duration of the surgical procedure. Additional 
effects of extracorporeal circulation are discussed in later sections.

Mohammed’s laboratory results were:

  Hematology Hemostasis
  WBC 10.5 * 109/L Prothrombin time 11.2 sec
  RBC 2.3 * 1012/L APTT 25.6 sec
  Hb 6.6 g/dL (66 g/L)
  Hct 0.193 L/L (19.3%)
  Platelet count 133 * 109/L

3. Explain how these laboratory tests confirm that the 
patient’s bleeding is related to a defect in primary 
hemostasis rather than secondary hemostasis.

4. Is the bleeding more likely related to problems with 
the vascular system or with platelets? Why?

5. Is this profuse bleeding with the presence of petechiae 
consistent with the platelet count? Why?

6. What additional testing would be helpful to identify 
the cause of the patient’s excess bleeding?

Case stuDy (continued from page 669)

thrombocytosis
Thrombocytosis is the general term for a platelet count that is elevated 
above the established reference interval. On the peripheral smear, 720 
platelets are seen per 100*oil immersion field, and they can appear in 
large clumps on capillary or first drop smears. They also can be more 
concentrated on the featheredge of a smear.

Sustained increases in platelet numbers are the result of increased 
production by the bone marrow because the platelet’s life span is not 
increased. Bone marrow megakaryocytes are increased on histologic 
 sections and can be found in clusters. On buffy coat smears from the mar-
row, significant numbers of megakaryocytes can be present on the feath-
eredge and throughout the body of the smear. Refer to Table 33-10 ★ 
for primary and secondary conditions associated with thrombocytosis.

Primary thrombocytosis
Primary thrombocytosis can be either familial or acquired. In 
acquired primary thrombocytosis, megakaryocyte proliferation and 
maturation bypass the normal regulatory mechanisms. Uncontrolled 

Primary thrombocytosis

• Familial thrombocytosis

• Essential thrombocythemia

• Chronic myelogenous leukemia

• Polycythemia vera

• Chronic idiopathic myelofibrosis

• Refractory anemia with ringed sideroblasts

• 5q-  syndrome

secondary (reactive) thrombocytosis

• Acute hemorrhage

• Surgery

• Postsplenectomy

• Recovery from thrombocytopenia

  Alcohol-induced thrombocytopenia
  Chemotherapeutic drugs
  Therapy of cobalamin deficiency

• Malignant diseases

• Chronic inflammatory diseases

• Iron-deficiency anemia

• Hemolytic anemia

transient thrombocytosis

• Vigorous exercise

• Epinephrine

• Childbirth

★ taBle 33-10 Causes of Thrombocytosis
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the peripheral smear. See Chapters  9, 10, and 43 for a description of 
these artifacts in more detail as well as suggestions for resolving the 
discrepancies.

secondary (reactive) thrombocytosis and transient 
thrombocytosis
Secondary thrombocytosis is also called reactive throm-
bocytosis because another disease or condition causes the increased 
platelet count by normal regulatory mechanisms. The platelet count 
returns to the reference interval by treating the primary condition. The 
clinical picture is generally related to the underlying condition rather 
than the thrombocytosis.

Differentiating primary from secondary thrombocytosis can 
be difficult. Although platelet counts are usually 61000 * 109/L in 
reactive thrombocytosis, they can be as high as in primary thrombo-
cytosis. The bleeding time and platelet aggregation tests are normal, 
and hemorrhagic and thrombotic complications are infrequent.28 IL-6 
is increased in most patients with secondary thrombocytosis but not 
in primary thrombocytosis; however, routine testing procedures are 
generally not available for this cytokine.

Several conditions associated with reactive thrombocytosis are 
shown in Table 33-10. The etiology of the increased platelet count 
 varies. After acute hemorrhage or surgery, the platelet count can rise 
to 600 * 109/L or more but returns to the reference interval within 
a short time. After splenectomy, the platelet count rises, sometimes to 
71000 * 109/L and can remain elevated for several months. The rise 
in platelet count exceeds that expected for the loss of the splenic reser-
voir function, indicating that the spleen may play a role in regulating 
platelet production. Rebound thrombocytosis can follow recovery 
from thrombocytopenia in alcoholics and patients on chemothera-
peutic drugs or after therapy for vitamin B12 deficiency. Platelet counts 
in patients with iron deficiency anemia vary from thrombocytopenic 
to 71000 * 109/L. In adults with iron deficiency anemia resulting 
from chronic blood loss, thrombocytosis is commonly reported (50–
75% of patients), and the platelet count returns to normal after iron 
replacement. Thrombocytosis is thought to occur in hemolytic ane-
mias because of the stimulation of the bone marrow by hematopoietic 
growth factors to produce erythrocytes resulting in stimulation of the 
megakaryocytic lineage as well.

In transient thrombocytosis, platelet counts rise transiently in the 
conditions found in Table 33-10.

Explain why primary thrombocytosis is often associated 
with abnormal platelet function, whereas secondary 
thrombocytosis is not.

CheCkpoint 33-6

artifacts in the Quantitative Measurement of Platelets
The laboratory must be aware of artifacts responsible for errone-
ously (spuriously) low or high platelet counts in automated elec-
tronic platelet counting.14 Recognition of these artifacts can prevent 
misdiagnosis and inappropriate or unnecessary diagnostic proce-
dures and therapy. In many cases, examining a blood smear can 
reduce these errors. Pseudothrombocytopenia is an in vitro artifact 
of automated cell counting seen when blood is collected in ethylene-
diaminetetraacetic acid (EDTA). Aggregates of platelets or platelet 
satellitism (platelets bound to neutrophils) are common findings on 

Mohammed’s hematology report included a finding that 
at least 65% of the platelets were large and giant forms 
with intense granulation.

7. Is there a possibility that the patient’s platelet count is 
spuriously increased or decreased? Why?

Case stuDy (continued from page 678)

Qualitative (Functional) Platelet Disorders
The functions of platelets in primary hemostasis were discussed in 
Chapter 31. The platelet’s roles in hemostasis include platelet adhesion, 
contraction, release of the contents of the a@granules (aGs), dense 
granules and lysosomes, generation of thromboxane A2, aggregation, 
and procoagulant activity. Inherited or acquired abnormalities in any 
phase of platelet function can lead to defective formation of a primary 
hemostatic plug and abnormal bleeding.

Clinical symptoms vary from asymptomatic to mild, easy bruis-
ability to severe, life-threatening hemorrhaging depending on the 
nature of the defect. The type of bleeding is similar to that seen in 
thrombocytopenic disorders. Common manifestations include pete-
chiae, easy and spontaneous bruising, bleeding from mucous mem-
branes such as the nose or gastrointestinal tract, abnormal vaginal 
bleeding, and prolonged bleeding from trauma.

Laboratory screening test results are similar to those found in 
thrombocytopenia except that the platelet count is usually normal. 
A mildly decreased platelet count, however, is characteristic of some 
conditions. Screening tests for coagulation factors (PT, APTT) and 
tests for fibrinolysis are normal. Special laboratory tests for platelet 
function reflect the nature of the platelet defect.

Platelet functional disorders are classified as hereditary or 
acquired. The inheritance pattern in the hereditary types is usually 
autosomal recessive.

hereditary Disorders of Platelet function
Hereditary platelet defects are rarely encountered clinically. However, 
much of the present knowledge of platelet function has been derived 
from the study of patients with such anomalies. Defects in each phase 
of platelet function have been described (Table 33-11 ★). A conve-
nient classification scheme is based on the steps in platelet function. 
Abnormalities in function can be related to affected portions of the 
platelet ultrastructure (Figure 33-6 ■).

Disorders of Platelet adhesion
Platelet adhesion to exposed subendothelium initiates the events of 
 primary hemostasis. There are a number of adhesive proteins in the 
subendothelium to which platelets have receptors, including  fibronectin, 
laminin, vitronectin, and collagen (Chapter 31). Of these, adhesion to 
collagen appears to be essential for firm platelet adhesion in vivo.29 
Adhesion to collagen at the high shear rates encountered in arterioles 
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in initiating platelet function; thus, aggregation and formation of the 
primary hemostatic plug are also defective.

Bernard-Soulier Syndrome. A rare autosomal-recessive dis-
order, BSS was first described by Bernard and Soulier in 1948.30 
The  incidence of BSS is 61 in 1,000,000.31 It is characterized by a 

and the microcirculation requires the presence of both an adequate 
amount of functional von Willebrand factor (VWF) and the presence 
of functional GPIb/IX on the platelet membrane ( Chapter 31). VWF 
acts as a bridge binding to the platelet via GPIb/IX and to collagen. Defi-
ciencies of either VWF or GPIb/IX result in defective in vivo platelet 
adhesion. Collagen is also a  platelet agonist and plays an important role 

Disorders of adhesion (defects in platelet-vessel wall interaction)

• von Willebrand disease (deficiency/defect in plasma VWF)

• Bernard-Soulier syndrome (deficiency/defect in GpIb/IX)

• Deficiency/defect of collagen receptors (GpIa/IIa, GpVI)

Disorders of aggregation (defects in platelet–platelet interaction)

• Congenital afibrinogenemia (deficiency of plasma fibrinogen)

• Glanzmann thrombasthenia (deficiency/defect in GpIIb/IIIa)

Disorders of platelet secretion and abnormalities of granules

• Storage pool deficiency (dSPD; aSPD)

• Quebec platelet disorder

Disorders of platelet secretion and signal transduction

• Receptor defects (defects in platelet–agonist interaction) (Receptor defects: TXA2, ADP, collagen, epinephrine, serotonin)

• Defects in G-protein activation

• Defects in phosphatidylinositol metabolism (phospholipase C deficiency)

• Defects in protein phosphorylation (PKC deficiency)

• Abnormalities in arachidonic acid pathways and TXA2 synthesis (deficiency of phospholipase A2, cyclooxygenase, thromboxane synthase)

Disorders of platelet coagulant–protein interaction

• Scott syndrome

★ taBle 33-11 Inherited Disorders of Platelet Function

■  fIgure 33-6 Ultrastructural components associated with inherited disorders of platelet 
function.
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donors have successfully corrected the hemostatic defect in BSS 
patients.

von Willebrand Disease. VWD is characterized by a decrease in 
production of VWF or of a dysfunctional protein (Figure  33-6b). 
Because it is a plasma protein disorder rather than a platelet functional 
disorder, VWD is discussed in Chapter 34.

Defects of Collagen Receptors. In addition to platelet adhesion to 
collagen mediated by VWF/GPIb/IX, platelets contain several other 
membrane receptors capable of direct collagen binding. Both GPIa/IIa 
and GPVI participate in platelet interactions with collagen, and bleed-
ing defects have been reported in individuals with decreased levels of 
either receptor.32

Disorders of Platelet aggregation
Platelet aggregation requires the presence of fibrinogen and the 
GPIIb/IIIa receptor on the platelet membrane. In the absence of 
either of these components, platelets do not interact with one another 

moderate to severe thrombocytopenia, giant platelets, and abnormal 
platelet function. Homozygous patients have a lifelong bleeding ten-
dency that can begin in infancy. Bleeding symptoms are similar to 
those described for thrombocytopenia. Heterozygous persons usu-
ally have no significant bleeding symptoms.31

The defect in BSS is a quantitative decrease or abnormal function 
of the GPIb/IX/V complex. It results from a mutation in GPIba, GPIbb, 
or GPIX. Although GPV is missing from the membrane of BSS platelets, 
this is apparently because of the loss of the GPIb/IX complex. Mutations 
in the gene for GPV do not result in a BSS phenotype. Lack of functional 
GPIb/IX prevents interaction of the platelets with VWF and subsequent 
platelet adhesion to collagen (Figure 33-6a). More than 50 genetic muta-
tions associated with BSS have been identified.29

Laboratory tests are required to diagnose this disease and dif-
ferentiate it from other platelet functional disorders and other causes 
of macrothrombocytopenia (Table  33-12 ★). Thrombocytopenia 
can be variable, with some patients having nearly normal counts and 
occasional patients having platelet counts of 620 * 109/L.29 Thirty 
to eighty percent of platelets have mean diameters 73.5 mcM (mm) 
and occasionally up to 20 mcM (Figure 33-7 ■). The significance 
and cause of the macrothrombocytopenia is not known. Bleeding is 
prolonged more than expected for the degree of thrombocytopenia, 
indicating a coexistent disorder of platelet function. Platelet aggrega-
tion studies are normal with ADP, collagen, and epinephrine. However, 
agglutination with ristocetin, which requires VWF and GPIb/IX, is 
abnormal29, 31 (Figure 33-8a ■) (Chapter 36).

Similar platelet aggregation results are obtained in patients with 
classic VWD. To differentiate them, a modification of the ristocetin 
agglutination test is used. The addition of VWF (e.g., normal plasma) 
to the patient’s platelet suspension does not correct the abnormal risto-
cetin agglutination in BSS patients but does correct the agglutination 
defect in VWD (Figure 33-8b). Also, flow cytometry can characterize 
the platelet surface GPIb/IX proteins (CD42b/CD42a).

BSS has no specific treatment. Supportive measures such as 
erythrocyte and platelet transfusions are used as needed. Bone mar-
row transplantation from human leukocyte antigen (HLA)– identical 

■  fIgure 33-7 Platelet morphology in Bernard-Soulier 
syndrome (peripheral blood, Wright-Giemsa stain, 1000*  
magnification).

Disorder
Defective Platelet 
Component Platelet Count

Bleeding 
time test Platelet aggregation

Closure 
time (Pfa) Other

Bernard-Soulier 
syndrome

Glycoprotein Ib/IX Normal 
or decreased

Increased Abnormal with ristocetin

Normal with ADP,  collagen, epinephrine

Increased Giant platelets

Glanzmann 
thrombasthenia

Glycoprotein  
IIb/IIIa

Normal Increased Abnormal with ADP,  collagen, 
epinephrine

Normal with ristocetin

Increased

d@storage pool 
disease

Dense granule 
deficiency

Normal Increased Abnormal secondary aggregation with 
ADP, epinephrine; abnormal with collagen

Normal primary aggregation

Variable

Gray platelet 
syndrome

a@granule 
deficiency

Variably 
decreased

Variable Normal Variable Agranular 
platelet

Defective  
thromboxane A2 
synthesis

Deficiency of 
 cyclooxygenase 
or TXA2 synthase

Normal Increased Abnormal secondary aggregation 
with ADP, abnormal with collagen

Normal primary aggregation

Increased

PFA = platelet function analyzer

★ taBle 33-12 Laboratory Test Results in Selected Platelet Disorders
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Platelet aggregation does not occur in GT, but aspects of platelet 
function that do not depend on aggregation, such as adhesion and secre-
tion, are usually normal. Additional abnormalities of platelets occur in 
patients with GT, including deficiencies of antigens such as HPA-1a and 
HPA-1b that are normally present on the GPIIb/IIIa complex.

Bleeding symptoms can begin in infancy and involve superficial 
areas of the body characteristic of platelet abnormalities. Although 
they are usually described as moderate in severity, deaths have 
occurred. Complications from GT can arise during childbirth, tooth 
extraction, or any surgical procedure.35

Laboratory tests are necessary to differentiate this disorder from 
other platelet defects (Table 33-12). The platelet count and morphol-
ogy are normal, but the bleeding time is markedly prolonged, and clot 
retraction is abnormal, indicating platelet dysfunction. Platelet aggre-
gation tests show no response to agonists such as ADP, epinephrine, or 
collagen because the platelets lack the site of attachment of fibrinogen; 
thus, aggregation cannot occur. However, normal agglutination with 
ristocetin occurs (Figure 33-8c). Deficiencies of GPIIb or IIIa are iden-
tified by flow cytometry of platelets utilizing anti-CD41 or anti-CD61 
antibodies or observing a quantitative decrease of the proteins using 
polyacrylamide gel electrophoresis to separate platelet glycoproteins.

No specific treatment is available for thrombasthenic patients. 
 Supportive platelet transfusions are used when needed, and bone mar-
row transplantation has been performed in rare cases.36 In Europe, 
recombinant FVIIa (rFVIIa) is approved for treatment of GT 
patients with antibodies to GPIIb/IIIa and/or human leukocyte 
antigen(s) (HLA) with past or present refractoriness to platelet transfu-
sions.37 As of January 2012, this is an off-label use in the United States.

to produce primary or secondary aggregation. The congenital dis-
order in which the GPIIb/IIIa complex is defective is Glanzmann 
thrombasthenia (GT). The absence of fibrinogen is discussed in 
Chapter 34.

Glanzmann Thrombasthenia. GT is a rare autosomal recessive 
 disease first described in 1918.33 Clinical manifestations are apparent 
only in homozygotes.34 Globally, GT is extremely rare, but it can be 
clustered in populations where consanguineous marriages are com-
mon.29 Platelets of patients with GT are deficient in the GPIIb/IIIa 
complex ( Figure 33-6c), the site of attachment of fibrinogen to the 
platelet surface. Fibrinogen “bridges” two platelets in the presence of 
calcium, initiating platelet aggregation (Chapter 31). Some patients 
have a deficiency of fibrinogen in the aGs, presumably because of 
decreased GPIIb/ IIIa-mediated endocytosis of fibrinogen from the 
plasma.

Glycoproteins IIb and IIIa are encoded by separate genes closely 
linked on the long arm of chromosome 17. A deficiency of the whole 
complex in the platelet membrane occurs when either gene is defec-
tive. Approximately 200 different molecular defects of the two genes 
have been identified.29 Three subtypes of GT have been described: GT 
Type I is characterized by undetectable or trace amounts (65%) of 
GPIIb/IIIa and the absence of aG fibrinogen; GT type II patients have 
GPIIb/IIIa of 10–20% of normal, and aG fibrinogen is present; GT 
type III is a qualitative defect of GPIIb/IIIa with laboratory diagnostic 
features of GT except that GPIIb/IIIa levels are 50–100% of normal. 
Obligate carriers (heterozygotes) of a quantitative defect have 50–60% 
of the complex but are phenotypically normal.29

■  fIgure 33-8 Platelet aggregation patterns in disorders of platelet function. (a) Bernard-
Soulier syndrome. (b) von  Willebrand disease. (c) Glanzmann thrombasthenia. (d) d@storage 
pool disease, aspirin ingestion, uremia, thromboxane A2 deficiency. (e) Myeloproliferative 
neoplasm.
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Abnormalities of the Platelet Secretory Mechanism. These 
disorders are typically associated with a mild to moderate bleeding 
history. Patients usually have absence of the second wave of platelet 
aggregation with ADP or epinephrine and decreased aggregation with 
collagen. These disorders must be differentiated from acquired abnor-
malities of platelet secretion induced by drugs such as aspirin (see the 
section “Acquired Disorders of Platelet Function/Aspirin”). Although 
individually rare, these disorders as a group are far more common 
than GT, BSS, or SPD.

Defective Thromboxane A2 (TXA2) Synthesis. Liberation of ara-
chidonic acid from membrane phospholipids and its conversion to 
TXA2 is an important positive feedback loop enhancing the platelet 
activation process (Chapter  31). A defect in the pathway of TXA2 
 synthesis produces a platelet aggregation pattern similar to that seen in 
d@storage pool disease (Figure 33-6d, Table 33-12). Defects can occur 
in the liberation of arachidonic acid from phospholipids (phospholi-
pase A2 deficiency) and in TXA2 synthesis (cyclooxygenase deficiency 
or thromboxane synthase deficiency).29 Platelet secretion and second-
ary aggregation do not occur.

Signal Transduction Defects. Various heterogeneous disorders 
are grouped together as signal transduction defects. The defect can 
involve platelet–agonist interaction (i.e., defect of the platelet recep-
tor for a specific agonist). In these disorders, patients typically have 
impaired platelet responses to a single agonist in platelet aggrega-
tion assays. Documented receptor defects include receptors for 
TXA2 (TPa), ADP (P2Y12), collagen (GPIa/IIa or GPVI), epinephrine 
(a2@adrenergic receptors [aARs]), and serotonin.29,39 See Table 33-11 
for other potential defects in platelet secretion and signal transduction.

Disorders of Platelet Procoagulant activity
Defective procoagulant activity of platelets has been described as an 
additional finding in several of the previously mentioned disorders 
and as a single entity in some patients. Scott syndrome is a rare auto-
somal recessive disorder characterized by abnormal Ca++@induced 
phospholipid scrambling. The activated platelets secrete and aggregate 
normally but fail to transport phosphatidyl serine from the inner to 
the outer phospholipid leaflet of the membrane. This phospholipid 
redistribution is required for activated platelets to be able to assemble 
the tenase and prothrombinase complexes, and thrombin formation 
is defective.29,40

The membrane activity thought to be responsible for this 
phospholipid movement has been named scramblase (Chapter 31). 
Mutations in the gene TMEM16F recently were associated with 
Scott syndrome, suggesting that this protein is part of the scramblast 
complex.41

Disorders of Platelet secretion, granule abnormalities, and 
signal transduction
Disorders of platelet secretion and signal transduction include a hetero-
geneous group of disorders that have in common the impaired secretion 
of granule contents and abnormal aggregation during platelet activa-
tion. In aggregation studies, the second wave of aggregation has been 
found to be reduced or absent in some of these disorders. The abnormal 
platelet functions occur either because the granules or their contents are 
decreased (storage pool deficiency) or because of an abnormality in the 
activation mechanisms regulating secretion and aggregation.29 Symp-
toms vary from moderate to mild bleeding tendencies depending on 
the abnormality. Manifestations can be easy bruising, hemorrhage, and 
excess bleeding after surgery or childbirth. The platelet count is normal.

Deficiencies of Dense Granules (D@Storage Pool Disease/DSPD).  
dSPD include a heterogeneous group of disorders of variable inheri-
tance that share the common feature of DG deficiency. The plate-
lets in these disorders show a decrease or absence of platelet DG by 
electron microscopy (Figure 33-6d), but the morphologic appear-
ance of the platelets on stained peripheral blood smears is normal. 
The bleeding time is usually prolonged (Table 33-12), and platelet 
aggregation tests are abnormal with ADP, epinephrine (normal pri-
mary wave of aggregation, absent or blunted secondary wave) and 
low levels of collagen (markedly reduced response) (Figure 33-8d). 
The platelet aggregation abnormalities result from the lack of ADP 
release from the DG so that secondary aggregation does not occur 
with ADP or epinephrine. The platelet aggregation curve induced by 
collagen is normally produced by release of endogenous DG prod-
ucts (“secondary aggregation” only) and is therefore absent. The ratio 
of total platelet ATP:ADP is increased (72.5).29 Platelet agglutina-
tion studies using ristocetin demonstrate normal results.

Deficiencies of DG occur as one of the features of several rare 
autosomal recessive disorders including Chediak-Higashi syndrome, 
Hermansky-Pudlak syndrome, Wiskott-Aldrich syndrome, and TAR 
syndrome.

Gray Platelet Syndrome (GPS). Selective deficiency of platelet aGs 
is called the gray platelet syndrome or A@storage pool disease. 
Because aGs are so numerous, their absence causes the platelets to 
appear agranular on a peripheral blood smear. By electron micros-
copy, aGs are absent or markedly decreased. Studies indicate that 
megakaryocyte synthesis of the proteins found in aGs is normal, and 
the defect may be in targeting endogenously synthesized proteins to 
the developing aGs.29 In contrast to d@storage pool disease, platelet 
aggregation studies are generally normal, and clinical manifestations 
are usually mild. Patients generally have a mild thrombocytopenia and 
macrothrombocytes (Table 33-12). Mutations in the NBEAL2 gene 
recently have been identified as the genetic cause of recessively inher-
ited GPS.38 NBEAL2 is believed to be involved in vesicular trafficking 
and aG development.

Quebec Platelet Disorder. Quebec platelet disorder is a rare 
autosomal dominant disorder associated with abnormal proteolysis 
of aG proteins resulting from increased levels of platelet urinary-type 
plasminogen activator in platelet aGs.29 In contrast to GPS, the struc-
ture of the aG is preserved, and platelets are morphologically normal 
by light microscopy. Platelet counts often are moderately decreased, 
and patients experience a variable bleeding history.

A patient is having laboratory tests to evaluate for a 
bleeding phenotype suggestive of a defect of primary 
hemostasis. Platelet aggregation test results indicate nor-
mal aggregation with thrombin, epinephrine, and ADP 
but defective agglutination with ristocetin. What aspect 
of platelet function is defective? Name two clinical condi-
tions that would produce these test results.

CheCkpoint 33-7
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clinical symptoms. The mechanisms of inhibiting platelet function are 
variable and not always completely understood.

Aspirin. Aspirin affects platelet function by irreversibly acetylating, 
and thus inactivating, the platelet COX-1 enzyme, thereby preventing 
the formation and release of TXA2. As a result, platelet secretion is 
decreased. A single 80-mg “baby aspirin” taken daily can completely 
block platelet TXA2 production.42 The platelets affected by aspirin 
continue to circulate but are nonfunctional. Laboratory tests of plate-
let function, therefore, can be altered in patients taking aspirin. Plate-
let function tests return to normal as new platelets are produced and 
released from the marrow. Tests typically become normal 7 days after 
the last dose.

In persons with a functional abnormality of platelets (either 
hereditary or acquired) or VWD, aspirin ingestion can lead to seri-
ous bleeding complications. It is recommended that patients should 
not ingest aspirin or any of the numerous aspirin-containing prod-
ucts for 7 days before having platelet function tests or most surgical 
procedures.

Abnormalities in platelet aggregation tests reflect the lack of 
TXA2 synthesis and are similar to results from patients with hereditary 
deficiencies of enzymes in this pathway. A first wave of aggregation is 
seen with ADP and epinephrine, but no secondary wave is present. 
Aggregation does not occur with collagen, and agglutination is normal 
with ristocetin (Figure 33-8d). For further discussion of the effects of 
drugs on platelet function testing, see Chapter 36.

acquired Disorders of Platelet function
Platelet dysfunction is induced in a variety of conditions and with 
the ingestion of certain drugs. Clinical manifestations and the results 
of laboratory tests vary with the cause and the resulting effect on the 
platelet mechanism.

Chronic renal failure
A bleeding tendency in uremia recognized for many years was 
first associated with a platelet functional abnormality in 1956. The 
 platelet defect’s pathogenesis and severity are related to the accu-
mulation of waste products in the blood, although which of the 
metabolites produce harmful effects is unclear. The bleeding time 
is prolonged and seems to correlate with the severity of the renal 
failure. The platelet aggregation test with collagen and secondary 
aggregation with ADP and epinephrine is decreased, indicating an 
abnormal secretory response (Figure 33-8d). Platelet procoagulant 
activity also is defective.

Bleeding symptoms in uremic patients can be severe. 
 Ecchymoses, gastrointestinal bleeding, and hemorrhages into serous 
cavities can be seen. Clinical symptoms decrease with dialysis treat-
ment. Cryoprecipitate transfusion has also been proposed as treat-
ment in this setting.

hematologic Disorders
The bleeding and thrombotic problems in myeloproliferative neo-
plasms (MPNs) were described earlier in this chapter. An abnormal 
response to epinephrine, ADP, or collagen in the platelet aggregation 
test is often seen. Other platelet abnormalities that have been reported 
in some patients include decreased synthesis and/or response to 
TXA2, reduced aGs or DGs, decreased membrane glycoproteins, and 
decreased procoagulant activity42 (Figure 33-8e).

Defective platelet aggregation has been noted in patients with 
acute leukemia and myelodysplasia. Bleeding problems in these con-
ditions, however, usually result from thrombocytopenia. Variable 
defects of platelet function have also been reported.42

In addition to impaired vascular function in patients with dys-
proteinemias such as multiple myeloma and macroglobulinemia 
described earlier, abnormal platelet function is observed (Chapter 28). 
Severe bleeding symptoms can result. Thrombocytopenia and hyper-
viscosity are the major causes of the bleeding tendency, but platelet 
function is abnormal because the paraprotein coats the platelet surface 
and interferes with the membrane reactions of platelet activation. The 
bleeding symptoms and the abnormal platelet function are propor-
tional to the amount of abnormal protein in the plasma. Abnormal 
tests include platelet aggregation and platelet procoagulant activity. 
The results of the abnormal tests, however, do not always correlate 
with the severity of clinical bleeding.

Drugs
Many drugs have been shown to contribute to platelet dysfunction. 
The effect of drugs on platelets of persons with normal hemostatic 
function is usually clinically unnoticeable. However, those with abnor-
malities of the hemostatic system are at increased risk for developing 
severe bleeding symptoms.

Drugs can variably alter the platelet aggregation studies, but 
the effects on these laboratory tests do not necessarily correlate with 

Why are the bleeding time test and closure time abnormal 
for up to 7 days following ingestion of aspirin?

CheCkpoint 33-8

Nonsteroidal Anti-Inflammatory Drugs (NSAIDs). NSAIDs that 
inhibit COX-1 can also inhibit platelet function. Examples include 
ibuprofen, naproxen, indomethacin, and sulfinpyrazone (among 
others). However, COX-1 inhibition by these drugs is reversible, and 
usually short lived ( 672 hours). Selective COX-2 inhibitors, such 
as celecoxib, have no antiplatelet activity. Acetaminophen does not 
impair platelet function.

Alcohol. Ingestion of large amounts of alcohol over a long period of 
time can lead to platelet dysfunction in some individuals. The platelet 
aggregation test can show decreased primary aggregation with ADP.

Antibiotics. Antibiotics, particularly penicillins and cephalospo-
rins (which affect bacterial cell wall synthesis), alter platelet function. 
Patients taking these drugs show no aggregation with ADP either in 
the primary or secondary wave. The drug is believed to coat the plate-
let membrane, blocking ADP and epinephrine receptors and resulting 
in platelet inability to respond to agonist. Serious bleeding complica-
tions can occur when the drugs are given in high doses, and for long 
periods of time.
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Cardiopulmonary Bypass surgery
In addition to thrombocytopenia as discussed previously, platelet 
function is altered during cardiopulmonary bypass surgery. The plate-
lets are believed to become activated by the abnormal surfaces in the 
extracorporal pump to which they are exposed.

Significant bleeding develops in approximately 3–5% of patients 
after bypass surgery. In approximately 50% of these cases, the bleeding 
occurs because of inadequate surgical technique and can require addi-
tional surgery to correct. The remaining 50% can result from a vari-
ety of defects of hemostasis, the most common of which is acquired 
abnormal platelet function.

Flow cytometry has been used to study platelet activation during 
cardiopulmonary bypass surgery in pediatric patients. Monoclonal 
antibodies to CD62P and GPIb/IX are used to correlate levels of these 
two proteins with the extent of platelet activation and with the risk of 
bleeding. CD62P is contained within the aG and is expressed on the 
platelet surface only after platelets have undergone the release reac-
tion. After platelets have been activated, GPIb decreases in density on 
the platelet surface, whereas CD62P increases.43

When asked if he had had bleeding problems in the past, 
Mohammed recounted having petechiae, lots of bruises 
off and on since childhood, frequent nosebleeds, and 
bleeding for a long time after cuts. A platelet function 
analyzer closure time and platelet aggregation studies 
were ordered. The closure time was prolonged. Platelet 
aggregation studies showed normal aggregation with 
ADP, collagen, epinephrine, and thrombin. Agglutination 
with ristocetin was abnormal and was not corrected when 
VWF was added.

 8.  Is Mohammed’s problem more likely acquired or 
inherited? Why?

 9.  What is the significance of these platelet function 
tests?

 10. What is Mohammed’s most likely condition?

 11. What additional testing would be considered?

Case stuDy (continued from page 679)

Summary
Patients affected by disorders of primary hemostasis usually 
have an imbalance in the hemostatic system and experience 
bleeding of some type. Although bleeding can occur in any 
organ, most patients experience excess bleeding from super-
ficial cuts, mucous membranes, easy skin bruising, and the 
presence of petechiae. Occasional disorders result in excess 
clotting, that is, thrombosis rather than excess bleeding.

Vascular disorders are diverse in origin and can be inherited 
or acquired. Vascular disorders are usually diagnosed by exclud-
ing other causes of bleeding and observing symptoms consis-
tent with the underlying disorders. Results of routine laboratory 
tests of hemostasis are usually normal.

Platelet disorders are broadly categorized as quantitative 
disorders in which the platelet count is too low or too high or 

as functional abnormalities in which an aspect of platelet func-
tion is altered. Thrombocytopenia is caused by conditions that 
affect the bone marrow production of megakaryocytes, cause 
increased destruction of platelets after they are released into the 
peripheral blood, cause splenomegaly, or occur by dilution dur-
ing transfusion of multiple units of banked blood within a short 
period of time. Thrombocytosis is seen in MpNs and a number 
of other diseases. Functional platelet abnormalities are caused 
by mutations in genes that produce platelet membrane or gran-
ule constituents or can be acquired by ingestion of certain drugs 
such as aspirin. Laboratory tests that are helpful in establishing 
the cause of a platelet disorder include platelet counts, closure 
time (PFA-100®), and platelet aggregation studies.

Review Questions
Level i

 1. Which of the following platelet counts indicates thrombo-
cytopenia? (Objective 1)

 A. 200 * 109/L

 B. 2000 * 109/L

 C. 200 * 1012/L

 D. 20.0 * 109/L

 2. What laboratory test(s) is (are) most often ordered to screen 
for abnormalities of the hemostatic system? (Objective 3)

 A. platelet count

 B. prothrombin time

 C. activated partial thromboplastin time

 D. all of the above
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 10. ITP (immune thrombocytopenia) is characterized by all of 
the following except: (Objective 7)

 A. in adults, frequently presents following a viral infection

 B. in children, frequently presents as an abrupt onset, 
acute disease

 C. in adults, can persist for months or years

 D. in children, results in spontaneous remissions in 790% 
of cases

Level ii

 3. Which of the following thrombocytopenic conditions is not the 
result of an immune-mediated mechanism? (Objectives 6, 7)

 A. NAIT

 B. drug-induced thrombocytopenia

 C. post-transfusion purpura

 D. TTP

 4. What is the name of purple lesions that are larger than 1 cm 
in diameter but are not raised? (Objective 2)

 A. petechiae

 B. ecchymoses

 C. hematoma

 D. purpura

 5. In which hematologic disorder would you expect to 
observe a decreased platelet count? (Objective 6)

 A. acute leukemia

 B. chronic myelocytic leukemia

 C. hemolytic anemia

 D. iron-deficiency anemia

 6. How long should a patient be off aspirin or aspirin- 
containing products before having platelet function 
 testing? (Objective 9)

 A. 2 hours

 B. 2 days

 C. 7 days

 D. 30 days

 7. Bernard Soulier syndrome is caused by: (Objective 10)

 A. mutation in the gene for either GPIIb or GPIIIa

 B. mutation in the von Willebrand factor gene

 C. mutation in the gene for fibrinogen a@, b@, or g@chain

 D. mutation in the gene for GPIba, GPIbb, or GPIX

 8. What level of platelet count is associated with a risk of 
life-threatening bleeding into the central nervous system? 
(Objective 5)

 A. 200 * 109/L

 B. 100 * 109/L

 C. 50 * 109/L

 D. 5 * 109/L

 9. Thrombocytosis is: (Objective 8)

 A. a platelet count within the reference interval for age

 B. an abnormal platelet function

 C. the presence of a blood clot in a leg vein

 D. a platelet count higher than the reference interval

Use the following history for questions 1–5.

The mother of a 4-year-old boy noticed several bruises on 
his arms, legs, and torso. Upon closer examination, she saw 
several pinpoint, brownish purple spots on his ankles. Just 
before leaving home for the doctor’s office, the child had a 
moderately severe nosebleed. There had been no previous 
episodes of this type.

The child’s physical examination was unremarkable 
except for the bruises. The child had not recently taken any 
medication but was recovering from the chicken pox.

Laboratory results showed:
RBC 4.25 * 1012/L

Hb 10.8 g/dL (108 g/L)

Hct 34% (.34 L/L)

MCV 80 fL

MCH 25.4 pg

MCHC 30% (.30 L/L)

WBC 5.2 * 109/L

Platelet count 4.0 * 109/L

A bone marrow examination was scheduled but was 
later cancelled.

 1. What disorder is most probably indicated by the boy’s 
 history? (Objectives 4, 5)

 A. acute leukemia

 B. Bernard-Soulier syndrome

 C. immune thrombocytopenia

 D. Marfan syndrome

 2. If a bone marrow examination had been performed, what 
morphology would it likely have shown? (Objective 4)

 A. normal to increased numbers of megakaryocytes

 B. a high number of blast cells

 C. decreased numbers of erythrocyte precursors

 D. absence of all myeloid precursors and replacement 
by fat
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 7. Which of the following is found in Glanzmann thrombas-
thenia? (Objective 7)

 A. mutation in the gene for VWF

 B. acquired abnormality of fibrinogen

 C. genetic abnormality of glycoprotein IIb or IIIa

 D. acquired vascular disorder

 8. Hereditary telangiectasias is characterized by which of the 
following? (Objective 3)

 A. abnormal platelet adhesion to collagen

 B. thrombocytosis

 C. deficiency of platelet dense granules

 D. skin lesions that are arterioles connected directly 
to venules

 9. Platelet aggregation studies were performed and showed 
a primary wave of aggregation with ADP that returned to 
the baseline with no secondary wave. Which of the following 
conditions is consistent with these results? (Objectives 7, 8)

 A. senile purpura

 B. chronic immune thrombocytopenia

 C. aspirin effect

 D. Bernard-Soulier syndrome

 10. Reactive thrombocytosis is associated with: (Objectives 4, 6)

 A. postsurgery

 B. MpN

 C. aspirin ingestion

 D. heparin therapy

 3. What is the mechanism of platelet destruction in immune 
thrombocytopenia? (Objective 4)

 A. lysis by complement in the peripheral blood

 B. increased sequestration of platelets by the spleen

 C. removal of antibody-coated platelets by splenic 
macrophages

 D. activation and increased utilization by forming 
 aggregates in the blood stream

 4. The small purple spots seen on this boy’s ankles are most 
probably: (Objective 2)

 A. petechiae

 B. ecchymoses

 C. allergic purpura

 D. hematoma

 5. What is the boy’s expected prognosis? (Objective 2)

 A. imminent death from overwhelming infection

 B. complete spontaneous recovery within 6 months

 C. similar problems for the rest of his life

 D. recovery after a long period of steroid therapy

 6. Which of the following is characteristic in a patient with 
Bernard-Soulier syndrome? (Objective 7)

 A. abnormal glycoprotein IIb/IIIa

 B. increased prothrombin time

 C. increased platelet count

 D. abnormal platelet agglutination with ristocetin

Companion Resources
www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define deficiency as it relates to the proteins of secondary hemostasis.
 2. Describe the expected results of laboratory screening tests that detect 

abnormalities of the proteins of secondary hemostasis.
 3. Describe the expected laboratory results, pathophysiology, and clinical 

symptoms in patients with classic (type I) von Willebrand disease.
 4. Identify hemostatic proteins that are deficient in hemophilias A and B.
 5. Characterize classic (type 1) von Willebrand disease and deficiencies of 

factors VIII and IX by inheritance pattern, clinical symptoms, and labora-
tory findings.

 6. Identify clinical conditions associated with acquired disorders of the 
hemostatic proteins, and describe the expected results in laboratory 
screening tests for hemostasis.

 7. Characterize disseminated intravascular coagulation (DIC) by etiology, 
pathophysiology, and the results of laboratory testing.

 8. Explain physiologic variations in the reference intervals of laboratory 
hemostatic screening tests in newborns.

 9. Describe the expected general clinical consequences in a patient with 
an abnormality of the proteins of secondary hemostasis.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Explain the clinical symptoms characteristic of deficiencies of the fibrin-

forming proteins, and contrast them with the symptoms associated 
with disorders of primary hemostasis.

 2. Compare and contrast the results of laboratory tests for hemostasis in 
disorders of primary and secondary hemostasis.

 3. Describe genetic mutations and diagram the inheritance pattern that 
results in deficiencies of the hemostatic proteins.

 4. Differentiate von Willebrand disease subtypes, deficiencies of factors 
VIII and IX, and the inherited deficiencies of the remaining proteins of 

(continued)
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Overview
This chapter discusses disorders of clotting factors that result in exces-
sive bleeding. Deficiencies of most of the fibrin-forming proteins are 
included in this category as are some proteins associated with the 
fibrinolytic system. The pathophysiologic basis and clinical mani-
festations for each defect are presented. A major emphasis is on the 
laboratory involvement in the diagnosis and treatment of the defects. 
Because the levels of coagulation proteins are different in neonates 

fibrin formation by inheritance pattern, pathophysiology, 
clinical symptoms, and laboratory findings.

 5. Select and interpret the results of laboratory tests, 
and identify clinical symptoms that differentiate von 
Willebrand disease subtypes, deficiencies of factors 
VIII and IX, Bernard-Soulier disease, and Glanzmann’s 
thrombasthenia.

 6. Describe the pathophysiology of the conditions that 
result in acquired abnormalities of the hemostatic system, 
and select confirmatory laboratory procedures.

Key Terms
Acquired inhibitor (circulating 

anticoagulant)
Afibrinogenemia
Consumption coagulopathy
Cross-reacting material 

positive (CRM+ )
Cross-reacting material 

negative (CRM- )
Cross-reacting material 

reduced (CRMR)
Disseminated intravascular 

coagulation (DIC)
Dysfibrinogenemia
Hemophilia A
Hemophilia B
Hemorrhagic disease of the 

newborn (HDN)

Hypofibrinogenemia
Lupus anticoagulant (LA)
Platelet-type-pseudo-VWD
Primary fibrinogenolysis
Ristocetin-induced platelet 

agglutination (RIPA)
VWF multimer
Vitamin K deficiency bleeding 

(VKDB)
von Willebrand disease (VWD)
von Willebrand factor antigen 

(VWF:Ag)
von Willebrand factor ristocetin 

cofactor activity (VWF:RCo)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• Secondary hemostasis: Describe the formation of fibrin and the 

process of fibrinolysis. (Chapter 32)
• Laboratory testing in coagulation: Review coagulation screen-

ing tests. (Chapter 36)

level ii
• Molecular genetics: Summarize the principles and the uses of 

molecular diagnostic tests. (Chapter 42)

 7. Select and describe the laboratory screening methods 
for distinguishing between deficiencies and inhibitors of 
hemostatic proteins.

 8. Describe the significance and clinical implications of the 
development of circulating anticoagulants, and select 
laboratory procedures that confirm and differentiate 
between specific and nonspecific factor inhibitors.

 9. Choose laboratory methods that differentiate between 
excessive primary and secondary fibrinolysis, and support 
your selection.

Objectives—Level II (continued)

when compared with adults and testing presents a unique challenge, 
a section on newborn hemostasis also is included.

intrODuctiOn
The process of secondary hemostasis (Chapter 32) results in the for-
mation of fibrin, which stabilizes the primary hemostatic plug. Pro-
duction of an effective stabilized fibrin clot requires the interaction of 
several plasma proteins (procoagulant proteins) that become activated 
by the injured tissue in what has classically been described as a cas-
cade sequence. In addition, other proteins are required to inhibit or 
inactivate the procoagulant proteins so that clot formation is limited 
to the injured area. Fibrin subsequently is broken down, or lysed, as 
the wound heals.

If one or more of these proteins are defective, either quantita-
tively or qualitatively, the balance between clot formation and clot 
lysis is upset. Fibrin formation is impaired if the fibrin-forming pro-
teins are faulty. If proteins of the fibrinolytic system malfunction, 
either too much fibrin is formed or lysis of fibrin is inadequate or 
excessive. The results of such imbalances in the system are symptoms 
of either excessive bleeding or inappropriate and excessive clotting. 

We will address this case throughout the chapter.

Scott, a 2-year-old male, developed a severe bleed into 
a knee joint and was seen in the emergency room of his 
local hospital. 

Consider which of the three physiologic compart-
ments involved in hemostasis could be responsible for 
his bleeding and how this diagnosis could be established.

cAse stuDy
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This chapter discusses disorders of the plasma proteins that result in 
excessive bleeding. Plasma protein disorders resulting in excessive 
clotting (thrombosis) are discussed in Chapter 35.

DisOrDers Of the PrOteins 
Of fibrin fOrMAtiOn
Disorders of the proteins of fibrin formation arise either by inheri-
tance of a defective gene that directs the synthesis of a hemostatic pro-
tein or by acquisition of a deficiency secondary to another condition 
during the individual’s lifetime. In the hereditary disorders, the genetic 
defect causes either the failure of synthesis of one of the proteins or 
the production of a malfunctioning molecule (Web Figure 34-1). In 
both situations, the rate of fibrin formation is slowed and ineffective, 
and the patient can experience abnormal bleeding.

Early investigators of coagulation disorders assumed that if a 
patient bled excessively, a coagulation protein was absent or decreased 
in quantity and called the defect a deficiency. The word deficiency 
currently is applied to either hereditary or acquired disorders and 
is understood to refer to either the absence of a coagulation protein 
(quantitative disorder) or to a protein that is present in the plasma but 
that is functionally defective (qualitative disorder). The defect affects 
fibrin formation both in vivo and in vitro in laboratory screening tests 
such as the prothrombin time (PT) and the activated partial thrombo-
plastin time (APTT) (Chapter 36).

Most of the laboratory screening tests are clot based and mea-
sure, in seconds, the length of time that it takes a fibrin clot to form in 
plasma. These tests depend, therefore, on the presence of an adequate 
amount of the clot-forming proteins (quantity) and how well the 
proteins function (quality). Generally, clot-based tests do not differ-
entiate qualitative from quantitative defects. A functionally defective 
coagulation factor prolongs the clotting screening test but can still 
be recognized by immunologically based procedures in the labora-
tory, which utilize antibodies to detect the presence of the protein. 
Individuals who have these functionally defective factors that can be 
detected immunologically are said to be cross-reacting material 
positive (CRM+). Patients in whom the clotting factor is quanti-
tatively decreased (absent) by both functional and immunological 
assays are cross-reacting material negative (CRM-). Finally, 
there are patients in whom both functional and immunological assays 
are equally reduced, but measurable protein/activity is present. These 
individuals are described as cross-reacting material reduced 
(CRMR) (Web Figure 34-1).

Clinical bleeding symptoms in patients with coagulation factor 
deficiencies differ from those seen in platelet defects (Table 34-1 ★). 
These patients bleed from the rupture of small arterioles rather than 
from capillaries, and the sites of bleeds are into deep muscular tissues 
and joints rather than the superficial areas seen in platelet disorders. 
Hematomas are common and can be massive. Patients also experience 
delayed bleeding from cuts. Patients with coagulation factor defects 
usually have normal platelets; therefore, a typical primary hemostatic 
plug is formed after a superficial cut that initially arrests the blood 
flow, and the bleeding stops. Delayed bleeding occurs because in the 
absence of stabilization with fibrin formation, the plug dislodges and 
the wound begins to bleed again later. The subsequent bleed usually 
continues for a longer time with the loss of a larger amount of blood.

Patients with coagulation factor deficiencies can experience 
ecchymoses, excessive bleeding from traumatic injuries, and bleeding 
from the body sites listed in Table 34-1. Patients with platelet disorders 
also can have some of these symptoms. Retroperitoneal bleeding and 
hematuria are common, but petechiae are not usually seen in disorders 
of secondary hemostasis.

The physical evaluation and laboratory investigation of a bleeding 
patient proceed as described in Chapter 33. The battery of screening 
tests in a factor deficiency usually shows a normal platelet count, but 
the PT, the APTT, or both are usually prolonged (Table 34-2 ★). In the 
case of von Willebrand disease (VWD), at times the only abnormal 
laboratory test may be the bleeding time, platelet aggregation studies, 
or platelet function analysis by PFA-100®. The patient can also have 
only a strong family or personal history of bleeding with no abnor-
mal laboratory results (see the section “Laboratory Tests for von Wil-
lebrand Factor [VWF]” Chapter 36). On the other hand, the thrombin 
clotting time may be the only abnormal test in disorders of fibrinogen. 
Abnormalities of factor XIII (FXIII) require specific testing. When the 
history and results of the screening tests indicate, additional testing 
should be ordered to specifically define the problem. Coagulation fac-
tor assays, fibrinogen levels, a D-dimer test, and/or antithrombin levels 
can be useful confirmatory procedures (Chapter 36).

This chapter discusses the hereditary disorders of each of the 
coagulation factors on the basis of inheritance pattern. The most com-
mon types of VWD demonstrate an autosomal dominant pattern of 
inheritance; hemophilias A and B show X-linked recessive inheritance. 
Deficiencies of the remaining clotting factors exhibit an autosomal 
recessive inheritance pattern. Acquired disorders of the clotting fac-
tors follow and are classified as consumption disorders, liver disease, 
vitamin K deficiencies, and acquired pathologic inhibitors.

The amino acid sequences of most of the hemostatic proteins 
and their inhibitors have been determined as well as the nucleotide 
sequences of most of their genes. Research laboratories are character-
izing the molecular sites and types of mutations that lead to coagula-
tion factor deficiencies. Specific molecular defects in many genes and 
their corresponding proteins have been established and include point 
mutations, alterations of splice junctions, deletions, insertions, inver-
sions, and mutations resulting in premature stop codons. Researchers 
are attempting to correlate sites and types of mutations with the clini-
cal symptoms seen in patients.

symptoms typical of secondary hemostatic disorders
• Delayed bleeding

• Deep muscular bleeding

• Joint bleeding

symptoms common to primary and secondary hemostatic disorders
• Ecchymoses •  Increased bleeding after 

tooth extraction

• Intracranial bleeding

• Epistaxis

• Gastrointestinal bleeding

• Hematuria

• Hypermenorrhea

• Gingival (gums) bleeding

★ tAble 34-1 Bleeding Characteristics in Disorders 
of Secondary Hemostasis
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confused with a deficiency of FVIII. The similarities and differences 
between VWD and FVIII deficiency will be addressed later.

The autosomal dominant pattern of inheritance produces clinical 
symptoms when one gene is defective (heterozygous) and the pro-
duction of VWF is reduced by about one-half. Circulating levels of 
FVIII generally are reduced in proportion to the reduction in VWF. 
The platelet-associated function of VWF is independent of the pres-
ence or absence of FVIII. Although the inheritance pattern of most 
patients with VWD is autosomal dominant, more severely affected 
patients (with types 2N and 3 disease) demonstrate an autosomal 
recessive or compound heterozygous pattern. Symptomatic patients 
with these disorders have mutations in both the VWF genes (i.e., are 
homozygotes or double heterozygotes).

Synthesis and Structure of von Willebrand Factor. Figure 34-1 ■ 
depicts the synthesis of the FVIII/VWF complex. The structure of the 
mature VWF molecule is a multimeric chain of identical subunits. 
Normally, the number of subunits in individual molecules varies so 
that the molecular weights range from 0.5 to 720 million daltons 
(Da). Although VWF in plasma consists of a wide range of sizes, 
all VWF molecules bind FVIII in a 1:1 molar ratio (Chapter 32). A 
detailed description of the synthesis of VWF, which occurs in endo-
thelial cells and megakaryocytes, can be found in this text’s Compan-
ion Resources.

A schematic diagram of the structure of a VWF subunit 
 (Figure 34-2 ■) consists of four types of domains, A through D, which 
are repeated and numbered in the arrangement shown. To perform 
its functions in both primary and secondary hemostasis, the mature 
VWF multimer must interact with a number of ligands. Sites of inter-
action with FVIII, GPIb/IX, GPIIb/IIIa, collagen, and heparin have 
been identified.2,3 The diagram also includes the major sites of muta-
tions in the various subtypes of type 2 VWD.

Clinical Findings. VWD is the most common inherited bleeding dis-
order. It is estimated that about 125 in 1 million persons have VWD 
with clinical (bleeding) symptoms and another 1% of the population 
is asymptomatic and thus not aware of having the disease.4

Bleeding symptoms, if present, are usually mild. Those patients 
who are homozygous or doubly heterozygous for VWD can exhibit 
severe symptoms and have the potential for life-threatening bleeding. 
Typical bleeding includes hemorrhage in mucosal and cutaneous tis-
sues: ∼60% of patients report epistaxis, 50% report menorrhagia and 
bleeding after dental extraction, and 35% report gingival bleeding and 

Hereditary Disorders of 
Secondary Hemostasis
Secondary hemostasis disorders can be inherited as autosomal domi-
nant, X-linked recessive, and autosomal recessive disorders. Inherited 
coagulation factor disorders usually involve a single coagulation pro-
tein, and if bleeding occurs, it is generally from a single site.

Autosomal Dominant inheritance
Two coagulation disorders exhibit an autosomal dominant pattern of 
inheritance: von Willebrand disease (types 1, 2A, 2B, 2M) and dysfi-
brinogenemia. Dysfibrinogenemia will be discussed with the other 
disorders of fibrinogen in the section “Autosomal Recessive Disorders.” 
von Willebrand disease is considered here.

von willebrand Disease
von Willebrand disease (VWD) is a quantitative or qualitative 
deficiency of von Willebrand factor (VWF) arising from mutations 
in the VWF gene. Dr. Erik von Willebrand first described the disease 
that carries his name after studying an extended family in the Åland 
Islands of Finland in 1926.1 The first patient studied died during her 
fourth menstrual period, and four sisters also had died from bleed-
ing. At the time, available laboratory tests included the platelet count, 
coagulation time, and clot retraction, all of which were normal. With 
further studies, von Willebrand concluded that the disease was related 
to platelet dysfunction.

Chapter 31 described the role of VWF in primary hemostasis. 
VWF serves as a bridge between GPIb/IX receptors on activated plate-
lets and subendothelial collagen exposed when the vessel is injured 
(primary hemostatic plug formation).2 To perform these activities, 
VWF subunits must assemble into large multimers. VWF also plays a 
role in secondary hemostasis, complexing with and stabilizing circu-
lating coagulation FVIII in the plasma (Chapter 32). The function of 
VWF in both primary hemostasis and fibrin formation is altered in 
most patients with clinically symptomatic VWD.

Inheritance Characteristics of VWD. Inherited defects in VWF can 
result in defective protein processing or disruption of specific ligand-
binding sites. Based on the nature of the mutation and inheritance pat-
terns, VWD is subdivided into three types. Type 1 and type 3 VWD are 
quantitative deficiencies, whereas type 2, consisting of four subtypes, 
are qualitative deficiencies. VWF is a carrier protein for FVIII and in 
most cases when the levels of VWF decrease, FVIII decreases in paral-
lel. Therefore, the results of laboratory tests in VWD can sometimes be 

Platelet count Pt APtt PfA-100 tt suspected congenital Deficiency

N N N N N Factor XIII, mild deficiencies of any factor, a2@antiplasmin, plasminogen activator inhibitor-1

N A N N N Factor VII

N N A N N Factors XII, XI, IX, VIII, prekallikrein, high molecular weight kininogen

N A A N N Factors X, V, II (prothrombin)

N A A N A Fibrinogen

N N A or N A or N N von Willebrand disease

N = normal; A = abnormal; PT = prothrombin time; APTT = activated partical thromboplastin time; TT = thrombin time

★ tAble 34-2 Coagulation Screening Test Results in Congenital Deficiencies
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■  fiGure 34-1 Synthesis and secretion of FVIII/von Willebrand complex. (a) Synthesis of von 
Willebrand factor. VWF transcripts are processed in the endoplasmic reticulum (ER) and then 
the Golgi. Subunits of VWF are synthesized in the ER as single-chain proprotein monomers. 
Dimers are formed by attachment of two monomers at the carboxyterminal (C) ends. Dimers 
move to the Golgi where the propeptide is removed and the dimers associate at the amino 
terminal (N) ends to form large multimers. (b) Synthesis of FVIII in the liver. Both VWF and FVIII 
are secreted into the plasma where they bind together. = propeptide; = FVIII
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easy bruising.5,6 These clinical features resemble those seen in plate-
let disorders. Excessive bleeding at childbirth is comparatively rare 
because in pregnancy, the activity of the entire FVIII/VWF complex 
increases, but postpartum bleeding has been reported to occur in 
21–59% of patients.7 The symptoms in individuals with type 3 VWD 
(homozygous) can include hemarthroses and spontaneous deep tis-
sue bleeding resembling coagulation factor deficiencies because of the 

concomitant decrease in FVIII levels. An individual’s ABO blood type 
affects VWF antigen levels (see the section “Laboratory Evaluation of 
VWD”), which may affect the severity of bleeding symptoms although 
the impact is still somewhat controversial.8,9

One hallmark of VWD is its phenotypic variability. The severity 
of bleeding symptoms differs in individuals within the same kindred, 
among kindreds, and, from time to time, within the same individual. 
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because of its correlation with FVIII levels. An abnormal APTT occurs 
only when the level of FVIII is near or below the APTT reagent’s sen-
sitivity (for most commercial reagents FVIII level …30% of normal). 
Therefore, BT, PFA, and APTT results can produce discordant normal/
abnormal results (Chapter 36). The PT, which does not depend on 
either FVIII or VWF, is normal.

If the screening test results and the patient’s clinical history sug-
gest VWD, specific tests are required to establish the diagnosis and to 
determine the type or subtype of VWD. These tests quantitate VWF 
and FVIII activity and determine various functional and structural 
aspects of the VWF protein (Chapter 36).

VWF cannot be measured by clot-based assays; thus, immuno-
logic tests are used to quantitate the amount of VWF protein in the 
plasma as von Willebrand factor antigen (VWF:Ag). Various 
immunologic methodologies (e.g., ELISA) are available and use com-
mercially prepared monoclonal antibodies to VWF. FVIII activity is 
determined by a standard factor assay method and usually correlates 
with the amount of VWF antigen (Chapter 36). The patient’s ABO 
blood type should also be determined because blood type significantly 
affects the level of VWF protein (Table 36-6). Individuals with blood 
group O have 25–30% less VWF protein than individuals with A or 
B antigens. This is thought to be caused by an effect on carbohydrate 
structure and VWF clearance from plasma. VWF is a glycoprotein that 
carries the A, B, and H carbohydrate structures. The lack of the A and B 
carbohydrates on circulating VWF is believed to result in a more rapid 
hepatic clearance of the protein. Some laboratories have developed 

Symptoms may not begin until the second decade of life in mild forms 
of the disease. In the severe forms, symptoms begin early in life and 
often decrease with age. Laboratory test results vary, often requiring 
repeated testing of the same individual (Chapter 36).3 The severity 
of clinical symptoms does not necessarily correlate with the level of 
VWF activity. However, some VWD subtypes demonstrate unique 
symptoms related to the nature of the mutations.

Laboratory Evaluation of VWD. The common laboratory tests 
for  fibrin formation do not directly evaluate VWF. The laboratory 
diagnosis of VWD is based on the results of a battery of tests after 
identification of a patient with a lifelong clinical history of the typical 
bleeding symptoms and/or a history of similar symptoms in other fam-
ily members. Screening tests include the platelet count, APTT, PT, the 
template bleeding time (BT), and/or the PFA-100®. The platelet func-
tion analyzer (PFA-100), a device that uses a membrane coated with 
collagen and a platelet agonist to which platelets adhere, has replaced 
the bleeding time in most institutions.10 Typical results of these tests 
in VWD are shown in Table 34-3 ★ and are compared with the results 
seen in the hemophilias (see “X-Linked Recessive Disorders”).

The BT is abnormal not because of an intrinsic platelet abnor-
mality but because in the absence of VWF, the platelets are unable to 
adhere to collagen and initiate the formation of the primary hemo-
static plug (Chapter 31; Figure 33-6b). The PFA-100 closure time is 
abnormal with collagen/ADP and collagen/epinephrine cartridges for 
similar reasons.9,11 APTT is used as an indirect screening test for VWF 

■  fiGure 34-2 A diagrammatic depiction of the domain structure of a VWF monomer pre-
cursor protein. The precursor protein consists of 2813 amino acids. (a) The amino acids (aa) 
involved in the functions at (b) aa 1–22 is the signal peptide; domains D1 and D2 (aa 23–741) 
are the propeptide removed during processing; domain D′ (aa 764–1035) plus part of domain 
D3 are the binding site for FVIII; domain A1 (aa 1260–1479) contains binding sites for GPIb, 
heparin, and collagen; domain A3 contains the major binding site for collagen; domain C1 
contains the binding site for GPIIb/IIIa; disulfide bridges at D3 and the C terminal end are 
the sites of attachment when forming multimers and dimers, respectively. The mature protein 
with the propeptide removed contains 2050 amino acids. (c) Sites of mutations of the sub-
types of type 2 VWD.
R = arginine; G = glycine; D = aspartic acid; S = serine
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VWF to bind to either FVIII or to collagen, described as VWF:CB 
(collagen binding) and VWF:VIIIB (FVIII binding) assays.12,13 The 
ristocetin-induced platelet agglutination test (RIPA) measures 
the ability of ristocetin to induce agglutination of patient platelet 
rich plasma (PRP). Thus, it detects the patient’s VWF binding to the 
patient’s platelet GPIb/IX. In patients with rare qualitative mutations, 
one or more of these abilities is decreased. Theoretically, DNA analy-
sis to establish the specific gene mutation would be desirable, but is 
difficult because the VWF gene on chromosome 12 is very large and 
complex with a high degree of polymorphism. Databases for VWD 
mutations have been established,9 and an online database is accessible 
at www.shef.ac.uk/vwf/index.html. Currently, most clinicians believe 
that DNA testing for VWD should be used to confirm diagnosis rather 
than screening or initial diagnosis in most instances. DNA testing is 
used for prenatal diagnosis of severe type 3 VWD. In the future, with 
improvements in methodology, DNA analysis could become the test 
of choice for differentiating the qualitative subtypes of VWD type 2 
because those mutations are more predictable than the ones resulting 
in the quantitative types of VWD.6

Classification. A classification system for VWD proposed in 1994 
simplifies previous schemes and is based on the phenotype of the 
VWF protein determined using the laboratory tests described pre-
viously.14 This classification was updated in 2006 to include an 
improved understanding of the metabolism of VWF and has been 
used since then.15 This scheme has three major categories, types 1, 
2, and 3, which depend on whether the patient has a quantitative or 
a qualitative defect and, in the case of quantitative defects, the extent 
of the quantitative deficiency. Types 1 and 3 VWD are both quantita-
tive deficiencies of VWF. Type 1, the most common (“classic”) type, 
is a mild form of VWD in which patients have a partial quantitative 

different reference intervals for each blood type. Also, because VWF is 
an acute phase reactant, levels of protein are increased during inflam-
matory states, stress, or pregnancy.

The ability of VWF to function in platelet adhesion is deter-
mined by the von Willebrand factor ristocetin cofactor activ-
ity (VWF:RCo) that is performed on a platelet aggregometer and 
measures the ability of the patient’s VWF to support agglutination of 
platelets by ristocetin (Chapter 36).

The diagnosis of VWD is established by finding a decreased 
plasma level of VWF activity, VWF antigen, FVIII levels (which usu-
ally correlate with the quantity of VWF), and/or a prolonged bleed-
ing time or prolonged PFA-100 closure time. Classic (type 1) VWD 
results from a partial quantitative deficiency of VWF and typically is 
associated with abnormal results in all of these tests. In some cases, 
however, one or more of the tests can be normal, making diagno-
sis more difficult. Diagnosis of type I VWD is also complicated by 
the fact that the reference interval for VWF is extremely broad. The 
functional VWF:RCo activity might not correspond to the VWF 
antigen levels in some patients, depending on whether they have a 
quantitative or a qualitative defect. Patients with qualitative defects 
can have decreased concentrations of VWF antigen but more mark-
edly abnormal functional tests than would be expected by the amount 
of VWF present.

When the diagnosis of VWD is established by decreased VWF:Ag 
and/or abnormal function of VWF, the final step in the laboratory 
diagnosis of VWD is to establish the subtype. The structure of VWF 
multimers is studied by electrophoresis using 1% agarose gels in the 
presence of sodium dodecyl sulfate (SDS). The multimers are sepa-
rated by size and visualized as bands. These tests can be performed on 
platelet- or plasma-derived VWF. Other tests of VWF functional activ-
ity include ELISA tests designed to measure the ability of the patient’s 

vwD, type 1 factor viii Deficiency factor iX Deficiency

Platelet tests
 Platelet count N N N

 Template bleeding time N/Increased N N

 Platelet function analyzer N/Increased N N

 Platelet aggregation test

  ADP N N N

  Collagen N N N

  Epinephrine N N N

  Ristocetin Decreased/Absenta N N

coagulation factor tests
 Prothrombin time N N N

 Activated partial thromboplastin time N or increased Increased Increased

 Thrombin time N N N

 Factor VIII assay N/Decreased Decreased N

 Factor IX assay N N Decreased

 VWF:Ag assay Decreased N N

fibrinolysis tests N N N

aExcept for type 2B VWD (in which aggregation with ristocetin is increased). Decreased or absent when VWF:A …30%; N = normal

★ tAble 34-3 Laboratory Evaluation of von Willebrand Disease (VWD) and the X-Linked Recessive Disorders
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type Description % of vwD Mutation sites; functional Abnormalities

1 Partial quantitative deficiency with normal structure and 
 function of the multimers

70–80 Multiple

2 Qualitative disorder with functionally abnormal VWF

2A Decreased platelet adhesion; absence of largest multimers 10–15 A2, A1, D2, D3 domains—either defective synthesis of 
 largest multimers (low plasma levels of VWFppa) or increased 
 proteolysis (high plasma levels of VWFpp)

2B Increased affinity for platelet GPIb; absence of largest 
multimers

65 A1 domain—spontaneous binding to platelets and removal 
from circulation

2M Decreased platelet adhesion not due to absence of largest 
multimers

Rare A1 domain—abnormality of platelet ligand-binding sites 
(GPIba); A3 domain—abnormality of collagen binding site

2N Decreased affinity for FVIII (autosomal recessive) Rare D′, part of D3 domains—platelet-dependent functions 
 preserved; loss of function as carrier of FVIII (mutations 
affecting FVIII binding site)

3 Absence of VWF in platelets and plasma 0.5–5 per million Varied; 64% characterized

a VWFpp = VWF propeptide

★ tAble 34-4 Description of von Willebrand Disease (VWD) Subtypes

type 1 3 2A 2b 2M 2n

Mode of inheritance Autosomal dominant Homozygous or 
 double heterozygous

Autosomal dominant Autosomal dominant Autosomal dominant Autosomal 
recessive

screening tests
 Platelet count Normal Normal Normal Decreased Normal Normal

 Bleeding time Normal or increased Increased Increased Increased Increased Normal

 Closure time Normal or increased Increased Increased Increased Increased Normal

Diagnostic tests
 VWF:Ag assay Decreased Absent Normal or decreased Normal or decreased Normal or decreased Normal

 Factor VIII assay Normal or decreased Severely decreased Normal or decreased Normal or decreased Normal or decreased Decreased

 VWF:RCo Decreased Absent Decreased relative to 
VWF:Ag

Normal to decreased Decreased relative to 
VWF:Ag

Normal

tests to determine subtype
 RIPA Normal or decreased Absent Decreased relative to 

VWF:Ag
Increased Decreased relative to 

VWF:Ag
Normal

 Multimer analysis Normal Absent Absence of large and 
intermediate

Absence of large Normal Normal

VWF:Ag = von Willebrand factor:antigen; VWF:RCo = von Willebrand factor:ristocetin cofactor activity; RIPA = ristocetin@induced platelet agglutination

★ tAble 34-5 Differentiation of Subtypes of von Willebrand Disease (VWD)7

testing is difficult. A common approach used by many laboratories is 
to compare values obtained in functional assays (VWF:RCo, VWF:CB, 
VWF:FVIIIB) with VWF:Ag. At a ratio of 60.612 or 60.713 the VWF 
protein is considered to be abnormal (i.e., dysfunctional).

deficiency of VWF. Type 3 patients have an absolute absence of VWF 
(a severe form of the disease). Type 2 patients have qualitatively abnor-
mal VWF of various kinds; type 2 is further subdivided into four vari-
ants, types 2A, 2B, 2M (M stands for multimers), and 2N (N stands for 
Normandy).16 Discrepancies between the level of VWF:Ag and VWF 
functional assays characterize qualitative disorders.

The structure of the VWF protein with sites of mutations is 
depicted in Figure 34-2. Characteristics of the VWF types are summa-
rized in Table 34-4 ★. These subtypes are discussed in more detail in 
this chapter’s Companion Resources and in the Companion Resources 
that accompany Chapter 36. See Table 34-5 ★ for a summary of lab-
oratory test results in all types and subtypes of VWD. Discriminat-
ing qualitatively normal and abnormal VWF by routine laboratory 

 a. Why do patients with type 1 VWD have 25–50% of 
VWF in their plasma?

 b. Why do they have a corresponding decrease in FVIII 
in their plasma?

CheCkpoint 34-1
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X-linked recessive Disorders
The hemophilias are hereditary bleeding disorders resulting from 
congenital deficiencies of proteins involved in blood coagulation. The 
clinically most common deficiencies are associated with mutations 
in the genes for factors VIII (F8) and IX (F9) on the X chromosome. 
These proteins participate as a cofactor (FVIII) and serine protease 
(FIX) in the intrinsic pathway of fibrin formation (Chapter 32). Defi-
ciency of FVIII is known as hemophilia A; deficiency of FIX is called 
hemophilia B (also known as Christmas disease). Both deficiencies 
demonstrate X-linked recessive inheritance patterns.

Related Clinical Syndromes. Two clinical syndromes with similar 
features to VWD are platelet-type-pseudo-VWD and acquired 
von Willebrand syndrome. Although clinical bleeding symptoms and 
laboratory test results are similar to those in VWD, they are not caused 
by mutations in the VWF gene.

Pseudo-VWD, a platelet disorder characterized by increased 
affinity of the platelet GPIb/IX receptor for VWF, is clinically similar 
to VWD type 2B, but the defect is usually a gain-of-function muta-
tion of GPIba (rather than VWF), resulting in spontaneous binding 
of larger multimers of plasma VWF to platelet GPIb. This results in a 
decrease of large VWF multimers and FVIII in the plasma. In addition, 
GPIIb/IIIa receptors are exposed and platelets aggregate, resulting in 
thrombocytopenia.

Acquired VW syndrome (AVWS) is called a syndrome rather 
than a disease because it is not caused by VWF mutations. AVWS is 
rare and has been associated primarily with lymphoproliferative dis-
eases such as lymphoma and chronic lymphocytic leukemia/small 
lymphocytic lymphoma (CLL/SLL), multiple myeloma, monoclonal 
gammopathy of unknown significance (MGUS), and autoimmune 
diseases. The pathogenic mechanism of AVWS varies from patient to 
patient, although most are associated with loss of VWF because of 
neutralizing anti-VWF antibodies (autoimmune clearance), proteo-
lytic or mechanical degradation of the protein, or adsorption to cell 
surfaces. AVWS is diagnosed with the same laboratory tests used for 
inherited VWD: FVIII coagulant activity, VWF:Ag, and VWF:RCo.17 
Elevated plasma levels of the VWF propeptide (VWFpp) can some-
times help distinguish between acquired and congenital disease 
(VWFpp is normal or elevated in AVWS but decreased in most types 
of VWD). However, this result is not completely specific for acquired 
VWS because some forms of congenital disease also are associated 
with increased clearance of VWF.18

Prenatal Diagnosis. Prenatal diagnosis of VWD is available but is 
usually reserved for patients with severe types of the disease. Type 2 is 
easily identified prenatally by polymerase chain reaction (PCR) tech-
niques, but diagnosis of type 3 is more difficult because the known 
mutations account for only a small subset of such patients.4

VWD Therapy. Patients with mild VWD who are not experiencing 
clinical bleeding do not require therapy. Several preparations are avail-
able for VWD patients who are actively bleeding to raise the level of 
VWF in their plasma. The classic treatment for VWD was cryoprecipi-
tate preparations containing all molecular forms of VWF including 
the large multimer forms, as well as FVIII and fibrinogen. A drawback 
to using cryoprecipitate is that it cannot be treated to inactivate blood-
borne viruses and, therefore, carries a risk of transmission of blood-
borne disease including HIV and hepatitis viruses.

The current preferred method of treatment (if effective) is the 
modified antidiuretic hormone, deamino-D-arginine vasopressin 
(DDAVP), which induces endothelial cell release of VWF from the 
Weibel-Palade bodies. DDAVP temporarily increases the levels of 
VWF and FVIII in some patients and can be used to treat patients 
who are bleeding. Transmission of blood-borne disease is not a risk 
with DDAVP. About 20–25% of VWD patients, including all type 
3 patients and about 10–15% of type 1 patients, do not respond to 
DDAVP. The response can be variable in type 2 patients, depending 
on subtype. It should be used with caution to treat patients with type 

2B VWD because it can cause a dangerous reduction in the platelet 
count. Patients with type 2A do not respond consistently.

The preferred form of therapy for those who do not respond to 
DDAVP currently is concentrated “intermediate purity” preparations 
of FVIII that contain intermediate-size VWF molecules. High-purity 
or monoclonal FVIII preparations do not contain sufficient VWF to 
be useful in treating VWD. FVIII concentrates are virus inactivated 
by a variety of methods. A potential complication of using products 
containing both FVIII and VWF is an elevation of plasma FVIII levels, 
sometimes to as high as 400 IU/mL. Excessively high levels of FVIII 
can be associated with venous thrombosis (Chapter  35). A highly 
purified VWF concentrate that contains little FVIII (Wilfactin®) has 
been used successfully in Europe but is not yet available in the United 
States.19

A patient with VWD has an equal decrease in FVIII activity, 
VWF:RCo, and VWF:Ag assay.

 a. Does this more likely indicate that there is a true 
decrease in the amount of VWF, or is it more likely 
to indicate that the patient has a type of VWD that 
is characterized by a functional abnormality of VWF? 
Support your answer.

 b. What type of VWD is most likely in a patient with these 
laboratory results?

CheCkpoint 34-2

Scott’s mother was questioned about how the bleeding 
had begun in the joint and about other bleeding his-
tory. She answered that Scott had taken a slight tumble, 
but that it had not seemed to her enough to cause such 
severe bleeding. She also mentioned that when Scott had 
minor cuts, they seemed to stop bleeding quickly but 
often would bleed again in a day or two.

1. What term is used to describe the type of bleeding 
from minor cuts that Scott’s mother is describing?

2. Does this history seem to be typical of a platelet dis-
order or of a coagulation factor disorder? Why?

cAse stuDy (continued from page 690)
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fviii Mutations
Refer to Figure 34-3 ■ for the molecular structure and key sites of 
functional activities of FVIII.23 Genetic defects in the F8 gene cause 
hemophilia A. Using restriction enzyme techniques, the polymerase-
chain reaction, and other methods, scientists have determined the 
molecular defects in 74500 patients. The Hemophilia A Muta-
tion Database (www.hadb.org.uk) lists 72100 different mutations. 
Genetic defects include point mutations ( 750% of the identified 
defects), gross deletions, and regulatory defects spread throughout the 
gene.24,25 Mutations result in either quantitative or qualitative defects 
of the FVIII protein. The majority of mutations result in a CRM-  or 
CRMR phenotype (∼95%). The clinical severity of the disease depends 
on the site of mutation within the gene and the molecular functions 
of the protein that are disrupted. One unique type of mutation involv-
ing intron 22, called the FVIII inversion mutation, occurs in almost 
50% of patients with a severe phenotype. The same mutation occurs 
in all members of a family, resulting in a similar clinical expression of 
disease in affected family members.

historical background
Hemophilia has been known for several thousand years. It has contrib-
uted to world history by its presence in the royal families of Europe, 
particularly Great Britain, Russia, and Spain through Queen Victoria 
who was a carrier for hemophilia. It had been assumed that Queen 
Victoria had been a carrier of hemophilia A because of the relative 
prevalence of FVIII versus FIX deficiency. In 2009, the bones of some 
members of the Imperial Russian family were recovered, and genomic 
analysis revealed that, in fact, she had passed the gene for hemophilia 
B throughout the royal families of Europe.20

Originally, all patients with X-linked bleeding disorders were 
believed to have the same disease (deficiency of FVIII). This idea was 
challenged when in 1947, Pavlovsky observed that prolonged recal-
cification times (the test available then) on two patients with hemo-
philia were corrected when the test was performed on mixtures of 
the two plasmas.21 In 1952, three groups of investigators reported 
patients who were missing a new clotting factor that became known 
as FIX.

inheritance characteristics
X-linked recessive disorders are usually inherited by sons from their 
carrier (heterozygous) mothers who have an abnormal allele on one 
X chromosome and a normal allele on the other. Each son has a 50% 
chance of inheriting the affected gene. Males have only one X chro-
mosome (hemizygous); thus, if they inherit an abnormal allele on that 
chromosome, they are affected with hemophilia. Males synthesize 
variable amounts of the clotting factor, depending on the particular 
mutation inherited.

Hemophilia A accounts for 80–85% of all cases of hemophilia 
with a prevalence of approximately 1 in 5,000–10,000 male births. 
Most of the remaining 15–20% of hemophilia patients are deficient 
in FIX (affecting ∼1 in 30,000 males). Hemophilia A is second to 
VWD in the overall frequency of inherited bleeding disorders. 
Approximately 30% of the affected individuals have no positive fam-
ily history of the disease, indicating that de novo genetic mutations 
occur often.

Pathophysiology of bleeding in the hemophilias
Hemophilia A is a deficiency of the FVIII portion of the FVIII/VWF 
complex as opposed to VWD in which the VWF portion of the com-
plex is abnormal (discussed previously). Patients with hemophilia A 
have normal circulating levels and functionally normal VWF. Thus, 
their platelets adhere properly to collagen, and the formation of an 
effective primary hemostatic plug is not disrupted. Patients with 
hemophilia B have an intact FVIII/VWF complex and likewise have 
normal primary hemostatic plug formation. The abnormal bleed-
ing in both hemophilia A and B is caused by inadequate thrombin 
formation, delayed and inadequate fibrin formation, a secondary 
increase in fibrinolysis, and failure to form a stable hemostatic plug 
at sites of vascular damage. These patients generate a normal tissue 
factor–driven initiation phase of coagulation but fail to generate the 
massive amounts of thrombin during the propagation phase of coag-
ulation (Chapter 32). As a result, in addition to inadequate thrombin 
and fibrin production, thrombin activation of thrombin-activatable 
fibrinolysis inhibitor (TAFI) fails to occur, resulting in excessive fibri-
nolysis and compounding the bleeding associated with inadequate 
fibrin formation.

von willebrand factor—deficient in von willebrand disease (vwD)
 VWF von Willebrand factor protein

 VWF:AG Antigenic properties of von Willebrand 
 factor as measured by monoclonal antibod-
ies with immunologic procedures

 VWF:RCo Functional activity of the VWF molecule as 
measured by ristocetin cofactor activity

factor viii—deficient in hemophilia A
 FVIII FVIII protein

 FVIII:C Functional activity of FVIII as a procoagulant 
in fibrin formation as measured by APTT

 FVIII:Ag Antigenic properties of FVIII as measured 
by immunologic procedures

★ tAble 34-6 Nomenclature of the FVIII/von 
 Willebrand Factor Complex

What abbreviation is acceptable for:

 a. the antigenic properties of VWF?

 b. the functional activity of FVIII?

 c. the complex of FVIII and VWF?

CheCkpoint 34-3

factor viii nomenclature
In 1985, the International Committee on Thrombosis and Hemostasis 
published recommendations that defined nomenclature for the FVIII/
VWF complex.22 Before these recommendations, the literature refer-
ring to FVIII and VWF was quite confusing. The currently accepted 
definitions and abbreviations for the FVIII/VWF complex com-
ponents are shown in Table 34-6 ★.22 The original name for FVIII, 
 antihemophilic factor, is still an acceptable synonym.
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can begin with slight trauma and spread to involve a large mass of 
tissue, causing purple discoloration of the skin. Epistaxis is rare in 
hemophilia. Other manifestations include hematuria, deep muscle 
bleeding, excessive bleeding from dental extractions, bleeding with 
intramuscular injections, and delayed bleeding after minor cuts. The 
most common cause of death (after exclusion of viral infections trans-
mitted by the replacement product) is intracranial hemorrhage, which 
can occur spontaneously or after trauma.

Hemarthrosis and severe, spontaneous, crippling bleeding into 
muscles usually occur in patients with severe disease. These symptoms 

factor iX Mutations
FIX deficiency, or hemophilia B, is also known as Christmas disease 
(Christmas was the surname of the first reported affected family). 
Heterogeneous mutations in the FIX gene or its regulatory compo-
nents result in hemophilia B. A database of mutations, available at 
www.factorix.org, includes 71100 unique mutations. Point muta-
tions (mis-sense and nonsense), deletions of various portions of the 
gene, and insertions are the main types of molecular events.25 The 
clinical severity depends on the type of mutation and the region of 
the gene affected. Some FIX deficient patients are CRM- , approxi-
mately one-third are CRM+ , and some have reduced levels of anti-
gen (CRMR).

clinical Aspects of the hemophilias
The clinical presentations in both hemophilia A and B are identical. 
They can be distinguished only by laboratory testing. Clinical mani-
festations vary with the amount of factor present and are classified as 
severe, moderate, or mild disease (Table 34-7 ★). In general, individu-
als with 730% activity do not have abnormal bleeding complications. 
The variation in clinical symptoms is largely the result of the type and 
site of the mutation (e.g., FVIII-deficient patients who have mutations 
at the thrombin-cleavage sites of FVIII are unable to activate FVIII to 
FVIIIa, and patients with the inversion mutation have no FVIII activ-
ity and severe bleeding symptoms).

Clinical symptoms in severe disease can begin at circumcision. 
Hemarthrosis is the most common feature of severe hemophilia. 
Bleeding into a joint can be triggered by even minor trauma and is 
accompanied by intense pain. The joint fills with blood, some of which 
is not reabsorbed, causing chronic inflammation, pain, and eventually 
joint destruction. Joint bleeds, particularly into the knee and ankle, 
generally occur when a child starts to walk. Subcutaneous hematomas 

■  fiGure 34-3 Schematic diagram depicting FVIII. (a) The mature protein 
with domains A1, A2, B, A3, C1, and C2. (b) The circulating form of FVIII 
with variable portions of the B domain removed; attaches to VWF at the 
acidic region preceding domain A3. (c) Sites of activation by thrombin at 
Arg residues 372, 740, and 1689. The heavy chain is cleaved, forming a 
3-chain structure, and FVIII is released from VWF. (d) Sites of proteolytic 
inactivation of FVIII by activated protein C (APC) at Arg 336 and Arg 562.
ARG = arginine

a  Mature form
    binding sites

b  Circulating
    form

c  Activation sites of
    thrombin

d  Inactivation by
    protein C
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VWF
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factor viii 
or iX level, 
units/dl severity symptoms

61 Severe Frequent spontaneous hemarthrosis with 
crippling

Frequent severe, spontaneous hemorrhage 
(intracranial, intramuscular)

1–5 Moderate Bleeding at circumcision

Infrequent spontaneous joint and tissue 
bleeds

Excessive bleeding after surgery or trauma

Serious bleeding from minor injuries

6–30 Mild Rare spontaneous bleeds

Excessive bleeding after surgery or trauma

Might not be discovered until bleeding 
episode occurs

★ tAble 34-7 Clinical Findings in Deficiencies  
of Factors VIII and IX
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carrier Detection and Prenatal Diagnosis
Daughters of hemophilic males are obligate carriers of the disease and 
generally do not require further testing. Daughters of obligate carrier 
mothers can inherit either one of their mother’s X chromosomes and 
thus can be either carriers or normal. Hemophiliac males can inherit 
the disorder from carrier mothers or represent a spontaneous muta-
tion. Female carriers of X-linked disorders are usually asymptomatic 
because they have one functional allele. However, recently it has been 
reported that up to a third of heterozygous females manifest mild 
hemophilia because of skewed X chromosome inactivation.27

Inactivation of one of the X chromosomes occurs randomly in 
each somatic cell of a female. Theoretically, in a carrier of an X-linked 
disorder, random inactivation results in approximately 50% of the cells 
having a functional X chromosome active, while the remaining 50% 
would have the X chromosome bearing the mutant allele. A female 
carrier of FVIII or FIX deficiency is expected to have approximately 
50% of the normal plasma level of the factor in question. Detection 
of the carrier state cannot, however, be based merely on finding half 
of the normal activity in a factor assay because the normal reference 
interval is 50–150%. However, inactivation of the X chromosomes is 
not always randomly distributed. A carrier can have functional FVIII- 
or FIX-bearing X chromosomes in 750% of her hepatocytes, in which 
case her activity level would fall within the reference interval. Con-
versely, if 750% of the hepatocytes have the normal X chromosomes 
inactivated, she could show clinical signs of mild hemophilia. Also, 
the FVIII protein is an acute phase reactant and is physiologically 
increased in pregnancy, exercise, fever, and several other conditions, 
which can result in a transient rise of FVIII to within the reference 
interval. Both FVIII and FIX coagulant activity can rise with the use 
of oral contraceptives.

Detection of carriers is sometimes possible by analysis for both 
VWF antigen and FVIII activity levels. VWF:Ag levels in carriers 
should be ∼2 times the FVIII:C.28 The preferred method of detec-
tion of carriers is genetic testing when it is possible to establish the 
genetic mutation. Potential carriers of FIX deficiency can be detected 
by direct gene sequencing.29,30 In families with a severe phenotype of 
hemophilia A, DNA testing using the Southern blot technique is avail-
able for screening for the inversion mutation in intron 22, the most 
commonly encountered mutation in severe deficiencies.

are not commonly seen in individuals with moderate or mildly severe 
disease. More characteristic of moderate hemophilia is excessive 
bleeding after traumatic injury. Mild deficiencies of FVIII or FIX 
can be asymptomatic and unsuspected until a surgical procedure or 
major traumatic injury results in severe bleeding. Although the site of 
bleeding varies from individual to individual, the clinical severity of 
deficiencies of both factors remains similar within families.

laboratory evaluation of the hemophilias
Laboratory tests are required to screen for abnormalities of coagu-
lation factors and then to confirm and quantitate the specific factor 
that is deficient (Chapter 36). Screening tests (APTT) are expressed as 
time, usually in seconds. Confirmatory assays are expressed in units 
of activity with normal plasma considered to have 1 unit (U) activity/
mL, or 100 U/dL. The reference interval for both FVIII and FIX is 
∼509150% of normal (0.5–1.5 U/mL).

Table 34-2 includes the results of screening tests in a variety of 
hemostatic disorders. The APTT is prolonged in both FVIII and FIX 
deficiencies; it is lengthened inversely to the level of factor present 
in the patient’s plasma when the level is below the sensitivity of the 
testing methodology. Levels of …20 U/dL of FIX and …30 U/dL of 
FVIII consistently prolong the APTT (Chapter 36 and its Companion 
Resources).

Definitive diagnosis is made on the basis of the results of spe-
cific factor assays. Precautions should be used in interpreting results. 
(1) FVIII levels are lower in persons with blood group O than other 
blood groups (corresponding to the level of VWF) so the blood type 
must be considered when diagnosing FVIII deficiency. (2) FVIII level 
varies as an acute phase reactant and increases with exercise, inflam-
mation, and so on. Estrogen-containing contraceptives also increase 
FVIII levels. (3) Screening test systems might not be sensitive enough 
to detect mild deficiencies at levels between 20 and 50 U/dL. In 
these cases, the physician may order a factor assay on the basis of the 
patient’s history. (4) The newborn range for FIX is lower than that the 
adult range of 20–50% of normal, so one must refer to age-appropriate 
reference intervals when making the diagnosis of hemophilia B.

The results of additional laboratory tests shown in Table 34-3 are 
compared with the results in type 1 VWD. All platelet testing results 
are normal in the hemophilias. The thrombin time and PT are nor-
mal because neither assay depends on FVIII or FIX. One abnormal 
molecular variant, FIXBm, does cause prolongation of the PT when 
bovine brain thromboplastin is used instead of rabbit thromboplastin 
in the test system.26 Tests for fibrinolysis also are normal.

Differential Diagnosis of hemophilias
Hemophilia A must be distinguished from deficiencies of FIX or 
FXI and from VWD types 2N and 3. Hemophilia A is distinguished 
from hemophilia B by factor assays and from FXI deficiency by both 
factor assays and inheritance pattern. Prior to performing the factor 
assay, mixing studies in which the patient’s plasma is mixed with nor-
mal plasma (1:1 ratio) with subsequent APTT testing should also be 
performed to eliminate the possibility of an inhibitor rather than the 
genetic disorder. In the event of an inhibitor, the APTT remains pro-
longed whereas with a factor deficiency, mixing corrects the defect.

Type 2N VWD is caused by abnormalities of the D′ domain of 
VWF that prevent FVIII from binding.3 Both hemophilia and type 
2N VWD demonstrate low FVIII levels and normal structure and 

Referring to Table 34-3, explain why the platelet func-
tion tests are abnormal in VWD but not in FVIII or FIX 
deficiencies.

CheCkpoint 34-4

functional tests for VWF:Ag, ristocetin cofactor activity, and VWF 
multimeric structure. Molecular testing may be required to distinguish 
hemophilia A from VWD type 2N, and patients with type 2N VWD 
would not respond clinically to FVIII replacement therapy. Patients 
with type 2N VWD exhibit an autosomal recessive inheritance pattern. 
Type 3 VWD, which also is an autosomal recessive disease, can be dif-
ferentiated from hemophilia on the basis of an autosomal inheritance 
pattern and by a decrease of VWF:Ag in both platelets and plasma.
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FVIII, because the plasma from up to 20,000 donors is pooled to pre-
pare one lot of product. Most patients who received this therapy before 
1984 were exposed to hepatitis B, hepatitis C, and the HIV viruses. 
Since 1984, heat or solvent-detergent treatments have been used 
to inactivate the viruses, and concentrates are now considered safe. 
However, for a time, 90% of patients with severe FVIII deficiency had 
HIV antibodies and antibodies to hepatitis B surface antigen (indicat-
ing exposure to both viruses). Since 1987, no new cases of HIV have 
been attributed to the administration of clotting factor concentrates 
in North America, and transmission of hepatitis has been documented 
only rarely.

To prevent virus transmission, FVIII products can be prepared 
using monoclonal antibodies or recombinant technologies. Recom-
binant FVIII (rFVIII), however, also has hazards. Human albumin 
was added to the “first generation” rFVIII preparations to stabilize the 
protein, and this has been associated with transmission of the B19 
parvovirus (although there have been no significant clinical sequelae 
from these transmissions). Full-length FVIII products stabilized by 
sucrose, not human albumin, are also available. Another form of FVIII 
replacement therapy is a rFVIII in which the B domain is deleted. This 
type of rFVIII does not require albumin additive for stabilization. 
Concentrates can be used by hemophiliacs at home as prophylactic 
therapy to prevent extensive bleeding; they have markedly reduced the 
crippling hemarthropathy and improved the quality of life for patients 
with severe disease.

An alternative form of therapy in patients capable of producing 
some FVIII (mildly affected hemophilia A) is DDAVP, which stimu-
lates endothelial cells to release FVIII and VWF into the plasma (see 
discussion under VWD therapy).

FIX deficiency can be treated with whole plasma or with concen-
trates that also contain factors II, VII, and X (prothrombin complex 
concentrates [PCC]). Another complication of therapy with inter-
mediate purity FIX products (PCC) in addition to viral infections is 
thrombosis because these concentrates contain variable amounts of 
activated factors VII, X, and prothrombin. Purified FIX concentrate 
(Mononine®) is prepared from plasma using monoclonal antibodies. 
Purified FIX concentrates are heat treated to inactivate the hepatitis 
and HIV viruses as described for FVIII. Recombinant FIX (Benefix®) 
is also available and is now the preferred form of therapy, avoiding 
complications of both viral transmission and hypercoagulability.

Gene Therapy for Hemophilia. The potential use of gene therapy 
to achieve a cure for both FVIII and FIX deficiencies is being actively 
investigated.32,33 Because of the larger size of the FVIII molecule 
(∼200 kDa) compared with the FIX protein (44 kDa), it has been 
more difficult to successfully express FVIII using gene transfer pro-
tocols. The first clinical trials in FIX deficiency were promising, but 
limited benefits and complications resulted in the trials’ termination 
prematurely.34 Progress in the development of gene therapy for the 
hemophilias has been slow. Initially the increases in clotting factor 
activity were transient, and problems were associated with the viral 
vectors used to transfer the DNA in the early studies. Subsequent 
clinical trials demonstrated long-term expressions of therapeutic 
FIX levels; however, the levels were not sufficient to correct bleeding 
from trauma.32 Currently the cornerstone of treatment of hemophil-
ias remains replacement by recombinant products. However, most 

Prenatal diagnosis by genotypic analysis has certain advantages 
over phenotypic analysis. Results are not affected by X chromosome 
inactivation, ABO blood type, or VWF levels, and testing can be done 
earlier in gestation. Various methods are available for prenatal diagno-
sis; the method of choice varies with the type of mutation anticipated. 
A chorionic villus biopsy can be done at 11 weeks of gestation and 
tested with DNA studies such as restriction enzymes (restriction frag-
ment length polymorphism [RFLP]) or PCR methods. Because of the 
enormous variety of different molecular defects and the considerable 
size of the FVIII gene, direct DNA diagnosis (PCR) is not available for 
all families. Direct DNA analysis is also limited by the fact that as many 
as one-third of hemophilia cases arise from new mutations. If the pre-
cise genetic defect is not known, it is difficult to do direct molecular 
analysis, but indirect DNA analysis (RFLP) may be informative.

Direct sampling of fetal blood from the umbilical vein is pos-
sible at many institutions, and a factor assay can be performed on the 
blood sample. Some mutations require the simultaneous analysis of 
both antigen and activity levels for identification. Ultrasound analysis 
for determining the gender of the fetus is also available. Patients often 
elect to undergo prenatal diagnosis (even when pregnancy termina-
tion is not being considered) so that physicians can take precautions 
at birth to prevent bleeding if the fetus is at risk for hemophilia.31 
Intracranial hemorrhage during vaginal delivery is a potentially life-
threatening complication.

therapy for hemophilia
In general, the goal of treatment for bleeding in patients with a clot-
ting factor deficiency as in hemophilia is increasing the clotting fac-
tor to a level sufficient to achieve hemostasis. Typically, hemostasis 
for minor bleeding can be achieved at plasma factor levels of 25–30% 
of normal, whereas severe bleeding requires at least 50% of normal 
activity. Patients with severe trauma or surgery require plasma levels 
of 75–100% of normal. For patients who are actively bleeding, sev-
eral preparations are available to raise the level of FVIII or FIX in the 
patient’s plasma (Table 34-8 ★).

Factor Replacement Therapy. FVIII deficiencies were originally 
treated with cryoprecipitate preparations or FVIII concentrate. FVIII 
concentrates are prepared from plasma by lyophilization, a freeze-
drying process that results in a slight reduction of the activity of FVIII, 
and loss of the largest VWF multimers. In the past, major problems 
were encountered with the use of plasma-derived concentrates of 

Modes of therapy for fviii deficiency
• Recombinant FVIII (rFVIII)
• FVIII concentrates
• Cryoprecipitate
• Deamino-8-D-vasopressin (DDAVP) (for some)
• Gene therapy (in research phase)
Modes of therapy for fiX deficiency
• Recombinant FIX (Benefix)
• Prothrombin complex concentrates (e.g., Konyne, Proplex)
• fIX concentrates (e.g., Mononine)
• Gene therapy (in research phase)

★ tAble 34-8 Therapy for Hemophilia
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where consanguinity (mating between relatives) is more common, 
the prevalence of autosomal recessive inherited factor deficiencies is 
higher and can approach that of hemophilia B.37

The genetic mutations for all the proteins to be discussed are 
diverse between families but unique and constant within each family 
group. The mutation type and site within the molecule determines the 
severity of bleeding symptoms. Some mutations result in CRM+ , and 
others result in CRM-  or CRMR phenotypes.

The clinical expression of the autosomal inherited deficiencies 
varies. Deficiencies of some factors result in severe bleeding symp-
toms while others are not associated with any bleeding abnormalities. 
Bleeding phenotype even among individuals with the same disorder 
can vary significantly. Deficiencies of some fibrinolytic inhibitors can 
also result in bleeding symptoms. The conditions are discussed under 
the appropriate categories.

coagulation factor Disorders with bleeding symptoms
The diagnosis of the bleeding disorder is suspected from the results 
of the PT and APTT and confirmed with subsequent specific factor 
assays (Table 34-2). The degree of abnormality suggested by both PT 
and APTT can be small in cases of mild deficiency. Tests for plate-
let number and function are normal as are tests for fibrin degrada-
tion products and the thrombin time with some exceptions. Before 
a hereditary disease is considered, however, all possible causes for 
acquired coagulation factor deficiencies should be ruled out.

The autosomal recessive bleeding disorders are discussed in 
numerical order beginning with fibrinogen (factor I) deficiencies. 
Rare hereditary deficiencies of hemostatic proteins other than those 
involved in fibrin formation are presented briefly. Additional infor-
mation including clinical bleeding characteristics and therapy can be 
found on this text’s Companion Resources. Table 34-9 ★ shows the 
results of laboratory tests in these disorders.

Fibrinogen (Factor I) Deficiency. Congenital fibrinogen  disorders 
can be classified as quantitative (type I, afibrinogenemia or hypo-
fibrinogenemia) or qualitative (type II, dysfibrinogenemia). Afi-
brinogenemia accounts for ∼23% of inherited abnormalities, 
hypofibrinogenemia for ∼26%, and dysfibrinogenemia for 51%.38

Two forms of fibrinogen deficiency are inherited as autosomal 
recessive traits. Afibrinogenemia is a homozygous form of the dis-
ease in which no chemically, antigenically, or functionally detectable 
fibrinogen is found. Hypofibrinogenemia is a heterozygous form 
in which plasma levels of fibrinogen are ∼50% of normal (reference 
interval: 200–400 mg/dL). Consanguinity is found in about half of the 
families with afibrinogenemia. The prevalence of afibrinogenemia is 
estimated to be 1 in 1,000,000. More than 80 novel mutations have 
been identified in patients with afibrinogenemia, and often the same 
mutations in the heterozygous state have been identified in hypofibri-
nogenemia.38 A database of mutations is available at www.geht.org/
databaseang/fibrinogen/.

Clinically, afibrinogenemia is the more severe disease with 
patients having a severe bleeding disorder. At birth, umbilical cord 
and mucosal bleeding are frequent symptoms and can lead to death, 
but in general, patients have a milder course than do severe hemo-
philiacs and can go long periods without bleeding episodes. Joint or 
uterine bleeding is seen in 50% of patients.37 Fatal bleeds from intra-
cranial hemorrhages in infants have been reported. Patients with 

researchers in the field believe that the likelihood of eventual success 
in gene therapy of hemophilia is high.27 Recently, an Anglo-American 
group reported on six patients with severe hemophilia B who had been 
treated using an AAV vector, and all converted to a moderate or mild 
hemophilia phenotype. Clinical trials reopened in March 2012 and 
participants have been able to reduce or eliminate the need for regular 
FIX infusions.35

Inhibitors. Some hemophilia patients form neutralizing antibodies, 
also called inhibitors, to their deficient factor after exposure to factor-
replacement therapies. In vivo antibody formation causes destruction 
of the infused factor, neutralizes the coagulant effects of therapy, and 
complicates treatment of the patient. An inhibitor to FVIII or FIX is 
clinically suspected when a bleeding episode fails to respond to an 
adequate dose of factor concentrate. Approximately 5–20% of hemo-
philia A patients and 1–3% of hemophilia B patients have inhibi-
tors. There is no way to accurately predict which patients will form 
inhibitors. The prevalence of antibody formation is higher in patients 
with severe disease than those with moderate or mild disease. FVIII 
inhibitors are twice as common in African Americans than in Cauca-
sians, while Scandinavians are at higher risk than other populations to 
develop FIX inhibitors. Gene lesions resulting in CRM-  or severely 
reduced phenotypes are associated with a higher risk of developing 
inhibitors compared with CRM+  phenotypes. Patients with large 
FVIII gene deletions (affecting 71 domain of the FVIII molecule) 
have a threefold higher risk of developing an inhibitor compared with 
single domain deletions.36

Scott’s mother was questioned regarding the family his-
tory. She stated that her father and his brother had had 
similar bleeding symptoms. Her father died from a brain 
hemorrhage, and his brother died from complications 
associated with HIV. These brothers had sisters, none of 
whom had bleeding problems.

3. What type of inheritance is most probably present in 
this family?

4. Is this history typical of that of a patient with von 
 Willebrand disease? Why?

5. What could have caused the patient’s great uncle to 
have acquired HIV infection?

cAse stuDy (continued from page 697)

Autosomal recessive Disorders
Autosomal recessive traits are expressed only in those individuals 
homozygous (or double heterozygous) for the defective gene who 
inherit an abnormal allele from each parent. Each parent is likely to 
be heterozygous for the trait. Individuals who are homozygous gener-
ally have bleeding symptoms; those who are heterozygous usually have 
normal hemostasis.

Hereditary deficiencies of the remainder of the coagulation fac-
tors are rare in most of the world’s populations. In areas of the world 
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variant fibrinogen molecules and constitute a subcategory called 
hypodysfibrinogenemias.38

Dysfibrinogenemia is inherited as an autosomal dominant trait. 
Clinically, ∼50% of individuals with dysfibrinogenemia have no 
bleeding symptoms or other clinical manifestations and are discovered 
incidentally when laboratory tests are ordered for unrelated reasons 
and unexpected abnormal results are found. Approximately 25% of 
individuals have bleeding complications, and 25% have thrombosis 
(Chapter 35). It is suspected that the number of identified patients with 
dysfibrinogenemia is a small percentage of the actual number pres-
ent in the population. In those patients who do exhibit hemorrhagic 
symptoms, the bleeding is mild and generally occurs only after trauma. 
Dysfibrinogenemia has also been associated with hereditary renal 
amyloidosis.38,41 Clinical manifestations depend on the type and the 
location of the mutation in the protein. Differential diagnosis includes 
acquired dysfibrinogenemia, which can result from liver disease or, 
rarely, pancreatitis, paraneoplastic syndrome, or renal carcinoma.41

The functions or properties of fibrinogen are also affected by 
the type and site of mutation. In general, these mutations impair 
either the conversion of fibrinogen to fibrin monomer (proteolysis 
step), the conversion of fibrin monomers to polymers (spontaneous 
polymerization step), or the cross-linking of the fibrin polymers. 
Some mutations affect either thrombin binding or fibrinopeptide 
cleavage and are associated with abnormal release of either fibri-
nopeptides A or B. Other mutations affect the polymerization sites 
within the N-terminus of the a- or b- chain or the C-terminal region 
of the g- or b- chains (Chapter 32).

Laboratory tests for hemostasis in patients with dysfibrinogen-
emia are usually normal with the exception of the thrombin time, 
clot-based quantitative fibrinogen assays, and reptilase time, which 
are prolonged in most patients. However, determinations of fibrino-
gen antigenically or by a biochemical technique of precipitation and 
quantitation of fibrinogen are normal. Bleeding times and other plate-
let tests also are normal.

hypofibrinogenemia have a milder bleeding course. They are often 
asymptomatic, but bleeding can follow invasive procedures. Both dis-
orders are associated with recurrent pregnancy loss as well as antepar-
tum and postpartum hemorrhage.39

In afibrinogenemia, all laboratory tests based on production of 
a fibrin clot (PT, APTT, thrombin time) are abnormal, and all are cor-
rected in mixing studies with normal plasma. The bleeding time is 
prolonged in about half of the patients because fibrinogen is required 
for primary platelet aggregation. Platelet aggregation tests are also 
abnormal (Table 34-9). The diagnosis is confirmed using antigenic 
and functional assays for fibrinogen, which usually reveal 61 mg/dL 
of the protein. The platelet count is also decreased in ∼20% of patients. 
The erythrocyte sedimentation rate approaches zero because of the 
lack of fibrinogen in the plasma.

The presence of heparin, fibrin degradation products, or circu-
lating anticoagulants in the plasma can also prolong the hemostasis 
screening tests, and must be considered in the differential diagnosis 
of afibrinogenemia. Mixing studies, the patient’s history, and tests 
for FDPs are helpful in distinguishing inherited afibrinogenemia 
from acquired conditions in which fibrinogen can be decreased 
 (Chapters 32 and 36).

Replacement therapy with cryoprecipitate or fibrinogen con-
centrates is used when patients are actively bleeding or to prevent 
excessive hemorrhage during surgical procedures.

In the third form of fibrinogen abnormality, dysfibrinogen-
emia, the patient has normal levels (mg/dL) of fibrinogen but has 
abnormal fibrinogen molecules in the plasma. Dysfibrinogenemia 
is a relatively rare disorder that most commonly occurs in a het-
erozygous state. More than 600 novel mutations have been associ-
ated with dysfibrinogenemia.38 Mutations have been identified 
in all three genes encoding the fibrinogen peptide chains (FGA, 
FGB, or FGG).39,40 Similar to abnormal hemoglobins, the fibrino-
gen abnormalities are often named for the city in which they were 
discovered. Some individuals have both reduced antigen levels and 

Platelet tests coagulation factor tests

factor count ct Pt APtt tt fibA tests for fDP Other

Afibrinogenemia {N {A A A A Absent N Abnormal platelet aggregation with ADP and epinephrine

Hypofibrinogenemia N N N N A N N

Dysfibrinogenemia N N N N A Variable N

Factor II N N A A N N N

Factor V N {N A A N N N

Factor VII N N A N N N N

Factor X N N A A N N N Abnormal Russell’s viper venom test

Factor XI N N N A N N N

Factor XII N N N A N N N No bleeding tendency

Prekallikrein N N N A N N N No bleeding tendency; APTT corrected with 10-minute 
incubation with kaolin reagents

HK N N N A N N N No bleeding tendency

Factor XIII N N N N N N N

CT = closure time; PT = prothrombin time; APTT = activated partial thromboplastin time; TT = thrombin time; FibA = fibrinogen assay; FDP = fibrin degrada-
tion products; N = normal; A = abnormal; HK = high molecular weight kininogen

★ tAble 34-9 Laboratory Screening Tests in Autosomal Recessive Coagulation Factor Disorders
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at birth.39 Therapeutic options include recombinant FVIIa (optimal 
replacement therapy), PCC, and plasma-derived FVII concentrates.42

Factor X Deficiency. The incidence of FX deficiency is 1 in 
1,000,000 in the general population.42 FX deficiency is genetically het-
erogeneous, and ∼100 distinct mutations, both quantitative (type 1) 
and qualitative (type 2), have been described (www.hgmd.cf.ac.uk/
ac/gene.php?gene=F10).44,45 Both the PT and APTT are usually pro-
longed (Tables 34-2 and 34-9). However, in three mutations, the PT 
is prolonged, but the APTT is normal; the opposite is true in another 
variant.46 The Russell’s viper venom (RVV) test, which directly acti-
vates FX, is prolonged, although it too can be normal in some vari-
ants. A FX assay (functional and immunologic) is the definitive test 
although it is important to exclude vitamin K deficiency before con-
firming the diagnosis. Treatment options for symptomatic patients are 
limited to fresh frozen plasma (FFP) and PCC.

Factor XI Deficiency. FXI deficiency, sometimes referred to as 
hemophilia C, is the fourth most common inherited bleeding disor-
der37 with an estimated frequency in the general population of 1 in 
100,000.42 FXI deficiency has a high frequency in the Ashkenazi Jew-
ish population; approximately 0.2% of these individuals are homozy-
gous and ∼8% are heterozygous for this disorder.

Laboratory screening tests reveal a prolonged APTT and normal 
PT although the APTT can be normal in heterozygous patients with 
mild deficiency. Other tests are normal (Table 34-9). Deficiencies of 
factors XII, XI, VIII, and IX, prekallikrein (PK) and high molecular 
weight kininogen (HK) are considered when the APTT is the sole 
abnormal screening test. The clinical and family histories are useful 
in determining which factor assay to perform. The specific assay for 
FXI is the definitive test for this deficiency. Homozygous individuals 
have from 61 U/dL up to 10 U/dL FXI activity. Most patients have 
equivalent decreases in antigenic and functional activity, indicating 
a type I (quantitative) disorder. A few (∼7) FXI mutations are asso-
ciated with production of a dysfunctional protein.42,47 More than 
180 mutations in the FXI gene have been associated with FXI defi-
ciency, although two different point mutations account for 790% of 
cases of FXI deficiency in Ashkenazi Jews (www.hgmd.cf.ac.uk/ac/
gene.php?gene=F11).47 Factor XI concentrates are available in Europe, 
but treatment options for symptomatic patients in the United States 
are limited to FFP and low dose rFVIIa.

Laboratory testing for FXI activity requires precautions in col-
lecting and handling the specimen. If the blood sample is collected 
in glass tubes, FXI can become activated (glass pre-activation of con-
tact proteins; Chapter 32) and can lead to false normal results and 
missed diagnosis of mild deficiencies. It is recommended that blood 
be drawn in plastic to minimize glass contact activation. Multiple 
freezing and thawing of the specimen and/or a delay in running the 
assay (prolonged plasma storage) have been reported to cause preac-
tivation of FXI and can result in normalization of an abnormal APTT. 
However, a single quick freeze and quick thaw appears to have mini-
mal effect on FXI levels (Chapter 36 and the Chapter 36 Companion 
Resources). The type of activator used by different manufacturers 
can also affect a test system’s ability to detect a deficiency. Patients 
with mild FXI deficiencies may react variably with different activa-
tors. Abnormal results can be obtained with one reagent and normal 
results with another.

Prothrombin (Factor II) Deficiency. Deficiencies of prothrombin 
occur at an estimated prevalence of 1 in 2,000,000, making it one of 
the rarest inherited bleeding disorders. Prothrombin deficiency is 
genetically heterogeneous with 750 mutations identified, includ-
ing both quantitative (type I, hypoprothrombinemia) and qualitative 
(type 2, dysprothrombinemia) deficiencies (www.hgmd.cf.ac.uk/ac/
gene.php?gene=F2). Combined defects have also been reported. Het-
erozygotes have prothrombin levels of ∼50% of normal and are usu-
ally asymptomatic; homozygotes with activity levels 610% of normal 
experience severe bleeding manifestations; complete absence of pro-
thrombin appears to be incompatible with life.42 Treatment, if needed, 
is prothrombin complex concentrates (PCC). Both the PT and APTT 
are typically prolonged while the thrombin time and bleeding time are 
normal (Tables 34-2 and 34-9). The degree to which the PT and APTT 
are prolonged varies from patient to patient, and results can occasion-
ally be within the reference interval. The diagnosis is established using 
a specific factor assay for functional prothrombin and immunologic 
tests for antigen levels.

Factor V Deficiency. The first reported case of FV deficiency 
was presented by Owren in 1947.43 The prevalence of FV defi-
ciency is 1:1,000,000, and both quantitative (type 1) and qualitative 
(type 2) disorders have been described (www.hgmd.cf.ac.uk/ac/gene 
.php?gene=F5). So far, 112 specific genetic defects have been identi-
fied. The only replacement therapy available, if needed, is fresh frozen 
plasma. Like prothrombin and FX, FV functions in the common path-
way, so the PT and APTT are both prolonged, but thrombin time (TT) 
is normal (Table 34-2). Abnormal bleeding times are reported in about 
one-third of patients and may be related to a deficiency of FV in platelet 
a-granules.37 Other screening tests are normal (Table 34-9). Definitive 
diagnosis requires a specific FV assay (functional and immunologic).

Factor VII Deficiency. FVII deficiency is the only plasma coagula-
tion factor deficiency in which the PT alone is prolonged (Tables 34-2 
and 34-9). The incidence is estimated as 1 in 500,000, making it the 
most common of the rare inherited coagulation disorders.42 To date, 
nearly 270 cases have been reported, and both quantitative (type 1) 
and qualitative (type 2) disorders have been described (www.hgmd 
.cf.ac.uk/ac/gene.php?gene=F7). A quantitative FVII determination 
by standard factor assay methods (functional and immunologic) 
provides a definitive diagnosis. Homozygous patients usually have 
610 U/dL of the factor; heterozygous individuals (who are gener-
ally asymptomatic) have 40–60 U/dL. It is important to use age- and 
gestational-related reference intervals because FVII is naturally low 

Explain why the prothrombin time but not the APTT is 
prolonged in FVII deficiency.

CheCkpoint 34-6

Explain why the thrombin time is abnormal in patients 
with afibrinogenemia and dysfibrinogenemia.

CheCkpoint 34-5
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factor Deficiencies without clinical bleeding
The combination of a normal PT, a prolonged APTT, and a negative 
history of bleeding suggests deficiencies of FXII, PK (prekallikrein), or 
HK (high-molecular-weight kininogen). No bleeding symptoms are 
associated with deficiencies of these proteins even after severe trauma 
or during surgery. When an abnormal APTT is found in presurgical 
or screening testing, it should be resolved.53 Although deficiencies of 
FXII, PK, or HK display abnormal plasma coagulation in vitro, none 
is associated with in vivo bleeding. However, these deficiencies must 
be distinguished from those of FVIII, FIX, and FXI, which are accom-
panied by defective hemostasis. The abnormal APTT is corrected by 
1:1 mixing studies with normal plasma. All other hemostatic screening 
tests are normal (Table 34-9). The three deficiencies are differentiated 
by specific factor assays performed by the traditional modification of 
the APTT or by chromogenic substrate assays (Chapter 36).

The specific factor assay can be preceded by a laboratory screen-
ing procedure (a modified APTT) to presumptively identify whether 
PK is the deficient factor and to choose assay procedures to perform. 
If the patient’s plasma is incubated with a kaolin- or celite-containing 
APTT reagent for 10 minutes (rather than the usual 2 or 3 minutes), 
the prolonged APTT is corrected to normal in a PK deficiency.53 The 
APTT remains prolonged in FXII or HK deficiencies.

A deficiency of HK (also called Fitzgerald, Williams, or Flaujac 
factor) is one of a group of disorders involving not only HK but also 
variable deficiencies of low-molecular-weight kininogen (LK). LK 
does not affect the hemostatic system, so an isolated LK deficiency 
would not affect laboratory coagulation tests. Concurrent absence of 
the LK aids in classifying the disorders, however. “Williams” trait was 
characterized by a deficiency of both HK and LK; “Fitzgerald” and 
“Flaujac” traits were deficient in only HK.54 Because there is no clini-
cal bleeding, therapy is usually not needed for these conditions.

Factor XIII Deficiency. FXIII deficiency is rare with an estimated 
prevalence of 1 in 2,000,000. FXIII deficiency is a highly heterogeneous 
disorder, and a wide variety of genetic mutations affecting either the 
A- or B-chain of FXIII have been reported. FXIII deficiency is now 
classified as FXIII-A deficiency, FXIII-B deficiency, and a possible 
combined FXIII-A and FXIII-B deficiency. To date, 7100 mutations 
of the F13A1 gene have been identified (www.hgmd.cf.ac.uk/ac/gene 
.php?gene=F13A1), whereas only 6 mutations affecting the F13B gene 
have been identified (www.hgmd.cf.ac.uk/ac/gene.php?gene=F13B). 
Patients generally lack both plasma and platelet FXIII.48 Platelet FXIII 
contains only the A2 form of FXIII (Chapter 32), which carries the 
active enzymatic site. However, inherited deficiencies of the B-chain 
also result in low plasma FXIII levels because the B-chains are required 
for the stabilization and survival of FXIII (A2B2) in plasma. Low plasma 
levels of FXIII (∼5% of normal) are generally sufficient to control bleed-
ing. The hallmark of FXIII deficiency is bleeding from the umbilical 
cord site, after circumcision, or spontaneous intracranial bleeding after 
delivery. Miscarriage is very common because stabilization of fibrin at 
the maternal–fetal interface is required to maintain pregnancy.48 In 
2011, the U.S. Food and Drug Administration (FDA) approved a FXIII 
concentrate for treatment of inherited FXIII deficiency.49

Because FXIII functions after formation of fibrin, a deficiency 
does not affect the usual screening tests (PT, APTT, TT). However, in 
vitro clot formation is abnormal. Excess red cells are present at the 
bottom of a whole blood clot tube after clot retraction. Laboratory 
diagnosis has relied on a screening test for FXIII based on dissolu-
tion of the fibrin clot in 1% monochloroacetic acid or 5M urea. This 
clot solubility test is positive (i.e., the clot dissolves) when the FXIII 
concentration is 0.5 U/dL or less. The clot is insoluble at levels as low 
as 1–2 U/dL (Chapter 36). It has been reported that this test can detect 
only severe FXIII deficiency, has poor reproducibility and sensitivity, 
and is now not recommended as a screening test for this deficiency.50 
Because it is not sensitive to mild deficiencies that can result in clini-
cal sequelae, efforts have been made to develop more sensitive tests.51 
Specific assays are available, some that measure enzymatic activity and 
others that use immunologic techniques such as ELISA. The reference 
interval for F-XIII is about 14–28 mg/L.51

Combined Factor V and Factor VIII Deficiency (F5F8D). In this 
rare disorder ( 6100 families identified), both FV and FVIII levels are 
reduced (5–30% of normal levels).42,52 The antigen and clotting activ-
ity are usually concordant. This disorder is also called familial multi-
ple clotting factor deficiency type 1. Bleeding is mild to moderate and 
similar to that observed in other coagulation disorders. Combined 
FV/VIII deficiency is caused by a mutation of either of two genes.52 
The first gene produces a protein of the endoplasmic reticulum-
Golgi intermediate compartment (ERGIC 53) called L-mannose 1 
(LMAN1), and mutations of this gene (LMAN1) are found in ∼70% 
of patients with this disorder (∼34 identified; www.hgmd.cf.ac.uk/
ac/gene.php?gene=LMAN1). The second is the multiple coagulation 
factor deficiency 2 gene (MCFD2), which accounts for the remain-
ing 30% of patients (17 mutations identified; www.hgmd.cf.ac.uk/
ac/gene.php?gene=MCFD2). The LMAN1-MCFD2 proteins form a 
complex, which functions to facilitate transport of FV and FVIII from 
the endoplasmic reticulum to the Golgi apparatus. The decrease in FV 
and FVIII results from defective intracellular transport and secretion 

in a pathway unique to these two coagulation factors.52 The PT and 
APTT are prolonged in this disorder. If therapeutic factor replacement 
is required, both FFP (to replace FV) and a FVIII-containing product 
or DDAVP can be used.

Combined Deficiencies of Vitamin K-Dependent Clotting 
 Factors. Vitamin K clotting factor deficiency (VKCFD) is 
caused by mutations of either the gene for g@glutamyl carboxylase, 
the enzyme responsible for the g@carboxylation reaction (GGCX; 
VKCFD1), or the gene for vitamin K epoxide reductase (VKORC1; 
VKCFD2).42,52 VKCFD is characterized by deficient activity of all 
vitamin K- dependent clotting factors. g@carboxylation is required 
for the production of functional forms of these clotting factors and 
enables them to interact with phospholipids in the formation of the 
prothrombinase and Xase complexes (Chapter 32). In this disorder, 
the proteins are produced but are nonfunctional because they lack 
g@carboxylation. Affected individuals resemble patients on Coumadin 
therapy with drastically prolonged PT and APTT tests and normal TT.

Explain why the laboratory screening tests are normal in 
patients with FXIII deficiency.

CheCkpoint 34-7
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components. Fibrinolysis follows fibrin formation as a natural sequence 
of the hemostatic process, the same processes that occur in normal 
hemostasis except that they happen at the wrong time and in the wrong 
place. As a result of consumption of coagulation factors and platelets 
and the formation of fibrin degradation products (FDP), the patient 
often bleeds at the same time that disseminated clotting is occurring.

incidence
DIC occurs in approximately 1 in 1000 hospitalized patients. About 
20% of the cases are asymptomatic and suspected only on the basis of 
laboratory data. It can occur at any age although it is more often seen 
in the very young and the elderly.

etiology
DIC is a syndrome, not a disease. It is a group of symptoms that is 
always triggered by a primary condition that does not necessarily 
involve coagulation. A number of diverse disease states can trigger 
the DIC syndrome; they often involve the introduction of tissue fac-
tor (TF) into the vascular system, resulting in the initiation of fibrin 
formation. TF can enter the blood from mechanical injury to tissues 
or from injury to endothelial cells.

Conditions most often associated with triggering DIC are sum-
marized in Table 34-10 ★. The most common cause is infections, 
particularly those associated with septicemia. The trigger mechanism 
of infections is likely bacterial toxins, cytokines (IL-1, IL-6, and/or 

Acquired Disorders of Hemostasis 
Associated with Bleeding
Acquired deficiencies of hemostatic proteins that result in bleeding 
symptoms can occur in individuals who were previously normal. 
Acquired deficiencies are far more common than hereditary disor-
ders. Acquired coagulation disorders are also more complicated than 
inherited conditions because multiple factors usually are deficient, and 
bleeding is often simultaneous from more than one site. In addition to 
acquired deficiencies of the fibrin-forming and fibrinolytic proteins, 
there are also deficiencies of naturally occurring inhibitors.

Acquired disorders occur in response to another disease process 
and are produced by a variety of mechanisms. The conditions in which 
these disturbances occur are classified into the following categories: 
disseminated intravascular coagulation, primary fibrinogenolysis, 
liver disease, vitamin K deficiency, and acquired pathologic inhibitors.

Disseminated intravascular coagulation
Disseminated intravascular coagulation (DIC) is a condition 
in which the normal balance of hemostasis is altered, allowing the 
uncontrolled and inappropriate formation and lysis of fibrin within the 
blood vessels. Activation of coagulation occurs systemically rather than 
locally at sites of vascular injury. Fibrin is deposited diffusely within 
the capillaries as well as in arterioles and venules. As fibrin is formed, 
several clotting proteins and naturally occurring inhibitors and platelets 
are consumed faster than they are synthesized (consumption coagu-
lopathy). The result is an acquired deficiency of multiple hemostatic 

Screening hemostasis tests were performed on Scott’s 
blood in the hemostasis laboratory. The results follow 
(see reference intervals in table D on cover):

Platelet count 250 * 109/L
Prothrombin time 12 sec
Activated partial thromboplastin time 95 sec

6. Name the coagulation factor deficiencies that are pos-
sible with these laboratory results.

7. What is the most likely factor deficiency? Why?

cAse stuDy (continued from page 702)

Disorders of fibrinolytic Protein inhibitors 
with bleeding symptoms
Congenital deficiencies of these disorders are rare.55 Deficiencies of 
a2@antiplasmin (AP) and plasminogen activator inhibitor-1 (PAI-1) 
result in impaired regulation of fibrinolysis with excess plasmin activ-
ity. This disturbs the balance between coagulation and fibrinolysis, 
resulting in a bleeding disorder because of hyperfibrinolysis. Initial 
hemostasis is typically normal, but delayed bleeding can occur because 
of premature lysis of hemostatic plugs. Routine screening coagulation 
tests are normal. Specific assays for PAI-1 or AP would reveal vari-
ably reduced levels. Further information is available on this text’s 
 Companion Resources.

Infections Bacterial (endotoxins)

Viral

Fungal

Rickettsial

Protozoal

Complications 
of pregnancy

Abruptio placentae

Amniotic fluid embolism

Retained placenta

Toxemia

Intrauterine fetal death

Septic abortion

Neoplasms (malignant) Solid tumors

Leukemia, particularly acute promyelocytic

Massive tissue injury Burns

Trauma

Head injury

Extensive surgery

Extracorporeal circulation

Vascular injury Shock

Hypotension

Hypoxia

Acidosis

Miscellaneous Snake bite

Heat stroke

Any disease

★ tAble 34-10 Clinical Conditions  Associated 
with the Development of Disseminated 
 Intravascular Coagulation (DIC)

M34_MCKE6011_03_SE_C34.indd   706 31/07/14   7:11 pm



 707CHApTER 34   •   DISORDERS Of SECONDARy HEMOSTASIS

Pathophysiology
In response to the initiating event, thrombin is formed within the 
circulation. Unlike the physiologic formation of the hemostatic plug 
in which thrombin generation remains limited and localized at the 
site of vessel injury, DIC results in generalized or systemic activa-
tion of coagulation. The circulating thrombin acts on its substrates as 
they circulate in the same manner as it does after an injury-induced 
localized formation of fibrin (Chapter 32). This unregulated genera-
tion of thrombin results in the consumption of fibrinogen; factors V, 
VIII, and XIII (the natural substrates of thrombin); and depletion of 
prothrombin (the precursor zymogen). Thrombin is a potent agonist 
of platelets inducing platelet activation and aggregation. Thrombin 
also binds to receptors on endothelial cells, inducing endothelial 
release of tissue plasminogen activator (tPA), which in the presence 
of the newly formed fibrin activates plasminogen to plasmin and 
triggers an aggressive secondary fibrinolysis. As plasmin is gener-
ated, plasminogen becomes depleted. DIC results from a failure of 

tumor necrosis factor) released into the tissues by the inflammatory 
response and activate endothelial cells. Resting endothelium does not 
express TF, but endothelial cells or monocytes activated by inflam-
matory cytokines or injured by endotoxin do express TF activity. The 
full DIC response is seen in 30–50% of patients with gram-negative 
or gram-positive septicemia.56

Complications of pregnancy likely cause DIC because amniotic 
fluid acts as a thromboplastin to activate fibrin formation pathways. 
With massive tissue or blood cell injury, TF and cytokines (similar 
to acute infections) are thought to enter the circulation and activate 
coagulation. In one study, most patients with head trauma had labora-
tory evidence of DIC caused by procoagulants entering the circulation 
from the injured brain tissue.57 The trigger mechanism of malignant 
cells is a variation of tissue injury. Some malignant cells express TF, 
and others have been shown to produce a cysteine protease (cancer 
procoagulant) capable of directly activating FX.56,58 Figure 34-4 ■ 
summarizes the potential activation sites in the hemostatic system.

■  fiGure 34-4 Conditions that initiate DIC activate the hemostatic pathways in a variety 
of ways. Solid arrows show normal hemostasis. Processes that trigger DIC are shown in the 
boxes, and broken arrows indicate proposed sites of activation.
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with chronic DIC, thrombosis is more likely to predominate.58 The 
more commonly recognized acute form begins with sudden onset of 
severe bleeding and is seen in 80–90% of patients with DIC. In the 
chronic form (10–20% of patients), the stimulus that triggers clotting 
is weaker, and the natural homeostatic mechanisms are sufficient to 
replace depleted hemostatic components.

Hemorrhages and thrombosis occur predominantly in the 
microvasculature and are responsible for the clinical manifestations. 
In patients with acute DIC whose disease course is hemorrhagic, 
bleeding begins abruptly and generally occurs from multiple sites 
simultaneously. Sites of bleeding tend to correspond to the tissues 
involved in the triggering event. Possible bleeding manifestations 
include hematuria; gastrointestinal and respiratory tract bleeding; 
intracranial bleeding; epistaxis; oozing from needle puncture sites, 
surgical drains, or sutures; and spontaneous bruising and petechiae. 
Bleeding can be profuse, leading to death.

At the same time, small strands of fibrin (microclots) form 
inside blood vessels and obstruct the microvasculature. Because 
blood vessels are occluded, tissue anoxia and microinfarcts in vari-
ous organs can occur. Manifestations can include renal failure, coma, 
liver failure, respiratory failure, skin necrosis, gangrene, and venous 
thromboembolism.

Shock is a common feature and can be either a cause or an effect 
of DIC. The association of shock with DIC is complex and not well 
understood. Shock is likely induced because cytokine generation and 
products of the kinin and complement systems cause increased vascu-
lar permeability and hypotension. In spite of advanced improvement 
in clinical care, the mortality rate of DIC is still high, approximately 
50–60%.

the mechanisms that limit blood clotting and thrombin generation 
(the normal inhibitory pathways to prevent the systemic effects of 
thrombin).

The coagulation inhibitors antithrombin (AT), heparin cofactor II 
(HCII), and thrombomodulin (TM), normally effective in regulat-
ing the localized generation of thrombin, are overwhelmed in DIC. 
Deficiencies of AT, protein C (PC), and protein S (PS) are induced 
because they are utilized in removing their activated substrates from 
the circulation. Also, IL-1 and tumor necrosis factor (elevated in sep-
sis) decrease TM expression on endothelium, resulting in decreased 
activation of the PC/PS inhibitory system (Chapter 32).

Plasma levels of fibrinopeptides A and B (FPA and FPB) and 
D-dimer are elevated because of the actions of thrombin on fibrino-
gen and of plasmin on fibrin. FDPs interfere with fibrin formation and 
platelet function, contributing to the bleeding tendency.

All of these events can result in bleeding as the clotting mecha-
nism is activated and procoagulant components become depleted. 
The pathogenesis of DIC is summarized in Figure 34-5 ■.

clinical Aspects of Dic
The symptoms seen in patients with DIC result from the presence 
and activation of thrombin, plasmin, platelets, endothelium, and pro-
teolytic inhibitors within the bloodstream and vary from patient to 
patient because of the complex interactions between these compo-
nents. Because clotting factors and platelets are consumed, bleeding 
symptoms are favored in some patients. In other patients, thrombo-
sis is the dominant process. In addition, the intensity and duration 
can result in either an acute or chronic clinical course. Patients with 
acute DIC tend to manifest hemorrhagic symptoms whereas in those 

■  fiGure 34-5 Pathogenesis of DIC. Activation of hemostasis by trigger-
ing processes leads to clotting and bleeding simultaneously. Intravascular 
fibrin formation results in occlusion of vessels. During clotting, several coag-
ulation factors and platelets are consumed, leading to bleeding.
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phase reactant, and the protein increases in inflammatory condi-
tions. Because many patients with DIC have underlying disease, their 
fibrinogen levels may have been initially elevated because of the acute 
phase response.

The D-dimer test to demonstrate the presence of fibrin-derived 
FDPs and therefore generation of both thrombin and plasmin is 
elevated in 93% of patients and provides good evidence supporting 
the diagnosis of DIC.53 D-dimers, which are present only after FXIII 
stabilization of fibrin, confirm that activation of coagulation has taken 
place and stabilized thrombus is formed, but they are not specific for 
DIC. The D-dimer test can be positive in several other clinical condi-
tions such as after surgery and in patients with renal disease or pul-
monary emboli. Most laboratories use the D-dimer test, which has 
replaced a similar latex test for fibrin degradation products that fails 
to distinguish between plasmin degradation products of fibrinogen 
and fibrin (Chapter 36).

Some clinicians have recommended a test to demonstrate a 
decrease in AT. AT decreases in concentration early in the disease 
process as it combines with and inactivates thrombin and other 
serine proteases. AT is decreased in 89% of patients. Examination 
of the blood smear reveals the presence of schistocytes in 50% of 
patients. Schistocytes are produced as blood cells are forced through 
the fibrin webs that clog the microvessels. However, fragmented red 
blood cells rarely constitute 710% of the red cells on the peripheral 
smear.

The Scientific Standardization Committee of the International 
Society of Thrombosis and Hemostasis (ISTH) has developed a 

laboratory evaluation of Dic
The physician suspects the diagnosis of DIC primarily based on the 
patient’s clinical symptoms in the presence of an underlying disor-
der known to be associated with DIC. Laboratory tests are ordered to 
support a suspected clinical diagnosis. No single laboratory test will 
establish a diagnosis of DIC, nor is any combination of tests specific 
for DIC. Screening tests that are usually ordered by the physician 
include a platelet count, blood smear, PT, APTT, fibrinogen level, and 
D-dimer test. Some laboratories include a test for AT. These tests dem-
onstrate the generation of both thrombin and plasmin and can reflect 
the severity of the consumption of hemostatic components. Refer to 
Table 34-11 ★ for typical laboratory results in patients with DIC.

The platelet count, the most useful parameter, can fall to levels 
of 40975 * 109/L. It is decreased in 97% of patients with acute DIC. 
Identifying a decrease in the platelet count in patients whose usual 
platelet count is in the upper reference interval can be difficult, and 
serial platelet counts that clearly demonstrate decreasing values are 
more useful than a single determination.

The PT and APTT can be prolonged because of the decrease in 
factors II, V, and VIII and fibrinogen although their alterations are not 
as consistent as the platelet count. One or both of these tests are pro-
longed in 60–75% of patients with DIC.53 Early in the disease process, 
these tests occasionally can be shorter than normal, perhaps because 
of the presence of circulating factors that are already activated which 
would require less time for clot formation in vitro.53

In severe disease, the fibrinogen level can drop to 10–50 mg/dL 
but is decreased in only 23–71% of patients.56 Fibrinogen is an acute 

test Dic
Primary 
fibrinogenolysis

severe liver 
Disease

vitamin K 
Deficiency specific factor inhibitor lupus Anticoagulanta

screening tests
 Platelet count Dec N Dec N N N

 PT Inc Inc Inc Inc N (inc with inhibitor against FVII) N (occasionally inc)

 APTT Inc Inc Inc Inc Inc (except if inhibitor against FVII) Inc

 TT Inc Inc Inc N N N

Definitive tests
 Fibrinogen Dec Dec Dec N N N

 D-dimer Inc N N N N N

 Latex FDP test Inc Inc N/Inc N N N

 Plasminogen Dec Dec N/Dec N N N

 Fibrinopeptide A Inc N N N N N

natural inhibitors
 Antithrombin Dec N Dec N N N

 Protein C Varies N Dec Dec N N

 Protein S Varies N Dec Dec N Varies

Miscellaneous
 Blood smear Schistocytes N Macrocytes, 

target cells, 
acanthocytes

N N N

Inc = increased; Dec = decreased; N = normal; PT = prothrombin time; APTT = activated partial thromboplastin time; TT = thrombin time; FDP = fibrin 
degradation products

aNot a hemostatic disorder associated with bleeding but necessary to consider in the differential diagnosis.

★ tAble 34-11 Typical Laboratory Findings in Acquired Disorders of Hemostasis Associated with Bleeding
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International Society on Thrombosis and Haemostasis

1. Risk assessment: Does the patient have an underlying disorder 
known to be associated with overt DIC?
If yes: proceed; If no: do not use this algorithm.

2. Order global coagulation tests (platelet count, prothrombin time 
(PT), fibrinogen, soluble fibrin monomers or fibrin  degradation 
products)

3. Score global coagulation test results.
Platelet count (7100 = 0; 6100 = 1; 650 = 2) _____
Elevated fibrin-related marker (D-dimer, fibrin  
 degradation products [FDPs])
 (no increase: 0; moderate increase: 2; strong increase: 3) _____
Prolonged prothrombin time
 (63 sec. = 0; 73 sec.- 6 6 sec. = 1; 76 sec. = 2) _____
Fibrinogen level
 (71.0 gram/L = 0; 61.0 gram/L = 1) _____

4. Calculate score _____
5. If Ú5: compatible with overt DIC; repeat scoring daily

If 65: suggestive (not affirmative) for nonovert DIC; repeat next 
1–2 days.

Toh CH, Hoots WK, SSC on Disseminated Intravascular Coagulation of the 
ISTH. The scoring system of the Scientific and Standardisation Committee 
on Disseminated Intravascular Coagulation of the International Society on 
Thrombosis and Haemostasis: a 5-year overview. J Thromb Haemostasis. 
2007;5: 604–606.

★ tAble 34-12 Diagnostic Algorithm for the 
 Diagnosis of Overt Disseminated Intravascular 
Coagulation (DIC)

 a. Why is thrombocytopenia usually present in a patient 
with DIC?

 b. Which hemostasis laboratory screening tests (PT and 
APTT), if any, will the following affect:

Decreased FV

Decreased FVIII

Decreased fibrinogen

Decreased antithrombin

 c. Which laboratory test results would distinguish DIC 
from hemophilia A?

CheCkpoint 34-8

diagnostic scoring system for DIC. This system uses simple, readily 
available coagulation testing in an algorithm that allows diagnosis and 
ongoing assessment of a patient with DIC59,60 (Tables 34-12 ★ and 
34-13 ★). With appropriate validation, these algorithms may help to 
standardize testing for DIC.

Other laboratory tests that could be abnormal in DIC but gen-
erally are not necessary for a diagnosis in most cases are the TT and 
serial specific factor assays for FV, FVIII, or prothrombin (to demon-
strate decreased factor levels/increased consumption). The TT is pro-
longed because of the presence of FDPs and the decreased fibrinogen 
level and is abnormal in 58% of patients. Additional tests of thrombin 
generation include tests for fibrin monomers (soluble fibrin), FPA 
and -B, thrombin-AT complexes (TAT), and prothrombin fragment 
1.2 (Chapter 36). These tests are all potentially useful parameters 
because they are very sensitive in detecting ongoing activation of 
coagulation, but presently are not routinely available in most hos-
pital laboratories.

therapy for Dic
The first step in the treatment for DIC is to eliminate its underly-
ing cause if possible. After that, treatment is controversial. The acute 
form is often self-limited and disappears when the fibrin is completely 
lysed. Replacement therapy using platelets, red cells, cryoprecipitate, 
or fresh frozen plasma are used when indicated (patients with clear 
laboratory evidence of DIC and bleeding).61 Low-molecular-weight 
heparins have been found helpful in some patients with strong clinical 
and laboratory evidence of DIC and predominant thromboembolic 

manifestations or in patients in whom replacement therapy fails to 
alleviate excessive bleeding and increase the level of clotting factors. 
Newer approaches to therapy are to replace the depleted physiologic 
inhibitors (AT, PC, tissue factor pathway inhibitor) with concentrates. 
Clinical trials are being conducted on some of these products. Under 
most circumstances, patients with DIC should not be treated with 
fibrinolytic inhibitors.

The chronic form of DIC is usually seen secondary to dissemi-
nated malignancy, in which case elimination of the precipitating event 
may be difficult. Heparin therapy sometimes is helpful if thrombosis 
is life threatening because it will stop intravascular fibrin formation. 

International Society on Thrombosis and Haemostasis

1. Risk assessment: Does the patient have an underlying disorder 
known to be associated with DIC?
Yes = 2; no = 0

2. Major criteria
Platelet count 7100 * 109/L = 0 6100 * 109/L = 1
  +
 Rising = -1 Stable = 0 Falling = 1
PT
 Prolongation 63 sec. = 0 73 sec. = 1
  +
 Falling = -1 Stable = 0 Rising = 1
Soluble fibrin
Or FDPs Normal = 0 Raised = 1
  +
 Falling = -1 Stable = 0 Rising = 1

3. Specific criteria
Antithrombin Normal = -1 Low = 1
Protein C Normal = -1 Low = 1
Thrombin/AT (TAT)  Normal = -1 Low = 1 
complexes
Other Normal = -1 Abnormal = 1

4. Calculate score
Specific score interpretations have not been developed.

★ tAble 34-13 Template for Scoring System 
for  Nonovert DIC
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decreased thrombopoietin production, and consumption of the plate-
lets if DIC is also present.

FDPs are increased because the liver cells are unable to remove 
them from the circulation. Incomplete removal of plasminogen acti-
vators can result in systemic formation of plasmin and subsequent 
proteolysis of fibrinogen, contributing to the increase of FDPs. Excess 
fibrin or fibrinogen degradation products can impair blood coagu-
lation and result in platelet dysfunction. The D-dimer test is usually 
normal and can be one way to differentiate DIC from liver disease.

Clinical bleeding is minimal except in severe liver disease when 
ecchymoses, hematomas, and epistaxis can occur. Bleeding from local 
lesions in the GI tract is common. Therapy involves the use of replace-
ment products as needed.

vitamin K Deficiency
Hepatic cells need vitamin K (VK) to complete the post-translational 
alteration of factors II, VII, IX, X, PC, and PS (Chapter 32). In the 
absence of VK, the hepatic cells synthesize precursor proteins, but 
because g@carboxyglutamic acid residues are absent, the calcium-
binding sites are nonfunctional. Deficiency of VK results in induced 
functional deficiencies of all of these proteins. If the level of functional 
proteins falls below 30 U/dL, bleeding symptoms can result, and the 
PT and/or the APTT is prolonged.

Sources of VK are green, leafy vegetables and synthesis by bac-
teria in the GI tract. Symptomatic VK deficiency in newborns results 
in vitamin K deficiency bleeding (VKDB), formerly called 
 hemorrhagic disease of the newborn (HDN).66 This deficiency 
can be seen in the first days of life. Because their livers are still imma-
ture, synthesis of the VK-dependent factors in newborns is 30–50% 
of adult levels.

VKDB is broken into three subtypes: early, classic, and late. Early 
VKDB occurs primarily in infants of mothers who have been on drugs 
that interfere with VK activity or metabolism, such as anticonvulsants, 
and usually occurs within the first 24 hours after birth. Classic VKDB 
occurs between days 1 and 7 and is largely prevented by prophylactic 
vitamin K administration at birth. Late VKDB occurs between day 
8 and 6 months of age66 and is more prevalent in breast-fed babies 
because human milk contains less vitamin K than does cow’s milk. 
Infants with liver disease can also be susceptible to VKDB.

Manifestations of VKDB are bleeding in the skin or from 
mucosal surfaces, circumcision site, generalized ecchymoses, large 
intramuscular hemorrhages, and (rarely) intracranial bleeds. In the 
laboratory, the PT and possibly the APTT are more prolonged than 
expected at this age. Specific factor assays for factors II, VII, IX, and X 
are markedly decreased. The BT and the platelet count are within the 
reference interval (Table 34-11).

VKDB is prevented in the United States by the now standard 
practice of administering vitamin K to all newborns. Although most 
states have laws requiring its administration, some do not.

Causes of VK deficiency in adults include malabsorptive syn-
dromes such as sprue, obstruction of the biliary tract (because bile 
salts are necessary for absorption of all fat soluble vitamin including 
VK), ingestion of VK inhibitors (such as warfarin), and prolonged 
broad-spectrum antibiotic therapy that abolishes normal flora of 
the intestine. VK administration corrects the deficiency within 
24 hours.

It must be administered with caution, however, because fatal bleeding 
has occurred with its use.

Primary fibrinogenolysis
This syndrome is sometimes referred to as primary fibrinolysis, but 
this is technically inaccurate because the proteolytic action of plasmin 
is on fibrinogen, not fibrin. Primary fibrinogenolysis is a condition 
clinically similar to DIC but requires differentiation so that proper 
treatment can be instituted. In primary fibrinogenolysis, plasminogen 
becomes inappropriately activated to plasmin without concomitant 
thrombin generation. Plasmin then circulates and, if it overwhelms 
the antiplasmin inhibitors, degrades fibrinogen; factors V, VIII, and 
XIII; and other coagulation factors (and other proteins). An acquired 
deficiency of the proteins eventually develops and leads to bleeding 
symptoms that resemble DIC.

Similar pathologies can cause both DIC and primary fibrinoge-
nolysis, but liver disease is one of the most common triggers of primary 
fibrinogenolysis. Differentiating the two conditions with laboratory 
tests is sometimes difficult. Patients with primary fibrinogenolysis 
can have an abnormal PT, APTT, TT, fibrinogen assay, and increased 
fibrin(ogen) degradation products but will have normal D-dimer 
and fibrin monomer tests because stabilized fibrin is not formed. The 
platelet count is typically normal in primary fibrinogenolysis, whereas 
a decreased platelet count is consistent with DIC.62 The level of fibri-
nopeptide A is normal in primary fibrinogenolysis but is elevated in 
DIC.63 See Table 34-11 for a comparison of laboratory test results in 
these two conditions with other acquired hemostatic disorders.

Therapy for primary fibrinogenolysis is epsilon aminocaproic 
acid (EACA, Amicar) or tranexamic acid (TXA); both prevent exces-
sive plasmin activation. They occupy plasminogen’s lysine-binding 
sites, thus blocking activation by tPA. These drugs can cause throm-
botic complications in the microcirculation and therefore are danger-
ous if administered to patients with DIC; consequently, the diagnosis 
of DIC needs to be excluded before these drugs are given.63,64

liver Disease
Liver disease affects all hemostatic functions. Most hemostatic pro-
teins (those involved in fibrin formation, fibrinolysis, as well as 
hemostatic inhibitors) are synthesized by the liver (Web Table 34-1; 
Chapter 32). The liver macrophages play a major role in the removal 
of activated factors, products of activation such as the fibrinopeptides, 
fibrin degradation products, and plasminogen activators. A diseased 
liver diminishes these functions.65

Laboratory test results on a patient with liver disease can resemble 
those obtained from a patient with DIC. Differentiating the two condi-
tions can be a difficult task for the physician. Refer to Table 34-11 for a 
comparison of the results of laboratory testing. The decreased produc-
tion of proteins involved in fibrin formation can prolong all screen-
ing coagulation tests including the PT, APTT, and TT. The fibrinogen 
concentration is usually normal but can stabilize in the lower range of 
the reference interval. An abnormal fibrinogen molecule that has an 
increased content of sialic acid and can cause defective clot formation 
can be synthesized.

The platelet count can be decreased for several reasons, includ-
ing hypersplenism (backing up of the portal blood supply when 
it is unable to enter the liver), alcohol toxicity of the bone marrow, 
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deficiencies. The APTT is markedly prolonged, and other screening 
tests are normal (Table 34-11). Mixing studies (1:1 patient plasma with 
normal plasma) can be performed as a screening procedure to distin-
guish between a true factor deficiency and an inhibitor (Chapter 36). 
If an inhibitor is present, the test on the mixture will only partially cor-
rect or remain prolonged. In the presence of a low level of inhibitors, 
the test will correct initially but will show prolongation after incubat-
ing at 37°C for 1 or 2 hours. Assays for specific inhibitors can then be 
performed (Chapter 36).

Therapy for Factors VIII and IX Inhibitors. The type of therapy 
used for patients with FVIII inhibitors depends on whether the 
patient is a low or high responder and on the inhibitor’s titer. Low 
responders (25% of hemophiliacs with inhibitors) are patients with 
low titer antibodies that do not rise after further exposure to FVIII. 
Patients with inhibitors that rise markedly with further exposure to 
FVIII (anamnestic response) are known as high responders (∼75% of 
hemophiliacs with inhibitors). Large amounts of FVIII that function 
by “overwhelming” the antibody can be administered successfully to 
low responders to treat or prevent clinical bleeding. If human FVIII 
cannot be used because the inhibitor level is too high, FIX complex 
products can be used in an attempt to bypass the need for FVIII. This 
approach is sometimes referred to as factor eight inhibitor bypass-
ing activity (FEIBA). FIX complex concentrates (i.e., PCC) contain 
prothrombin and factors VII, IX, and X. The mechanism of bypass 
activity of these concentrates remains unclear, but it has been sug-
gested that their content of activated VK-dependent factors (IIa, Xa, 
trace amounts of VIIa and IXa) probably promote thrombin genera-
tion in vivo.36 Recombinant FVIIa is another bypass agent effective in 
the treatment of hemophilia patients with inhibitors.36 Recombinant 
FVIIa works by activating FX and bypassing the need for FVIII or 
FIX in the formation of fibrin and thus is equally effective in both 
hemophilia A and B patients with inhibitors.

lupus Anticoagulant
The second type of immunoinhibitor of major clinical importance is 
the lupus anticoagulant (LA), so called because it was first discov-
ered in patients with systemic lupus erythematosus (SLE). Approxi-
mately 6–16% of patients with SLE develop LA. The term lupus 
anticoagulant is a misnomer because LA is more frequently encoun-
tered in patients without lupus and has been associated with a variety 
of other autoimmune diseases, neoplasias, certain infections, and the 
administration of drugs, such as chlorpromazine or procainamide, as 
well as in apparently normal individuals. However, many people still 
call it the LA or lupuslike anticoagulant.

LAs are autoantibodies that interact with the phospholipid sur-
faces of the reagents used in the APTT test (and occasionally the PT), 
prolonging the test results. They are part of a family of antibodies 
called antiphospholipid antibodies (APLs). LAs are usually discov-
ered when an unexpectedly prolonged APTT and sometimes PT are 
found while performing routine coagulation studies. However, the LA 
is a laboratory phenomenon. Although laboratory testing suggests 
defective hemostasis, most patients do not in fact bleed but rather tend 
to be hypercoagulable. The pathophysiology, clinical aspects, and labo-
ratory evaluation of LA/APL are discussed in Chapter 35 with other 
disorders of hypercoagulability.

Acquired Pathologic inhibitors
Acquired inhibitors of blood coagulation, also called circulat-
ing anticoagulants, develop pathologically in patients with certain 
disease states and in some who have no apparent underlying condi-
tion. Almost all are immunoglobulins, primarily IgG or more rarely 
IgM, and can be either alloantibodies or autoantibodies. Two types of 
inhibitors are described: those directed toward a single coagulation 
factor and the lupus anticoagulant (LA).

inhibitors of single factors
Pathologic inhibitors against most coagulation factors have been 
reported. Alloantibodies arise in individuals with congenital factor 
deficiencies as a consequence of replacement therapy. Autoantibodies 
arise in individuals whose coagulation system was previously normal 
and can be associated with other conditions such as diseases or drugs, 
or are sometimes seen in patients who are otherwise healthy.67 With 
the exception of antibodies to FVIII and FIX, they are extremely rare. 
These inhibitors are recognized because of their interference with or 
neutralization of clotting factor activity. The following discussion con-
centrates on the FVIII and FIX inhibitors.

Clinical Aspects. Inhibitors to FVIII and FIX are observed most 
often in association with the hemophilias. Approximately 15–20% 
of patients with severe hemophilia A and 1–3% of patients with 
severe hemophilia B develop alloantibodies to the respective defi-
cient factor. Inhibitors are neutralizing alloantibodies that render 
the replacement factor inactive. Twenty-two percent of hemophilia 
A patients with the inversion mutation described earlier develop 
FVIII inhibitors. Most patients with inhibitors have severe hemo-
philia with very low coagulant and immunologic levels of the 
affected factor. All patients also have received replacement therapy 
for their factor deficiency, and most inhibitors develop within the 
first 50–100 exposure days to factor replacement although patients 
can develop an inhibitor at any time in their life. In hemophilia A 
patients, the antibody specificity is directed toward the coagulant 
antigen (VIII:Ag) only, not the VWF portion of the FVIII/VWF 
complex. Although most inhibitors develop in severe or moderate 
forms of hemophilia, they also can be found in some patients with 
mild forms of hemophilia A.68

FVIII inhibitors (autoantibodies) can also be found in nonhemo-
philic patients (acquired hemophilia A). These inhibitors occasionally 
develop in otherwise healthy individuals who most often are older 
patients or females during or following a pregnancy. Disease states 
associated with FVIII inhibitors include autoimmune and lympho-
proliferative diseases as well as multiple myeloma.67 Autoantibodies 
to other clotting factors can appear in similar circumstances as the 
FVIII inhibitors.

The clinical course of patients with acquired inhibitors is vari-
able but can resemble that of patients with severe hemophilia. These 
inhibitors result in fatal consequences in 10–20% of cases. In patients 
with congenital hemophilia who have not received therapy for 1 to 
2 years, the antibody level often decreases, but an anamnestic response 
can be seen within 2 to 4 days after re-exposure. The antibody can also 
disappear spontaneously.

Laboratory Evaluation. Laboratory test results in patients with 
FVIII or FIX inhibitors resemble those in patients with severe factor 
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the presence of accompanying diseases.70 These factors influence the 
interpretation of the laboratory tests.

Obtaining an adequate blood sample is of utmost importance 
but technically extremely difficult. Even with maximum attention to 
quality control, spuriously altered results are possible. A venous sample 
is preferred to capillary or arterial blood. Obtaining the sample from 
an indwelling catheter should be avoided because of the danger of 
heparin contamination.

Adding anticoagulant to the syringe allows one to draw blood 
more slowly while minimizing the risk of clotting. The amount of anti-
coagulant must be reduced when the infant’s hematocrit is above 55% 
because of the reduced plasma volume.

Because the total volume of blood in newborns is only 
250–350 mL, efforts must be made to minimize the amount of sample 
drawn (Chapter 36). Some suggestions for minimizing the amount 
of plasma needed for newborn testing are eliminating duplicate test-
ing when performing the PT and APTT or running several factor 
assays using diluted plasma rather than the screening tests.71 Micro- 
adaptations of several routine procedures, using 5–40 mcL of plasma, 
have been developed.72

Normal Hemostasis in the Newborn
Platelets and the proteins of the coagulation and fibrinolytic sys-
tems are first detected in fetuses at 10–11 weeks of gestation. See 
Table 34-14 ★ for expected values for various laboratory tests for 
preterm and term infants at birth compared with results in older chil-
dren and adults as well as the ages when adult levels of the proteins 
are reached.

Platelet counts reach adult levels by 27 weeks of gestation and, 
therefore, should be in the normal adult reference interval (and size—
i.e., mean platelet volume [MPV]) at birth. As with adults, platelet 
counts of 6100 * 109/L should be considered abnormal. Counts of 
1009150 * 109/L are considered borderline and should be repeated. 
Platelet structure viewed by electron microscopy appears normal, but 
the dense body content of serotonin and ADP is 650% of adult lev-
els.69 Decreased platelet aggregation (relative to adult “normal”) with 

flOw chArts
A flow chart that outlines reflex testing procedures that the labora-
tory can follow to investigate abnormal hemostatic screening tests is 
included in this text’s Companion Resources (Web Figure 34-2).

heMOstAsis in the newbOrn
Hemostasis is an evolving process and is age dependent (i.e., it devel-
ops or evolves during the process of fetal development and changes 
with gestational age).69 Blood coagulation studies in the newborn 
present special challenges to the laboratory. At birth, hepatic synthe-
sis of several of the clotting proteins is at a lower level than in normal 
adults, and this makes diagnosing some inherited and acquired hemo-
static abnormalities difficult. Some proteins do not reach adult levels 
until 6–12 months of age. Laboratory screening tests are prolonged 
(relative to adult normal values) and depend on the child’s age and 

A TT was performed on Scott, and the results were 
within the laboratory’s reference interval. Mixing studies 
were performed. Scott’s plasma was mixed with normal 
plasma, and the APTT was repeated on the mixture. The 
result of the APTT on the mixture was 36 sec.

8. What do the results of the APTT on the mixture of 
Scott’s plasma with normal plasma indicate?

9. What test should be performed next?

10. If a FVIII assay were as done with results of 61 U/dL, 
what molecular studies should be done?

11. What therapy is indicated for this patient?

12. What complications from the therapy are possible?

cAse stuDy (continued from page 706)

test

Preterm infant  
(28–31 weeks)  
(Day 1)

Preterm infant  
(32–36 weeks)  
(Day 1)

term infant  
(37–41 weeks)  
(Day 1)

Adults and Older 
children

Age Adult level 
reached

Platelet count, * 109/L 150–430 150–430 174–456 150–450 Before birth

Platelet aggregation Abnormal Abnormal Abnormal Normal One month

PT, sec 14.6–16.9a 10.6–16.2a 10.1–15.9a 10.8–13.9a Comparable at birth

APTT, sec 80–168a 27.5–79.4b 31.3–54.5a 26.6–40.3a By 6 months

TT, sec 19.0–30.4b 23.5 { 2.38c 19.7–30.3b At birth

FDP Normal Normal Normal Before birth

PT = prothrombin time; APTT = activated partial thromboplastin time; TT = thrombin time; FDP = fibrin degradation products
aAndrew M, paes B, Johnston M. Development of the hemostatic system in the neonate and young infant. Am J Ped Hem/Onc. 1990;12(1):95–104.
bAndrew M, paes B, Milner R et al. Development of the human coagulation system in the healthy premature infant. Blood. 1988;72:1651–657.
cAndrew M, paes B, Milner R et al. Development of the human coagulation system in the full-term infant. Blood. 1987;70:165–72.

★ tAble 34-14 Laboratory Tests in Preterm and Term Infants as Compared with Those of Adults  
and Older Children
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other hand, is increased at birth and gradually decreases over the first 
6 months of life.73

Natural inhibitors that the liver synthesizes are also decreased in 
newborns (Table 32-15). Adults with levels of AT equivalent to that 
of infants are considered at risk for thrombosis. Infants do not have 
this problem because the procoagulant proteins that are inactivated by 
AT are also decreased. Levels of PC are very low at birth and remain 
decreased during the first 6 months of life. Total PS is also decreased, 
but functional activity is similar to that in adults because all PS is 
present in the free (active) form because of the absence of C4BP.69 
Plasminogen levels in infants are decreased, and FDPs are similar to 
adult values.

The decrease in hemostatic factors in term and preterm infants 
affects coagulation tests (Table 34-12). The PT is prolonged ∼3 sec-
onds compared with that of adults because of the low levels of factors 
II, VII, and X. However, a PT of 717 seconds should be considered 
abnormal in the newborn.74 Values in the adult reference interval are 
usually achieved in 3–4 days.

low levels of ADP and with collagen, epinephrine, and thrombin are 
found at birth but normalize within several weeks. Platelet agglutina-
tion with ristocetin, on the other hand, is increased in newborns and 
must be considered when diagnosing VWD. Plasma concentration of 
VWF and the proportion of high-molecular-weight multimers are 
increased in newborns (newborns have low levels of the VWF cleaving 
protease ADAMTS-13).69 This likely explains the enhanced aggluti-
nation with ristocetin. Drugs that affect platelet function such as aspi-
rin when taken by the mother also influence hemostasis in the fetus.

Concentrations of the coagulation proteins for term and pre-
term infants, older children, and adults are in Table 34-15 ★. Mul-
tiple reference intervals are required because the hemostasis system 
is evolving. The fibrinogen group of factors is at normal adult levels 
at birth. The concentrations of the proteins of the prothrombin and 
contact factor groups are decreased at birth because of newborn liver 
immaturity. They reach adult levels at varying times (Table 34-15). 
The levels of these clotting factors usually are not low enough to 
affect hemostasis unless a stressful situation is present. VWF, on the 

Protein

Preterm infantsa 
(27–31 weeks) 
(u/dl) (Day 1)

term infants  
(38–41 weeks)  
(u/dl) (Day 1)

Adults and Older children  
(u/dl)

Age Adult level 
reached

coagulant proteins—fibrinogen  
group
 Fibrinogen, mg/dL 256 { 70 283 { 116 278–122 Before birth

 Factor V 65 { 22 72 { 35 62–150 Before birth

 Factor VIII 37–126 50–178 50–149 Before birth

 Factor XIII

  A subunit 32–108 27–131 55–155 5 days

  B subunit 35–127 30–122 57–137 5 days

coagulant proteins— prothrombin  
group
 Factor II (prothrombin) 19–54 26–70 70–146 6 months

 Factor VII 24–76 28–104 67–143 5 days

 Factor IX 17–20 15–91 55–163 6 months

 Factor X 25–64 12–68 70–152 6 months

coagulant proteins—contact  
group
 Factor XI 11–33 10–66 67–127 After 6 months

 Factor XII 5–35 13–93 52–164 After 6 months

 Prekallikrein 15–32 18–69 62–162 After 6 months

 HMWK 19–52 6–102 50–136 1 month

fibrinolytic protein
 Plasminogen 112–248a 195 { 70 336 { 88 6 months

naturally occurring inhibitors
 Antithrombin 20–38 63 { 24 105 { 26 3 months

 Protein C 12–44 35 { 18 96 { 32 After 6 months

 Protein S 14–38 36 { 24 92 { 32 3 months

 Heparin cofactor II 0–60 10–93 96 { 30 6 months

Andrew M, paes B, and Johnston M. Development of the hemostatic system in the neonate and young infant. Am J Ped Hem/Onc. 1990;12(1):95–104 except as 
noted (a).
aAndrew M, paes B, Milner R et al. Development of the human coagulation system in the healthy premature infant. Blood. 1988;72:1651–657.

★ tAble 34-15 Levels of Hemostatic Proteins in Preterm and Term Infants as Compared with Adults  
and Older Children
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in babies considered sick are most commonly either DIC, isolated 
platelet consumption independent of a decrease in clotting factors, 
or liver failure.

The most common abnormalities of hemostasis in well babies 
are immune thrombocytopenia, vitamin K deficiency, hemophilia, 
and bleeding from a localized vascular lesion. Diagnosing some 
hereditary bleeding disorders in the neonatal period is difficult, 
particularly mild or moderate deficiencies of FIX and VWD. Severe 
forms of FVIII or FIX deficiencies are easier to diagnose. Early onset 
vitamin K-deficiency bleeding (within the first 24 hours of life) is 
usually the result of placental transfer of maternal drugs that inhibit 
vitamin K activity in the baby, including Dilantin or other anticon-
vulsants, antibiotics, and oral anticoagulants.

Bleeding manifestations in babies with DIC are similar to those in 
other patients with the syndrome and include bleeding from puncture 
sites, the GI tract, and other locations. The PT and APTT are markedly 
prolonged, and thrombocytopenia is present in symptomatic babies.

One of the most common causes of death in premature infants is 
intracranial hemorrhage. Many of these are patients who have severe 
respiratory distress syndrome or a familial bleeding diathesis (hemo-
philia or another hereditary coagulation deficiency).

Thrombosis can also occur in infants, particularly those with 
indwelling catheters, those born to diabetic mothers, and those with 
predisposing medical conditions (e.g., asphyxia, infection, respiratory 
distress syndrome). Neonatal hypercoagulability can also be seen in 
infants with a hereditary thrombophilia (Chapter 35).

The APTT is also prolonged ∼293 seconds in term infants and 
can be significantly prolonged in preterm infants. This test depends 
on the factors of the intrinsic system and is particularly sensitive to 
the contact factors. Results of this test are also highly dependent on the 
reagent used.70,73 Adult levels can be reached in 4–6 months.74 The 
thrombin clotting time is abnormal although the fibrinogen level is 
normal because of the presence of a distinct fetal fibrinogen molecule 
with altered function. The thrombin time becomes normal within a 
few days after birth.

In general, hemostatic values in preterm infants differ from adults 
as discussed. These values also differ from term infants but erratically 
so; however, by 6 months of age, their values are comparable to those 
of term infants.75

Common Bleeding Disorders  
in the Neonate
Although the coagulation systems of the “well” term and preterm 
infants show low levels of many procoagulant, anticoagulant, and 
fibrinolytic proteins, hemostasis is usually functionally balanced, and 
neither thromboses nor hemorrhages occur. However, abnormali-
ties of hemostasis are present in ∼1% of newborns. The classifica-
tion of the most common problems depends on whether the child 
is considered sick or well. Sick infants include those with prematu-
rity, perinatal infection, respiratory distress syndrome, metabolic 
derangements, and/or birth asphyxia. Hemostatic abnormalities 

Summary
This chapter discusses the conditions associated with abnormal 
secondary hemostasis encompassing those in which fibrin is 
formed too slowly or poorly or fibrinolysis proceeds too rapidly 
so that excessive bleeding results. It also discusses the unique 
hemostatic status of newborns.

Abnormal fibrin formation occurs in patients with mutations 
of the genes that code for the circulating procoagulant proteins 
and result either in decreased synthesis or abnormal function 
of the protein. The most widely known of these disorders are 
X-linked deficiencies of FVIII and FIX, called the hemophilias. 
von Willebrand factor is complexed with FVIII in the circulation 
and when deficient can result in the most common bleeding dis-
order, von Willebrand disease. More unusual deficiencies of the 

remaining coagulation factors and of components of fibrinolysis 
can also result in excessive bleeding. However, in the case of 
factor XII, prekallikrein, and high-molecular-weight kininogen, no 
clinical bleeding symptoms are present in spite of abnormal in 
vitro laboratory test results. Some patients with deficiencies of 
these three components may have an increased risk for thrombo-
sis, thought to be secondary to impaired fibrinolysis. Laboratory 
screening tests and specific factor assays establish the diagnosis 
in disorders associated with coagulant protein deficiencies.

Newborns are at higher risk for bleeding and can have pro-
longed PTs and APTTs until the vitamin K-producing intestinal 
bacteria and liver production of the various coagulation factors 
are established.
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Use the following case study to answer questions 4–6.

An 18-year-old female bled profusely following extraction 
of a tooth. She had a history of sporadically increased men-
strual bleeding and nosebleeds. She had had an appendec-
tomy at age 10 with no unusual bleeding. A workup in the 
coagulation laboratory showed the following:

Review Questions
Level i

 1. A patient who has a deficiency of a clotting factor could 
have: (Objective 1)

 A. inherited an abnormal gene from a parent

 B. acquired the deficiency because of another disease 
present

 C. decreased amount of the particular factor in the blood

 D. all of the above

 2. Why do patients who have deficiencies of clotting factors 
usually have abnormal bleeding? (Objectives 1, 2)

 A. Fibrin formation is slower and less effective than 
normal.

 B. Platelets do not aggregate normally.

 C. Fibrin is formed too fast and in too large a quantity.

 D. Fibrin is broken down as fast as it is formed.

 3. What clotting factor is deficient in a patient with hemo-
philia A? (Objective 4)

 A. FVII

 B. FVIII

 C. FIX

 D. FXIII

 4. Which laboratory tests are outside their reference interval? 
(Objective 2)

 A. all tests shown

 B. platelet aggregation with ristocetin, activated partial 
thromboplastin time, FVIII assay

 C. platelet count, prothrombin time, FIX assay

 D. prothrombin time, activated partial thromboplastin 
time, FIX assay

 5. The most probable cause of this patient’s bleeding is: 
(Objectives 3, 10)

 A. vascular disorder

 B. FIX deficiency

 C. von Willebrand disease

 D. disseminated intravascular coagulation

 6. What laboratory test that is abnormal in this patient is dif-
ferent from that of a patient with hemophilia A? (Objec-
tives 5, 6)

 A. FVIII assay

 B. FIX assay

 C. platelet aggregation studies with ADP

 D. platelet aggregation studies with ristocetin

 7. What result of the platelet count would you expect in a 
patient with hemophilia A? (Objective 5)

 A. normal

 B. increased

 C. decreased

 D. unpredictable

 8. Which is/are characteristic/s of a patient with DIC? 
 (Objective 8)

 A. a prolonged PT

 B. a prolonged APTT

 C. a decreased platelet count

 D. all of the above

 9. What is the cause of disseminated intravascular coagula-
tion (DIC)? (Objective 8)

 A. an inherited deficiency of FX

 B. a reaction to another disease that causes the hemo-
static system to become activated

 C. a deficiency of vitamin K

 D. an antibody to FVIII

laboratory test Patient results laboratory 
 reference interval

Platelet count 312 * 109/L 1509440 * 109/L
Bleeding time 9.5 minutes 2–9 minutes
Closure time Increased
Prothrombin time 11.5 sec 10–12 sec
Activated partial 

thromboplastin time
38.0 sec 23–36 sec

FVIII assay 20 U/dL 50–150 U/dL
FIX assay 102 U/dL 50–150 U/dL
Platelet aggregation 

studies
Normal: ADP,  collagen, 

epinephrine
Abnormal: ristocetin
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 6. In which of the following patients would the presence of 
delayed bleeding and deep muscular hematomas be most 
likely? (Objectives 1, 5)

 A. a patient with FVIII deficiency

 B. a patient with FXII deficiency

 C. a patient who is heterozygous for FV deficiency

 D. a patient with dysfibrinogenemia

 7. In which of the following diseases would you most likely 
find an abnormal prothrombin time? (Objectives 4, 6)

 A. FVIII deficiency

 B. FIX deficiency

 C. disseminated intravascular coagulation

 D. prekallikrein deficiency

 8. Which of the following is true concerning acquired circu-
lating pathologic inhibitors to single coagulation factors? 
(Objective 9)

 A. They do not cause bleeding symptoms.

 B. They cause the same symptoms in the patient as an 
inherited deficiency of the same factor.

 C. They are often found in patients with von Willebrand 
disease.

 D. They are antibodies to the phospholipid in the coagu-
lation reagents.

 9. Which of the following is true in the condition known as 
disseminated intravascular coagulation (DIC)? (Objective 7)

 A. FV and FVIII become increased in activity.

 B. Fibrinolytic activity is absent.

 C. The patient has a single coagulation factor deficiency.

 D. Fibrinogen and platelets become depleted.

 10. What laboratory test is helpful in differentiating primary 
and secondary fibrino(geno)lysis? (Objective 9)

 A. thrombin time

 B. D-dimer test

 C. plasmin-antiplasmin complexes

 D. platelet count

 10. Which result would be expected in a newborn infant? 
(Objective 9)

 A. a shorter APTT test than that in an adult

 B. a longer APTT test than that in an adult

 C. a lower platelet count than that in an adult

 D. a higher platelet count than that in an adult

Level ii

 1. Referring to the case study for Level I questions 4–6, 
the  results of the platelet aggregation studies indicate 
that the patient has a defect in which of the following? 
(Objective 4)

 A. FVIII

 B. platelet adhesion

 C. fibrinolysis

 D. intrinsic system of fibrin formation

 2. What is the usual inheritance pattern of von Willebrand 
disease? (Objective 3)

 A. autosomal dominant

 B. autosomal recessive

 C. X-linked recessive

 D. not inherited, usually acquired

 3. Which of the following is characteristic of type I von Wil-
lebrand disease? (Objective 4)

 A. decreased amounts of large multimers of VWF

 B. increased amounts of large multimers of VWF

 C. decreased amounts of all VWF multimers

 D. decreased amounts of small VWF multimers only

 4. Which laboratory procedure analyzes VWF qualitatively for 
abnormalities of the molecular structure? (Objective 4)

 A. ristocetin-induced platelet aggregation

 B. FVIII assay

 C. SDS-page gel electrophoresis

 D. activated partial thromboplastin time

 5. What is the cause of von Willebrand disease? (Objective 3)

 A. genetic mutations in the FVIII gene

 B. genetic mutations in the VWF gene

 C. genetic mutations in the glycoprotein Ib gene

 D. exposure to dyes and chemicals
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define hypercoagulability, thrombophilia, thrombus, and thrombosis.
 2. Describe the physiological processes involved in hypercoagulability.
 3. Explain how a thrombus becomes a thromboembolus.
 4. Contrast a white thrombus and a red thrombus, and list the risk factors 

predisposing to the formation of each.
 5. Define deep vein thrombosis (DVT); explain how it is diagnosed and 

what clinical conditions can result from it.
 6. Describe the role of heparin in the neutralization of activated coagula-

tion factors by antithrombin.
 7. Diagram the relationship of protein C (PC) and protein S (PS) to the 

coagulation pathway and explain why a deficiency of either might lead 
to a thrombotic tendency.

 8. Explain why both molecular (antigenic) and functional assays should be 
performed for diagnosing antithrombin, PC, or PS abnormalities in a 
patient.

 9. Describe activated PC (APC) resistance (APCR), and explain its contri-
bution to thrombophilia.

 10. List two side effects of heparin therapy and what hematology proce-
dures should be monitored to prevent or limit these complications.

 11. Contrast unfractionated heparin (UFH) and low-molecular-weight hepa-
rin (LMWH) including anticoagulant mechanisms and monitoring.

 12. Discuss how oral anticoagulants such as Coumadin decrease a per-
son’s risk for thrombosis, and describe the best way to monitor oral 
anticoagulation.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Evaluate the utility of laboratory tests in the differential diagnosis of 

arterial and venous thrombotic disease.
 2. Describe the role of microparticles in arterial and venous thrombosis.
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 8. Explain how increased levels of prothrombin or fibrinogen 
might predispose to thrombosis.

 9. Describe how deficiencies of plasminogen or plasmino-
gen activator or increased levels of plasminogen activator 
inhibitor could lead to thrombosis.

 10. Identify secondary disorders leading to thrombosis.
 11. Describe and explain the treatment of a thrombotic 

episode.
 12. Explain how the international normalized ratio (INR) has 

standardized prothrombin times.
 13. Evaluate the use and monitoring of thrombolytic therapy 

in treatment of thrombosis.
 14. Given a patient history and appropriate laboratory results, 

interpret the data to determine a probable diagnosis.

Objectives—Level II (continued)

 3. List four clinical manifestations suggestive of an inherited 
thrombophilia, and explain why many patients are not 
diagnosed.

 4. Explain the differences between type I and type II defi-
ciencies of protein C (PC), protein S (PS), and antithrom-
bin; given values for antithrombin or PC and PS assays, 
determine the type of deficiency in a patient.

 5. List two deficiencies that can cause warfarin- (Coumadin-) 
induced skin necrosis and give potential treatment options.

 6. Justify performing both a clotting and molecular assay for 
diagnosis of activated PC resistance (APCR).

 7. Describe the two most common mutations leading to 
hyperhomocysteinemia.

Key Terms
Activated protein C resistance 

(APCR)
Antiphospholipid antibody (aPL)
Antiphospholipid syndrome 

(APS)
Deep vein thrombosis (DVT)
Disseminated intravascular 

coagulation (DIC)
Dysfibrinogenemia
Embolus
Factor V Leiden (FVL)
Hemolytic uremic syndrome 

(HUS)
Heparin-induced 

thrombocytopenia (HIT)
Hypercoagulable

Hyperhomocysteinemia
Low-molecular-weight heparin 

(LMWH)
Microparticles (MP)
Pulmonary embolism (PE)
Red thrombi
Thromboembolism (TE)
Thrombolytic therapy
Thrombophilia
Thrombophlebitis
Thrombosis
Thrombotic thrombocytopenic 

purpura (TTP)
Thrombus
Unfractionated heparin (UFH)
White thrombi

Background Basics
Information in this chapter builds on concepts learned in previ-
ous chapters. To maximize your learning experience, you should 
review these concepts before starting this unit of study:

Level i
• Describe the mechanisms of platelet activation and the func-

tions of platelets in both primary and secondary hemostasis. 
(Chapter 31)

• outline the coagulation cascade and the components contrib-
uting to fibrin formation. (Chapter 32)

• list the components and the function of the fibrinolytic sys-
tem and the products produced by fibrinolytic action (FDPs). 
(Chapter 32)

• list the mechanisms that maintain normal physiologic control of 
hemostasis, particularly the inhibitors of both coagulation and 
fibrinolysis. (Chapter 32)

Level ii
• Describe the mechanism of activation of serine proteases (com-

plex formation on a phospholipid surface). (Chapter 32)
• Summarize the physiologic controls that limit activation 

of coagulation and fibrinolysis to the sites of vessel injury. 
(Chapter 32)

• Describe the method of activation and physiologic function of 
the inhibitors of coagulation and fibrinolysis. (Chapter 32)

We will address this case study throughout the chapter.

Andrea is a 37-year-old woman recently diagnosed with 
deep vein thrombosis (DVT) of the right leg. She is dehy-
drated and taking oral contraceptives. She is also taking 
Coumadin.

Consider possible factors contributing to Andrea’s 
thrombosis and the laboratory tests that might be used 
to differentiate and diagnose the cause.

Case stuDy OvervieW
This chapter describes imbalances between procoagulant and antico-
agulant processes in the hemostatic system that result in an increased 
tendency to form thrombi (thrombophilia). The chapter begins with 
a summary of the factors that influence thrombus formation in the 
arterial and venous blood vessels and the nature of the resulting 
thrombi that form in each side of the circulatory system. The chapter 
defines thrombophilia and describes the hereditary and acquired fac-
tors that contribute to it. The chapter discusses the pathophysiologic 
basis, clinical manifestations, and laboratory diagnosis for each throm-
bophilic factor with emphasis on the concept of thrombophilia as a 
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multifactorial disease process. For details on laboratory tests men-
tioned in this chapter, refer to Chapters  36 and 37. The chapter ends 
with a brief discussion of the available therapies for the thrombophilic 
patient.

intrODuCtiOn
The human hemostatic system represents a balance between proco-
agulant or thrombogenic factors and anticoagulant and/or fibrinolytic 
activity. In a normal healthy individual, the two systems are balanced 
so that neither excessive bleeding nor clotting occurs. When the bal-
ance is tipped so that there is more procoagulant or clotting activity (or 
less anticoagulant activity), the person is said to be hypercoagulable. 
Thrombosis is the formation of a platelet and/or fibrin mass within a 
vessel, known as a thrombus (plural, thrombi). Many conditions can 
cause hypercoagulability and lead to thrombosis.

The three physiologic components responsible for hemostasis are 
also the sources of thrombogenic influences: the vascular endothelial 
cell, platelets, and coagulation proteins (Table 35-1 ★). The normal 
intact endothelium is antithrombogenic and does not activate plate-
lets or blood coagulation factors. Damage to vascular endothelial cells 
can cause the release of prothrombotic substances (e.g., tissue factor, 
thromboxane [TXA2], plasminogen activator inhibitor [PAI-1]) or 
loss of normally protective antithrombotic functions (e.g., thrombo-
modulin/protein C [PC] activation, heparan sulfate/antithrombin 
[AT] activation, nitric oxide, prostacyclin) (Figure 31-3). Circulating 
platelet agonists or interaction of platelets with exposed subendo-
thelium can activate platelets. Tissue factor (TF) or collagen result-
ing from damaged vessels can activate procoagulant plasma proteins. 

Inadequate control of plasma coagulation can result from decreased 
activity of protective protease inhibitors or inadequate fibrinolysis. 
Additionally, stasis, or impaired blood flow, is thrombogenic. Normal 
unimpeded blood flow dilutes or removes activated clotting factors 
from their site of activation.

Thrombi can form in any part of the cardiovascular system, 
including the arteries, veins, heart, and microcirculation. Thrombi 
are composed of fibrin, platelets, and entrapped cells; the relative 
proportion of each component is influenced by hemodynamic fac-
tors and differs in arterial and venous thrombi. The thrombus is often 
incorrectly referred to as a clot; however, a clot is a mass that forms 
extravascularly (either in vitro or from bleeding into the tissues or 
body cavities). Thrombus formation can lead to two major patho-
logic events. The thrombus can enlarge, causing local obstruction of 
the blood vessel (ischemia) and resulting in the death of the tissue 
supplied by that vessel (necrosis). A piece of thrombotic material (an 
embolus) can break off from the thrombus and travel through the cir-
culatory system, lodging at a distant site and obstructing blood flow in 
that tissue, causing ischemia and necrosis. This obstruction is termed 
an embolism. If the blockage originates from a thrombus, it is referred 
to as a thromboembolism (TE).

thrOmbus FOrmatiOn
Arterial Thrombi
Thrombi formed in arteries where blood flow is rapid are termed 
white thrombi. They are composed primarily of platelets and fibrin 
with relatively few leukocytes and erythrocytes. Arterial thrombi 
usually form in regions of disturbed flow, at sites of damage to the 
endothelium, often in areas of atherosclerotic plaques. Plaques are 
composed of extracellular lipids, fibrous connective tissue, and foam 
cells (e.g., lipid-filled macrophages, smooth muscle cells). Thrombosis 
is generally initiated by endothelial denudation of the plaque, expos-
ing subendothelial thrombogenic material to the blood. Platelet acti-
vation and activation of plasma coagulation factors occur, resulting in 
the formation of fibrin. The activated platelets and fibrin interact to 
form a thrombus that can extend into the lumen of the vessel, eventu-
ally obstructing the artery and inducing ischemia. An embolus can 
break off and lodge in the small vessels of the heart or brain, causing 
myocardial or cerebral infarction (and tissue death).1 In addition to 
endothelial cell loss, more subtle endothelial injury (e.g., exposure to 
endotoxin, hypoxia, cytokines such as interleukin-1 or TNF [tumor 
necrosis factor]) can also promote coagulation. Treatment for arterial 
thrombi usually involves platelet-inhibiting drugs (e.g., aspirin, clopi-
dogrel, or ticlopidine) or thrombolytic therapy.

Traditional risk factors associated with an increased predispo-
sition to atherothrombosis and the formation of arterial thrombi 
include hypercholesterolemia, hypertension, smoking, physical inac-
tivity, obesity, and diabetes. Historically, up to one-half of all patients 
who developed a coronary thrombosis did not have any of these 
conventional risk factors. Consequently, there was interest in identi-
fying additional risk markers that could predict an impending arte-
rial thrombotic event. More recently recognized risk factors include 
hyperhomocysteinemia, elevated lipoprotein a (Lp[a]), and oxidized 
low-density lipoproteins (oxLDL).2 Standard laboratory tests (pro-
thrombin time [PT], activated partial thromboplastin time [APTT], 

thrombogenic alterations
• Damage/activation of endothelial cells
• Exposure of subendothelium (loss of endothelial cells)
• Activation of platelets (circulating agonists, interaction with 

subendothelium)
• Activation of plasma coagulation proteins
• Inhibition of fibrinolysis
• Stasis

Loss of protective mechanisms
• Antithrombotic factors released from intact endothelium (pros-

tacyclin, nitric oxide)
• Neutralization of activated coagulation factors by endothelial 

components (thrombomodulin, heparan sulfate)
• Inhibition of activated coagulation factors by naturally occurring 

plasma protease inhibitors (AT, TFPI, HCII)
• Degradation of coagulation factors by inhibiting proteases 

(APC)
• Dilution of activated clotting factors and disruption of platelet 

aggregates by unimpeded blood flow
• Breakdown of fibrin thrombi by the fibrinolytic system

AT = antithrombin; TFPI = tissue factor pathway inhibitor; HCII = heparin 
cofactor II; APC = activated protein C

★ tabLe 35-1 Physiologic Alterations Contributing 
to Thrombosis
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DVT in 790% of cases. Embolization of a (deep vein) thrombus to 
the pulmonary circulation is a serious and potentially life-threatening 
complication of DVT. A strong association exists between finding 
a PE and the presence of venous thrombosis in the lower limbs; PE 
is detected in ∼50% of patients with documented proximal DVT.10 
DVT and PE are thought to be different stages and clinical presen-
tations of the same pathologic process, termed venous thromboem-
bolism (VTE). The incidence of DVT is 100–380 cases per 100,000 
individuals per year,11 and about 30% of patients with it experience a 
recurrence within 10 years.12

Like arterial thrombosis, venous thrombosis occurs when activa-
tion of blood coagulation exceeds the ability of the natural protective 
mechanisms (anticoagulants or inhibitors and the fibrinolytic system) 
to prevent fibrin formation (Table 35-1). Venous thrombosis is asso-
ciated with the activation of plasma coagulation proteins initiated 
by vascular trauma or inflammation, the consequences of which are 
amplified by stasis. Venous stasis predisposes to local thrombosis by 
impairing the clearing of activated coagulation factors.

VTE can occur spontaneously or be provoked by recognizable 
clinical risk factors.13 About 60% of VTE events occur in hospitalized 
and nursing home patients, suggesting that prophylactic treatment of 
certain patient groups may reduce the incidence of VTE.14 Clinical 
risk factors that predispose to venous thrombosis include the follow-
ing (risk factors 3–8 are discussed later in this chapter):

 1. Venous stasis Venous return from the legs is enhanced by con-
traction of calf muscles, which act as a pump to propel blood from 
the legs toward the heart. Immobility (loss of the pumping action 
of the contracting muscles), venous obstruction, venous dilation, 
and increased blood viscosity (polycythemia, dysproteinemia, 
elevated fibrinogen) all predispose to venous thrombosis.

 2. Vessel wall damage The vascular endothelium can be dam-
aged by direct trauma (surgery, severe burns, severe trauma) 
and exposure to endotoxin, inflammatory cytokines (interleu-
kin-1, TNF), thrombin, or hypoxia. Damaged endothelial cells 
synthesize tissue factor and PAI-1 and reduce thrombomodulin 
and tPA expression—changes that promote thrombogenesis10 
( Figure 31-3).

 3. Factor V Leiden (FVL) and activated PC resistance
 4. Deficiency of circulating protease inhibitors Antithrombin, 

PC, protein S [PS], heparin cofactor II (HCII).
 5. Elevated prothrombin levels Prothrombin 20210.
 6. Antiphospholipid antibodies
 7. Hyperhomocysteinemia
 8. Decreased fibrinolytic activity Fibrinolytic activity has been 

found to be lower in leg veins than in arm veins, which could 
partly explain the greater tendency for venous thrombosis to 
occur in the lower extremities.15

 9. Malignancy The association between venous thrombosis and 
cancer has been attributed to procoagulant material released 
from the tumor cells or to complications of chemotherapy.

10. Surgery Surgery has been recognized as a major risk factor for 
VTE; certain surgical procedures have a higher risk than others.

11. Miscellaneous Other factors associated with increased risk of 
thrombosis include advanced age, obesity, pregnancy, use of 
oral contraceptives (OCs) and hormone replacement therapy, 
smoking, hypertension, hyperlipidemia, and a clinical history of 

and thrombin time [TT]) are neither specific nor sensitive for pre-
dicting arterial thrombi. Thus, novel risk factors and laboratory tests 
have been investigated. Some additional tests that are often included 
in a thrombotic profile are hyperhomocysteinemia; elevated Lp(a); 
quantitative fibrinogen; D-dimer; PAI-1; C-reactive protein (CRP); 
and decreased tPA. None of these tests is specific for arterial throm-
bosis. Tests suggesting an increase in procoagulant activity (elevated 
fibrinogen, hyperhomocysteinemia) or decreased fibrinolytic activity 
(elevated PAI-1, decreased tPA) can reflect a thrombotic tendency but 
not specifically arterial thrombosis.

It is now well accepted that inflammation plays a major role in the 
initiation and progression of atherothrombosis.2,3 Thus, inflammation 
can be linked to cardiovascular risk, and a number of different bio-
markers of inflammation have been shown to be useful as predictors 
of preclinical atherothrombosis. Clinical data for CRP,  fibrinogen, and 
serum amyloid A (acute-phase reactant proteins) strongly support a 
role for inflammation in atherothrombosis.4,5 Of these, the assay for 
high sensitivity CRP (hsCRP) has emerged as the most useful.2

CRP is a typical acute-phase reactant with elevated serum levels 
occurring in response to acute injury, infection, or other inflammatory 
stimuli. The high sensitivity assay for CRP (hsCRP) is widely used as 
a biomarker for chronic vascular inflammation. CRP provides addi-
tional prognostic information to LDL cholesterol assays. Individuals 
with low LDL cholesterol levels but elevated CRP have a higher risk 
of developing future vascular disease than those with elevated LDL 
cholesterol but low levels of CRP.6 Evidence of inflammation can be 
detected many years in advance of acute thrombosis in apparently 
healthy men and women, indicating that inflammatory processes 
occur early and precede vascular occlusion.7

Manifestations of arterial thrombotic disease include acute 
coronary syndromes (ACS)/coronary heart disease (CHD), ischemic 
stroke (a disturbance of cerebral function lasting 724 hours), and 
peripheral artery disease (PAD—affecting the lower extremities).

Venous Thrombi
Thrombi formed in the veins where blood flow is slower are termed 
red thrombi. They are primarily composed of red blood cells trapped 
in the fibrin mesh with relatively fewer platelets and leukocytes. Such 
thrombi usually form in regions of slow or disturbed blood flow, often 
in venous segments that have been exposed to direct trauma.

Although venous thrombi can occur in any vein in the body, 
they most commonly occur in the lower limbs. Thrombosis of the 
upper extremities (brachial, axillary or subclavian veins) consti-
tute only 4–10% of reports of venous thrombosis.8 Thrombosis of 
the superficial veins of the legs is usually benign and self-limiting 
( thrombophlebitis). This is primarily an inflammatory process trig-
gered by mechanical or chemical irritants or in varicose veins with 
slow blood flow.9 In contrast, involvement of the deep veins of the leg 
(deep vein thrombosis [DVT]) is more serious. Generally, distal 
thrombi localized to the deep veins of the calf are less serious (and 
often undergo spontaneous lysis) than those involving the proximal 
veins (popliteal, femoral, or iliac veins). DVT involving the calf are also 
less commonly associated with long-term disability. The symptoms 
of venous thrombosis can include localized pain, warmth, redness, 
and swelling. Pulmonary embolism (PE) refers to the presence 
of thrombi in the pulmonary arteries; it originates from lower limb 
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Most of the MPs found in the circulation of healthy individuals are 
platelet derived. However, there are significant changes in the quan-
tity and cellular origin of MPs in patients with arterial and venous 
 thrombosis.32 MPs from different cellular sources differ in their 
expression of phosphatidyl serine and/or TF, each of which contrib-
utes to the procoagulant properties of MPs.27 Numerous studies have 
reported on the involvement of TF-expressing MPs in both arterial 
and venous thrombosis. However, there is still controversy on whether 
the MPs are truly a cause or are a consequence of thrombosis.27

The feasibility and utility of detecting and quantifying mic-
roparticles as biomarkers for thrombosis are under investigation.27,33 
Accurate detection of MPs is technically challenging, and a number 
of detection methods are being explored.33 It is likely that evaluation 
of circulating MPs will eventually be added to the menu of labora-
tory tests used in the diagnosis of thrombosis and/or prediction of 
thrombotic risk.

thrOmbOPhiLia
The two most common causes of death worldwide in the past decade 
were ischemic heart disease and stroke with 7 million and 6.2 million 
people, respectively, dying annually.34 A congenital abnormality and/or 
an acquired alteration can cause thrombotic episodes. The proper treat-
ment or prevention of thrombosis depends on careful clinical assess-
ment and extensive testing procedures.

The term thrombophilia is used to describe any disorder 
either inherited or acquired associated with an increased risk of 
thrombosis. This increased risk of thrombosis is also referred to as 
hypercoagulability. Although thrombosis at a young age is prob-
ably the most important feature of inherited thrombophilia, many 
patients have their first episode later in life. Women with certain 
inherited thrombophilic abnormalities have an increased risk of 
pregnancy loss, preeclampsia, and hemolysis, elevated liver enzymes, 
and low platelet count (HELLP) syndrome (Chapter 20), whereas 
some acquired thrombophilic conditions are also associated with 
recurrent pregnancy loss.35 Carriers of some inherited thrombo-
philic defects are prone to other thrombotic complications, such as 
vitamin K antagonist- (warfarin)-induced skin necrosis or heparin 
resistance. The thrombotic risk of a given hereditary predisposition 
or an acquired condition varies from low to modest to high risk of 
VTE (Table 35-2 ★).

An inherited thrombophilic risk factor places an individual at 
risk for but does not inevitably lead to thrombosis. Not all  persons 
with thrombophilia experience a thrombotic event; many do not 
develop thrombosis unless some other (acquired) risk factor is 
 present. Surgery, pregnancy, immobilization, estrogen therapy, obesity, 
trauma, and infection can initiate thrombotic events. These condi-
tions can lead to thromboses in people with or without an inherited 
thrombotic tendency, so when a thrombotic episode occurs, a deci-
sion must be made as to whether it represents an isolated event or the 
patient has an underlying genetic predisposition. A thorough personal 
and family history can help in determining the likelihood of a genetic 
 component. However, some affected family members may be asymp-
tomatic, their condition discovered only after another family member 
is diagnosed. More than one hemostatic defect or abnormality signifi-
cantly increases the risk for thrombosis.

 previous venous thromboembolism. Blood groups other than 
group O (e.g., A, B, AB) have been shown in some studies to 
have an increased risk of thrombosis,16–20 perhaps the result of 
higher levels of von Willebrand factor (VWF) in blood groups A, 
B, and AB.21

The diagnosis of DVT can be difficult because similar clinical 
features and laboratory test results are found in other conditions. 
Clinical/laboratory diagnosis of venous thrombosis is generally 
accepted to be unreliable and objective tests are needed to confirm 
the diagnosis.9 Objective tests using radiologic procedures to visu-
alize the thrombus can help in identifying a thrombus. Venogra-
phy, the traditional “gold standard” for diagnosing DVT, has largely 
been replaced by noninvasive venous compression ultrasonogra-
phy (CUS), and spiral computerized tomography (s-CT). Likewise, 
pulmonary angiography has largely been replaced by computed 
tomography of the pulmonary arteries to confirm PE.9,22 Blood 
tests for biologic markers of thrombin generation and fibrinoly-
sis are often elevated in patients with DVT. Laboratory tests used 
in diagnosis include prothrombin fragment 1.2, fibrinopeptide 
A (FPA), thrombin-AT (TAT) complex, soluble fibrin monomer, 
D-dimer, tPA, and PAI-1. However, these tests are nonspecific and 
can be abnormal in a number of clinical conditions associated with 
excessive coagulation and/or fibrinolysis and thus have low speci-
ficity for DVT. An appropriately validated quantitative D-dimer 
assay (different assays have variable sensitivity and specificity) 
seems to have both high sensitivity and a negative predictive value; 
thus, a negative result can be used to rule out DVT.23,24

A patient has low levels of tPA and elevated levels of 
PAI-1. Why would this result in hypercoagulability in this 
patient?

CheCkpoint 35-1

Microparticles in Arterial and 
Venous Thrombosis
Microparticles (MPs) are cell-derived products that have been 
recognized as playing a key role in thrombus formation.25–27 They 
are membrane-bound vesicles produced by blebbing of the cell mem-
brane of the parental cell and are released in response to cell activation 
or apoptosis. They range in size from 100–1000 nM, and carry many 
of the antigens of the parent cell.28

Initially, MPs were recognized for having procoagulant potential, 
associated with the externalization of phosphatidyl serine, which is 
normally sequestered on the inner leaflet of the cell membrane, and/
or expression of TF.29 More recently, MPs have been recognized as 
playing a role in other physiologic processes, including inflammation, 
angiogenesis, and immune responses.30 MPs have also been reported 
to promote anticoagulant functions and fibrinolytic responses, pos-
sibly at times counteracting their prothrombotic activity.31

MPs can be derived from a variety of cell types, including plate-
lets, endothelial cells, erythrocytes, leukocytes, and cancer cells. 
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fibrinolysis or platelet activation can contribute to the thrombotic ten-
dency. An acquired predisposition to thrombosis, such as prolonged 
immobility or pregnancy, can interact with an underlying hereditary 
predisposition to precipitate an acute thrombotic event. A combination 
of more than one hereditary predisposition strongly accelerates and 
exaggerates the thrombotic process. Thus, thrombosis can occur in sus-
ceptible patients having one or more genetic mutations when they are 
exposed to exogenous prothrombotic stimuli.36 The “thrombotic poten-
tial” in these patients is higher than normal ( Figure 35-1 ■). Inherited 
thrombotic disorders are usually associated with venous thrombosis.

Hereditary Thrombophilia
Inherited or hereditary thrombophilia refers to individuals with a 
genetic predisposition resulting in an increased risk of thrombosis. 
Specific inherited alterations associated with TE have been identified 
(Table 35-3 ★). Most of these changes involve an increase in procoagu-
lant potential (e.g., activation of the coagulation cascade) or a defect 
or decrease in natural inhibitors of clotting. Likewise, abnormalities of 

Low Moderate High Excessive

Hereditary Heterozygous APCR Heterozygous AT deficiency Double heterozygous APCR/ 
prothrombin 20210

Homozygous or double hetero-
zygous AT, PC, PS

Heterozygous prothrombin  
20210

Heterozygous PC or PS deficiency Homozygous prothrombin 20210

heterozygous hCii homozygous factor V leiden (apCr)

Sickle cell anemia

mthFr C677t

blood group a, b, ab

Dysfibrinogenemia

Acquired General surgery Sepsis Hip fracture mucin-secreting adenocarcinoma

oral contraceptives  pregnancy Surgery for malignancy Total hip or knee replacement

long trips Prolonged immobilization Acute promyelocytic leukemia

elevated FViii Antiphospholipid Ab TTP

elevated lp(a) myeloproliferative neoplasms

hit PNH

major surgery/major trauma

APCR = activated protein C resistance; at= antithrombin; pC = protein C; pS = protein S; hCii = heparin cofactor ii; mthFr = methy ltetrahydro folate;  
Ab = antibody; ttp = thrombotic thrombocytopenia purpura; lp(a) = lipoprotein a; hit = heparin induced thrombocytopenia; pNh = paroxysmal nocturnal 
hemoglobinuria

★ TAbLE 35-2 Risk of Clinical Venous Thromboembolic Disease

• Antithrombin deficiency

• PC deficiency

• PS deficiency

• activated protein C resistance (apCr)

• Prothrombin mutation G20210A

• hCii deficiency

• tissue factor pathway inhibitor variant

• Hyperhomocysteinemia

Cystathionine b synthase deficiency

methylenetetrahydrofolate reductase deficiency

• abo blood type

• Dysfibrinogenemia/hyperfibrinogenemia

• elevated FViii

• FXii deficiency

• Plasminogen deficiency

• plasminogen activator deficiency

• elevated pai-1

APCR = activated protein C resistance; HCii = heparin cofactor ii; 
PAi@1 = plasminogen activator inhibitor; PC = protein C; PS = protein S

★ TAbLE 35-3 Hereditary Conditions Associated with 
Thrombosis

■  FigurE 35-1 Interaction of acquired thrombotic trig-
gers with individual baseline hypercoagulability. Individu-
als with hereditary mutations resulting in thrombophilia 
have a higher baseline level of hypercoagulability (red line) 
compared with normal individuals (blue line). As a result, 
the introduction of an identical acquired prothrombotic 
stimulus will more easily push the thrombophilic individual 
into an overt acute thrombotic event (dotted line), com-
pared with a normal individual.

Thrombosis
Threshold

Time

Patient with high level of 
baseline hypercoagulability

Patient with low level of
baseline hypercoagulability
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antithrombin (at) Deficiency
AT is the major inhibitor of the serine proteases involved in coagula-
tion (thrombin, FXa, FIXa) (Chapter 32; Figure 32-1). AT’s relatively 
weak natural inhibitory function is augmented ∼1000@fold in the 
presence of heparin. In vivo, endothelial cell glycosaminoglycans 
(e.g., heparan sulfate) are the natural catalyst for AT. Reduction of AT 
levels to ∼50% of normal predisposes to venous thrombosis because 
of a decrease in the normal inhibition of the coagulation pathway.

Pathophysiology
AT deficiency, the first recognized inherited risk factor for thrombo-
sis, was described in 1965 and is inherited as an autosomal-dominant 
trait.41 More than 250 mutations of the AT gene (SERPINC1) have 
been identified (www1.imperial.ac.uk/departmentofmedicine/
divisions/experimentalmedicine/haematology/coag/antithrombin/).

Two major types of inherited deficiencies have been described 
(Table 35-5 ★). Type I deficiency is the result of reduced synthesis of a 
biologically normal protein (i.e., a quantitative deficiency). In this case, 
the antigenic and functional activities of AT are reduced in parallel. 
The second type of AT deficiency is produced by a specific molecular 
defect within the inhibitor (type II, or qualitative deficiency). Func-
tionally, type II mutations involve either the heparin-binding site or 
the reactive (protease-binding) site of the AT molecule. In this case, 
the plasma levels of AT functional activity are reduced, whereas AT 
immunologic activity is essentially normal.

Clinical Findings
The prevalence of AT deficiency in the general population is about 
0.02% and in patients with VTE is ∼192%.39 Heterozygous indi-
viduals generally have AT functional activity of 30–60% (reference 
interval 80–120%, or ∼140 mcg [mg]/mL ). Homozygous type I 
deficiency is not compatible with fetal survival. Homozygous type II 

Factor v Leiden Prothrombin 20210 PC Deficiency Ps Deficiency
antithrombin 
Deficiency

Occurrence
 General population 4–10% 2–4% 0.2–0.4% 0.07–2.3% 0.02%

 First DVT 20% 7% 3% 2–3% 1–2%

 Thrombophilic families 40% 18% 6% 4% 4%

Physiologic effect FVa resistant to cleav-
age by APC

c  Prothrombin

c  Thrombin formation

T   Inactivation of FVa, 
FVIIIa

T  Cofactor for APC

T  APC function

T   Inhibition of FXa, 
thrombin

Unregulated 
coagulation

Unregulated 
coagulation

Clinical presentation
 Homozygous c c  Risk VTE (80* ) c  Risk VTE Purpura fulminans Purpura fulminans Lethal in utero

Possible c  arterial TE

 Heterozygous c  Risk VTE (497* ) c  Risk VTE (394* ) c  Risk VTE (498* ) c  Risk VTE (498* ) c  Risk VTE (10* ) 

PC = protein C; PS = protein S; DVT = deep vein thrombosis; VTE = venous thromboembolism; APC = activated protein C; TE = thromboembolism; 
c = slightly9moderately increased; c c = highly increased; T = decreased 

Adapted from: Marder VJ, Matei DE. Hereditary and acquired thrombophilic syndromes. In: Colman RW, Hirsh J, Marder VJ et al., eds. Hemostasis and Thrombosis: 
Basic Principles and Clinical Pratice, 4th ed. Philadelphia: Lippincott Williams & Wilkins; 2000: 1243–275; Emmerich J, Aiach M, Morrange P-E. Thrombophilia genet-
ics. In: Marder VJ, Aird WC, Bennett JS et al., eds. Hemostasis and Thrombosis: Basic Principles and Clinical Practice, 6th ed. Philadelphia: Lippincott Williams & 
Wilkins; 2013:962–72; Morange P-E, Tregouet D-A. Current knowledge on the genetics of incident venous thrombosis. J Thromb Haemost.2013;11(suppl 1):111–21.

★ tabLe 35-4 Inherited Thrombophilia: Characteristics of the Five Most Studied Defects

Andrea’s mother had had eight children and had expe-
rienced no thrombotic events although two paternal 
uncles had died suddenly of pulmonary embolism. Two 
of the mother’s cousins also had pulmonary emboli: One 
died suddenly, but the other recovered.

1. What risk factors, if any, are revealed in the patient’s 
history?

Case stuDy (continued from page 721)

Patients diagnosed with inherited thrombophilia usually present 
with one or more of the following clinical manifestations37:

1. Venous thromboembolism at a young age (before age 45)
2. Recurrent venous thromboembolism
3. Family history of venous thromboembolism
4. Thrombosis in an unusual site (cervical or visceral veins)

The five most clearly delineated hereditary  abnormalities 
 associated with thrombophilia (factor V Leiden, decreased or 
 defective PC, PS, or antithrombin, and prothrombin 20210 
 mutation) combined account for ∼30% of the initial cases of 
DVT and are the apparent hereditary defects in 75% of throm-
bophilic  families.38 In contrast to heterozygous female carriers 
of a  hemophilia gene in whom 50% of normal levels of the clot-
ting  factor are sufficient to protect against bleeding, half-normal 
levels of anticoagulant proteins (AT, PC, PS) are associated with 
an increased risk of  thrombosis.39 The characteristics of these five 
disorders are summarized in Table 35-4 ★.38–40
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therapy
Patients with AT deficiency can usually be treated successfully with 
heparin for an acute thrombotic episode, although occasionally 
higher than usual doses of the drug are required to achieve adequate 
anticoagulation. If difficulty is encountered in achieving adequate 
heparinization or recurrent thrombosis is observed despite adequate 
anticoagulation, AT concentrates are available. Asymptomatic AT-
deficient individuals from a thrombophilic kindred are not generally 
anticoagulated prophylactically unless they are exposed to situations 
that predispose them to developing thrombosis.38 Patients with recur-
rent thrombotic disease may require lifelong antithrombotic treat-
ment with oral anticoagulants (warfarin or Coumadin).

Protein C Deficiency
PC is a vitamin K-dependent inhibitor of coagulation (Chapter 32). 
PC is converted to an activated form (activated PC [APC]) by throm-
bin bound to endothelial cell thrombomodulin48 (Figure 32-19). APC 
degrades FVa and FVIIIa in the presence of its cofactor, PS, and Ca++ 
(Figure 35-2 ■). PC in adults is present in plasma at concentrations of 
about 3–5 mcg/mL (reference interval 70–140%).49 Term newborns 
have PC levels of ∼25945% of adult levels, which slowly rise to adult 
levels during adolescence.50

Pathophysiology
Reduction of PC levels to ∼50% of normal predisposes to venous 
thrombosis. The diminished capacity to destroy FVa and FVIIIa 
results in an increased production of thrombin, which generates 
fibrin (a procoagulant effect). In addition, the loss of the cytoprotec-
tive effects (anti-inflammatory and anti-apoptotic) of APC binding to 
EPCR (endothelial protein C receptor) contribute to the thrombotic 
risk associated with PC deficiency.40

PC deficiency is inherited in an autosomal-dominant fashion. 
Griffin first described the hereditary deficiency of PC in 1981.51 
Similar to AT deficiency, there are two major types of congenital 
PC deficiency. Type I (the more common form) is characterized by 
a decrease of both antigen (immunologic) and functional activity to 
levels of 40–60% of normal (reference interval 70–140%). In type II 
deficiency, there are normal PC antigen levels by immunologic assay 
but reduced functional levels (a qualitative abnormality of the protein) 
(Table 35-6 ★). More than 180 different mutations have been identi-
fied for the PC gene (PROC) (www.itb.cnr.it/procmd/).

Recent genetic screening has revealed several SNPs in the pro-
moter of the PROC gene that mildly affect plasma levels of PC.40 
In addition, a SNP resulting in a serine-to-glycine substitution at 
amino acid #219 of the EPCR gene (PROCR) affects PC plasma 

deficiency is usually associated with severe, life-threatening throm-
botic problems in the perinatal period. Affected heterozygous indi-
viduals rarely develop thrombotic episodes before puberty, and their 
risk increases with advancing age. The infrequency of thrombotic 
events prior to puberty is thought to be due to the protective effect 
of a2@macroglobulin, which is found at higher levels during the first 
two decades of life than in adults. About 55% of affected patients with 
familial AT deficiency experience thrombotic episodes (lifetime risk), 
most commonly involving DVT of the leg and mesenteric veins. About 
60% of these individuals develop recurrent thrombotic episodes, and 
∼40% show clinical signs of PE.42 Individuals with heparin-binding 
site defects generally have significantly less frequent and less severe 
thrombotic episodes than individuals with defects involving the 
thrombin-binding site.43 Among the inherited thrombophilias, AT 
deficiency, although rare, is generally associated with the most severe 
clinical manifestations.39 Single nucleotide polymorphisms (SNPs) 
have been reported to correlate with low-normal AT levels and 
increased thrombotic risk.44–46

Acquired deficiencies of AT also occur. Healthy newborns 
have about 50% of the normal adult concentration and gradually 
reach the adult level by 6 months of age.43 A variety of clinical con-
ditions—including decreased production of AT (severe hepatic dis-
ease), increased consumption of AT (acute thrombosis, disseminated 
intravascular coagulation [DIC]), and increased clearance or loss (uri-
nary excretion in the nephrotic syndrome, increased clearance with 
heparin administration)—can reduce the concentration of AT in the 
blood.47 AT levels are affected by estrogen; premenopausal women 
have lower levels than men. Also, AT levels decrease with high-dose 
(but not low-dose) estrogen OCs and in late pregnancy. The low doses 
of estrogen used in hormone replacement therapy generally do not 
affect the AT level.38

Laboratory evaluation
The two major subtypes of type II AT deficiency are differentiated 
by two functional AT assays. The progressive AT assay quantifies the 
capacity of AT to neutralize the enzyme activity of a serine protease 
(e.g., thrombin, or FXa) in the absence of heparin, and the heparin 
cofactor assay measures heparin’s ability to catalyze the neutraliza-
tion of the protease by AT. Two types of AT-deficient patients have 
been identified using these two assays. Patients with a defect at the 
heparin-binding site of AT show reduced heparin cofactor activity 
but normal progressive AT activity. Patients with mutations affecting 
the thrombin-binding site have reductions in both functional assays. 
Immunologic assays (antigen measurements) help distinguish type I 
and type II defects.

Functional activity

Concentration heparin Cofactor Progressive at

Type I Decreased Decreased Decreased

Type II

 Active site defect Normal Decreased Decreased

 Heparin-binding site defect Normal Decreased Normal

★ tabLe 35-5 Laboratory Classification of Congenital Antithrombin 
Deficiency
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at birth evident by purpura fulminans (large bruises that become 
necrotic, histologically similar to warfarin-induced skin necrosis; 
see next paragraph), massive venous thrombosis, and intravascular 
coagulation.49 Usually purpura fulminans is a complication only in 
patients with 65% PC activity.40 These individuals require replace-
ment of PC and lifetime antithrombotic treatment, usually with oral 
anticoagulants (warfarin). Liver transplantation has been reported to 
produce a definitive cure.53 Acquired PC deficiency is seen in liver 
disease, severe infection and septic shock, DIC, adult respiratory dis-
tress syndrome, and the postoperative state. Oral anticoagulation and 
vitamin K deficiency also lead to reduced functional PC levels.43

Some individuals with heterozygous PC deficiency can experi-
ence skin necrosis when treated with warfarin anticoagulants, usu-
ally in the first few days of treatment.54 This warfarin-induced skin 
necrosis occurs because of a transient hypercoagulable state, result-
ing in the formation of fibrin thrombi in the cutaneous vasculature, 
hemorrhage, and necrosis. With warfarin administration, all vitamin 
K-dependent clotting factors decrease at a rate that depends on the 
individual factor’s half-life. PC and FVII (with the shortest half-lives) 
decrease within one day with levels of factors II, IX, and X falling more 
slowly over 2–3 days. Individuals with heterozygous PC deficiency 
who start with PC levels at ∼50% quickly develop a transient hyper-
coagulable state as their levels of PC fall precipitously. The decrease 

levels and has been shown to be associated with a mild increase risk 
of VT.52

Clinical Findings
Heterozygous PC deficiency is found in ∼0.2% of the general popu-
lation and accounts for about 6% of families with thrombophilia.38 
PC-deficient individuals who develop thrombosis typically present 
with DVT of the legs and mesenteric veins. About 63% of affected 
patients develop recurrent venous thrombosis, and ∼40% exhibit 
signs of PE.43 However, many PC-deficient individuals never expe-
rience a thrombotic episode unless presented with an additional 
thrombotic risk factor, either inherited or acquired. Less than 50% of 
heterozygous individuals experience a thrombotic event by the age of 
50 years.40 Homozygous and double heterozygous individuals with 
PC deficiency can present with aggressive thrombotic complications 

■  Figure 35-2 Physiologic control of the hemostatic process. The 
extrinsic Xase and intrinsic Xase activate FX, which forms the prothrom-
binase complex with FVa, Ca++, and phospholipid. The  prothrombinase 
complex cleaves prothrombin (II) to form  thrombin (IIa). Thrombin 
cleaves fibrinogen to form fibrin. Plasmin cleaves fibrin and forms fibrin 
degradation products (FDPs). The inhibitors of each of these pathways 
are depicted in boxes with broken arrows to show the site of inhibition. 
If there is a defect or deficiency in any of the inhibitors, the hemostatic 
control mechanism is tipped in favor of thrombosis.
AT = antithrombin; TFPI = tissue factor pathway inhibitor, APC = activated protein 
C; TM = thrombomodulin; HCII = heparin cofactor II; TAFI = thrombin-activatable 
 fibrinolysis inhibitor; PA = plasminogen activator; PAI = plasminogen activator inhibitor

AT
TFPI

Extrinsic Xase

Prothrombinase

Plasminogen

Plasmin
Fibrinogen Fibrin

FDP

II IIa

AT
APC

   2-macroglobulin

   2-antiplasmin

   2-macroglobulin

TAFI

Intrinsic Xase

TM
AT
HCII

APC
AT

    2-macroglobulin

PAI-1
PAI-2

PA

α

α

α
α

antigen Functional activity

Type I Decreased Decreased

Type II Normal Decreased

★ tabLe 35-6 Laboratory Classification of Protein C 
Deficiency
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The three types of congenital PS deficiency are defined on the basis 
of total and free PS antigen and APC cofactor activity (Table 35-7 ★). 
Type I PS deficiency is characterized by low total antigen, free anti-
gen, and functional activity. Type II deficiency is characterized by 
normal concentration of both total and free antigen but decreased 
functional activity (dysfunctional molecule). Type III deficiency 
is characterized by normal total PS but a decreased free and func-
tional PS concentration (reflecting either a high C4BP concentra-
tion in plasma or an abnormal binding of PS to this carrier protein). 
More than 200 mutations causing PS deficiency have been described 
(www.hgmd.org).

Clinical Findings
The prevalence of PS deficiency in the general population is 
∼0.792.3%, and it accounts for ∼6% of cases of familial thrombo-
philia.39 The clinical presentation of heterozygous PS deficiency 
is similar to that of PC deficiency, although PS deficiency has been 
implicated in some cases of arterial thrombosis.38 Like PC, PS has 
been linked with warfarin-induced skin necrosis and in neonatal pur-
pura fulminans when levels approach 0%. Total PS antigen level in 
healthy full-term newborns is 15–30% of that in normal adults; how-
ever, C4BP is also markedly reduced (20% of adult levels); thus free 
PS/functional levels are only slightly reduced compared with those of 
adults.57 Acquired PS deficiencies are seen during pregnancy, in asso-
ciation with the use of OC and hormone replacement therapy, in acute 
TE disease and DIC, in liver disease, in cases of acute bacterial or viral 
disease (inflammatory states), in vitamin K deficiency, and during oral 
anticoagulant therapy.38

Laboratory evaluation
Laboratory evaluation of PS should include assays of both total 
and free PS (generally immunologic assays) and a functional 
assay based on the ability of PS to serve as a cofactor for the anti-
coagulant effect of APC. Plasma level of PS in normal adults is 
∼23 mcg/mL. There is considerable overlap of PS levels in het-
erozygous PS-deficiency patients and the low-normal reference 
interval; thus, diagnosis may require the performance of multiple 
assays to establish the diagnosis of PS deficiency.39 Activated PC 
resistance (see the section “Activated Protein C Resistance”) was 
reported to cause false positive test results when screening for PS 
deficiency if clotting (functional) assays are used. However, assays 
using FV-deficient plasma as the substrate have improved the 
specificity of PS assays.58

therapy
Treatment for PS deficiency is similar to that for PC deficiency. 
PS  concentrates have not yet been developed for clinical use. 
 Coumadin-induced skin necrosis is a rare complication of oral anti-
coagulation in PS deficiency.

of anticoagulant PC, occurring more rapidly than decreases of most 
of the procoagulant factors, initially disrupts the delicate hemostatic 
balance and precipitates a thrombotic event in the microvasculature 
of the skin with purpura fulminans symptoms. If this occurs, oral 
anticoagulation should be stopped immediately, and PC replacement 
therapy initiated.

Laboratory evaluation
Various immunologic and functional techniques have been developed 
to measure PC levels in plasma samples (Chapter 36). Some patients 
with type II deficiency have normal antigen levels and reduced func-
tional levels in a clotting assay but normal or nearly normal amidolytic 
activity in chromogenic assays. Therefore, clotting assays are better 
functional assays for screening for PC deficiency.39 Testing should 
not be done while the patient is on oral anticoagulant (Coumadin) 
therapy.

therapy
Initial treatment for thrombosis associated with PC deficiency is the 
same as that for most other thrombotic events: heparin followed by 
oral anticoagulation. Because many heterozygous PC deficient indi-
viduals never experience a thrombotic episode, prophylactic oral 
anticoagulation may not be needed unless a secondary risk factor is 
present.49 PC concentrates are available but usually necessary only to 
treat purpura fulminans in newborns.

Protein s Deficiency
PS is a vitamin K-dependent protein that functions as a cofactor for 
APC inactivation of FVa and FVIIIa (Chapter 32; Figure 32-19). The 
plasma concentration in normal adults is ∼23 mcg/mL (reference 
interval 65–140%).

Pathophysiology
PS circulates in two forms: an inactive form bound to C4b-binding 
protein (C4BP) (∼60% of total PS) and an unbound or free form 
(∼40% of total PS). Only free PS has PC cofactor activity. The abso-
lute and relative amounts of PS that are free are influenced by the 
plasma concentration of C4BP. Although C4BP is an acute-phase 
reactant, during an acute-phase response, only the a@chains of 
C4bBP are increased, and the amount of free PS is unaffected.55 
Decreases of free PS contribute to a prothrombotic tendency 
because of inadequate APC inactivation of FVa and FVIIIa. In addi-
tion, PS interacts directly with components of the prothrombinase 
complex (FVa and FXa) reducing the ability of FXa to protect FVa 
from degradation by APC. Loss of this function in PS deficiency 
also contributes to the sustained levels of FVa and increased throm-
botic risk.55

First described and linked to a thrombotic tendency in 1984,56 
PS deficiency is inherited in an autosomal-dominant manner. 

total Protein s Free Protein s Protein s activity

Type I Decreased Decreased Decreased

Type II Normal Normal Decreased

Type III Normal Decreased Decreased

★ tabLe 35-7 Laboratory Classification of Protein S Deficiency
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test system. Results are expressed as an APC sensitivity ratio: 
APTT (+APC)/APTT(-APC). A low APC sensitivity ratio defines 
APCR.39 The confirmatory test for FVL is a PCR-based molecular 
assay. Polymerize chain reaction (PCR)–based confirmatory tests 
for APCR resulting from mutations other than FVL are available in 
research laboratories only. Routine clinical diagnosis requires both 
clotting (screening) tests for APCR and molecular (PCR) tests for 
FVL because 10% of individuals with APCR do not have the FVL 
mutation.

therapy
The management of acute thrombosis in patients with APCR is the 
same as in other thrombotic patients. Individuals with heterozygous 
APCR are usually given prophylactic antithrombotic treatment only 
if they are in a situation of increased thrombotic risk or have recurrent 
thrombosis.

Prothrombin gene mutation 20210
Prothrombin is cleaved by the activated FXa–FVa complex to form 
thrombin.

Pathophysiology
In 1996, it was reported that a G S A substitution in the 3′ untrans-
lated region (nucleotide 20210) of the prothrombin gene (F2) is asso-
ciated with a mild elevation of plasma prothrombin levels (115–130% 
of normal) and an increased risk of venous thrombosis.69 The pro-
thrombin mutation (G20210A) is the most recent of the hereditary 
thrombophilias to have a clear-cut genetic mutation defined. The 
elevated plasma prothrombin level can directly contribute to an 
increased thrombotic risk by causing increased thrombin genera-
tion. In addition, decreased fibrinolytic activity can occur because of 
enhanced activation of TAFI. A second SNP in the F2 gene (A19911G) 
that is also associated with elevated FII levels has been reported, but its 
association with an increased risk of thrombosis is unclear.70

Clinical Findings
The prevalence of this autosomal-dominant gene is ∼192% among 
Caucasians, and like FVL, it is infrequent among persons of African, 
Asian, and Native American origin. It is estimated that ∼6% of throm-
botic patients are heterozygous for this mutation and that it accounts 
for about 18% of cases of familial thrombophilia (making it the second 
most common cause after FVL mutation).22 A substantial percentage 
of symptomatic individuals with the prothrombin mutation also had 
the FVL mutation or another genetic risk factor for thrombosis,71 sup-
porting the concept that thrombophilia is a multirisk factor disease. 
Individuals homozygous for the prothrombin mutation have a sig-
nificantly higher risk of VTE and can have an increased risk of arterial 
thrombosis.

Laboratory evaluation
Screening for this mutation using coagulation testing is unreliable 
because prothrombin levels in these patients overlap with values in 
the normal population. Molecular testing (PCR) for the single point 
mutation at position 20210 in the prothrombin gene is confirmatory.

therapy
Patients with this disorder are treated the same way as are other 
thrombotic patients. Prophylatic treatment can be given in high-risk 
situations.

activated Protein C resistance
Thrombin activates PC to APC, which in turn inhibits coagulation by 
degrading FVa and FVIIIa. A novel mechanism for familial throm-
bophilia was recognized in 1993 with the description of a syndrome 
characterized by inherited resistance to APC, activated protein C 
resistance (APCR).59

Pathophysiology
APCR is characterized by APC’s inability to prolong clotting tests 
when it is added to the test system. The addition of APC to plasma 
normally results in a prolongation of the clotting time because of 
the destruction of FVa and FVIIIa. Individuals with APCR exhibit 
a diminished ability of APC to destroy FVa. In vivo, inadequate FVa 
inactivation can lead to increased production of thrombin and pos-
sibly thrombosis. About 90% of APCR cases are the result of a single-
point mutation of the FV gene (F5), involving replacement of Arg 506 
with Gln (FVR506Q, also called factor V Leiden [FVL]). This makes 
the mutant FVa molecule resistant to APC inactivation by altering 
an APC cleavage site.60 In addition, FV serves as a cofactor in the 
APC inactivation of FVIIIa. FVL is a much less effective cofactor in 
this inactivation of FVIIIa, which contributes to the thrombophilic 
state.61

Studies of the 10% of individuals with APCR who do not have 
the FVR506Q mutation are ongoing. A mutation at Arg 306 (a second 
APC cleavage site in FVa) has been reported that also demonstrates 
low APC sensitivity.62–64 However, this mutation does not seem to 
be linked to a thrombotic tendency.65 Two mutations in FV that do not 
affect APC cleavage sites (FV Ile359Thr and FV Glu666Asp) but are 
associated with both APC resistance and an increased risk for throm-
bosis have recently been identified.66 So far, no genetic abnormalities 
in the FVIII gene have been identified as causing APC resistance in 
humans.67

Clinical Findings
The prevalence of heterozygous FVL mutation in Caucasians ranges 
from 2–15%, depending on the geographic population studied.39 The 
mutation is rare in Africans, Asians, Australians, and Native Ameri-
cans.68 FVL is seen in as many as 10–25% of patients with venous 
thrombosis and accounts for about 40% of the cases of familial throm-
bophilia.38 Homozygotes are at higher thrombotic risk than hetero-
zygotes. Heterozygotes with FVL are unlikely to develop thromboses 
unless other hereditary (e.g., mutations in PC, PS, AT)25 or acquired 
risk factors are present (OC, pregnancy, trauma). Acquired APC 
resistance (not related to FVL) has been reported during pregnancy, 
with the use of OC, and in patients with lupus anticoagulant.39

Laboratory evaluation
Laboratory tests for APCR are either clot-based functional tests 
or molecular techniques. The functional test evaluates the pro-
longation of the APTT after the addition of purified APC to the 

Why are both clotting and immunologic assays for PS, 
PC, and AT necessary when evaluating an individual for 
inherited thrombophilia associated with these proteins?

CheCkpoint 35-2
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bound to endothelial cells; thus, measurement of plasma levels (repre-
senting ∼10915% of total TFPI) may be uninformative in identifying 
a deficiency state that could predispose to thrombophilia.75 A weak 
association between low levels of plasma TFPI ( …10th percentile) 
and thrombotic disease has been reported.76 In addition, a candidate 
mutation in the TFPI gene resulting in a proline to leucine substitu-
tion at position 151 of TFPI has been reported to have an increased 
risk of VTE.77

abO blood group
Non-O blood groups have been reported to be associated with an 
increased risk of VT with B and A1 blood groups at higher risk than 
O and A2 blood groups.78,79 Much of this effect is thought to result 
from the effect of the ABO locus glycosyltransferases on von Will-
ebrand factor and FVIII, resulting in a higher level of both proteins in 
non-O blood groups.

hyperhomocysteinemia (hC)
Homocysteine (HC) is an amino acid that is metabolized either by 
transsulfuration to cystathionine or by remethylation to methionine 
(Figure 35-3 ■). The two main enzymes involved in HC metabo-
lism are cystathionine b synthase (CBS) and methylene tetrahy-
drofolate reductase (MTHFR). Normal plasma levels of HC are 
∼5915 mcmol/L, and HC levels increase with age.

Pathophysiology
Hyperhomocysteinemia (plasma homocysteine level above the ref-
erence interval) results when homocysteine metabolism is impaired. 
Severe hyperhomocysteinemia (plasma HC 7100 mcmol//L) is 
associated with homocystinuria and is seen in a group of rare inborn 
errors of metabolism. The most common causes for homocystinuria 
are homozygous mutations in the CBS gene; mutations less commonly 

Other Potential Genetic Risk Factors
heparin Cofactor ii Deficiency
HCII is a second thrombin inhibitor, and like AT, its action is acceler-
ated by heparin, and also by dermatan sulfate. In contrast to AT, which 
inhibits most of the procoagulant serine proteases, HCII inhibits 
primarily thrombin. HCII deficiency is inherited as an autosomal-
dominant disorder, and although low levels are associated with throm-
bosis, it does not appear to be a strong risk factor.39 Many individuals 
with this defect are asymptomatic, and a partial deficiency (hetero-
zygous state) is likely a thrombotic risk factor only if it is combined 
with another thrombophilic risk factor (inherited or acquired).72,73 
Acquired HCII deficiency can be seen in patients with liver disease 
and in DIC. Several assays are available for measuring HCII, but none 
is currently Food and Drug Administration (FDA) approved and thus 
not available in routine coagulation laboratories. Because both HCII 
and AT inhibit thrombin, the recommendation is that functional 
assays for AT be based on FXa inhibition rather than thrombin inhi-
bition to improve assay specificity for AT.

tissue Factor Pathway inhibitor variant
Tissue factor pathway inhibitor (TFPI) is a natural inhibitor of coagu-
lation that directly neutralizes FXa and, in complex with FXa, neu-
tralizes the tissue factor:VIIa complex.74 TFPI exists in vivo primarily 

A patient was being evaluated for inherited thrombo-
philia. The results for the clotting assay for activated PC 
resistance were positive, but the FVL molecular assay was 
negative. Are these results inconsistent?

CheCkpoint 35-3

■  Figure 35-3 Homocysteine metabolism. Mutations of MTHFR and CBS are 
associated with hyperhomocysteinemia. Deficiencies of vitamin B12, vitamin B6, 
and folate are associated with acquired hyperhomocysteinemia. Hyperhomo-
cysteinemia can lead to increased risk for thrombosis.
MTHFR = methylene tetrahydrofolate reductase; MS = methionine synthetase; CBS = cystathionine 
ß-synthase
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release of fibrinopeptides, defective fibrin polymerization, and abnor-
mal cross-linking by FXIIIa. Two types of thrombotic dysfibrinogen-
emias appear to be associated with decreased fibrinolytic activity in 
vivo (thus predisposing to thrombosis): one is abnormally resistant to 
lysis by plasmin (mutations of plasmin cleavage sites in fibrin), and the 
other is associated with reduced plasminogen activation (mutations of 
binding sites for plasminogen or plasminogen activators). In addition, 
fibrinogen mutations that result in fibrin clots with a high fiber density 
also retard fibrinolysis.85 A mutation in the fibrinogen gamma chain 
gene (FGG) (C to T mutation at position 10034) has been associated 
with an increased risk of  VT.85

Interestingly, about 30% of individuals with fibrinogen deficien-
cies (hypofibrinogenemia) actually present with thrombosis. One pos-
sible explanation for this paradoxical observation is the stability of 
the fibrin clot formed. Less dense, more fragile or unstable fibrin clots 
may be more likely to break apart and embolize, resulting in thrombi 
in downstream microvascular beds.86

Clinical Findings
Patients with thrombotic dysfibrinogenemias are reported to have 
problems related to pregnancy (spontaneous abortions, postpartum 
thromboembolism).87

Laboratory evaluation
Both quantitative (immunologic assays) and functional tests (throm-
bin times, reptilase times) for fibrinogen should be performed when 
dysfibrinogenemia is suspected. Functional fibrinogen measurements 
are usually significantly lower than antigenic measurements in the 
plasmas of individuals with dysfibrinogenemia.

elevated Factor viii and vWF
Individuals with increased plasma levels of FVIII and/or VWF 
( 7150% of normal) have an increased risk of thrombotic disease, 
possibly because of enhanced thrombin formation or diminished 
anticoagulant effect of APC.88 A dose–response relationship seems 
to exist between FVIII level and VTE risk.89 FVIII levels increase with 
aging, pregnancy, surgery, chronic inflammation, liver disease, and 
exercise. Specific molecular polymorphisms of the F8 and VWF genes 
recently have been associated with elevated levels of the respective 
proteins.90,91 Interestingly, a genome-wide association study identi-
fied six gene loci other than VWF that modulated VWF plasma levels, 
three of which also influenced FVIII levels. Of the six, three have been 
shown to be associated with increased VT risk.92

elevated Levels of Other Coagulation Factors
The Northwick Park Study was one of the first to evaluate hemo-
static measurements as possible thrombogenic risk factors.93 This 
study showed a strong positive association between thrombosis and 
increased levels of FVIIa and fibrinogen. The relative risk for cardio-
vascular disease is nearly three times higher for individuals in the 
highest quintile of fibrinogen concentration compared with those in 
the lowest. Increased levels of other factors have been reported to be 
linked with an increased risk for venous thrombosis.94 These include 
elevated FIX ( 7129% of normal)95 and FXI ( 7121% of normal).96 
Rare variants of the F2 and F9 genes were recently shown to be associ-
ated with increased risk of VT.97,98

occur in the MTHFR gene. Homocystinuria is associated with prema-
ture atherosclerosis (cardiovascular disease and stroke) and venous 
and arterial thrombosis.80 Subsequently, less severe elevations of 
blood homocysteine levels were implicated in VTE.81

The exact mechanisms that link homocysteine to thrombosis are 
not fully understood, but the major effect is on the vessel wall. Mild to 
moderate homocysteinemia is now recognized to be an independent 
risk factor for both arterial and venous thrombotic disease. Up to 40% 
of patients with atherothrombotic coronary or cerebrovascular dis-
ease have elevated plasma homocysteine as do 13–18% of patients 
with an initial episode of VTE before age 45.43

Clinical Findings
Both inherited and acquired conditions can cause increased HC 
levels. Multiple genetic mutations of CBS and MTHFR have been 
identified. Although homozygous CBS deficiency is the most com-
mon cause of homocystinuria, the most common genetic causes of 
mild homocysteinemia involve mutations of the MTHFR gene. A 
MTHFR gene polymorphism (nucleotide C677T S Val replaces 
Ala222) is the MTHFR mutation believed to be responsible for the 
majority of cases of a hereditary predisposition to mild hyperho-
mocysteinemia.82 Thirty to 40% of the Caucasian population are 
heterozygous for this polymorphism but typically do not experience 
hyperhomocysteinemia or increased risk for vascular disease without 
other thrombotic risk factors. The most common causes of acquired 
hyperhomo cysteinemia are deficiencies of vitamin B12, folate, or vita-
min B6 (which are cofactors in HC metabolism), smoking, some medi-
cations, aging, hypothyroidism, diabetes, and renal disease.81

Laboratory evaluation
HC can be measured by gas chromatography, ion exchange chroma-
tography, and high-performance liquid chromatography. The C677T 
MTHFR mutation can be identified using molecular assays. MTHFR 
heterozygotes or individuals with inadequate vitamin B6 levels can 
have normal or only slightly elevated levels of HC. Significant age and 
gender differences in HC levels exist.

therapy
Treatment of hyperhomocysteinemia usually involves dietary manip-
ulation or vitamin therapy. Administration of vitamin B6, vitamin B12, 
or folate often results in normalization of homocysteine levels, but no 
clinical efficacy of this approach has been demonstrated in controlled 
clinical trials.81

Fibrinogen Disorders
Fibrinogen is cleaved by thrombin to form fibrin. Fibrinogen can be 
qualitatively or quantitatively abnormal. Qualitative abnormalities of 
fibrinogen usually show autosomal-dominant inheritance patterns.

Pathophysiology
Dysfibrinogenemias are a heterogeneous group of disorders that 
result in a structurally altered fibrinogen molecule that can lead to 
altered fibrinogen function. More than 600 different mutations have 
been identified as causing dysfibrinogenemias.83

Dysfibrinogenemias can present with no clinical symptoms 
(∼55% of cases), a bleeding diathesis (∼25% of cases), or a history 
of recurrent venous or arterial thromboembolism (∼20% of cases).84 
Alterations of fibrinogen predisposing to bleeding include impaired 
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Acquired Thrombohemorrhagic Conditions
The acquired or secondary thrombophilic states include a heteroge-
neous group of disorders in which an increased risk appears to exist 
for developing thromboembolic complications. The pathophysiologic 
basis for the thrombophilic state in most of these situations is complex. 
Various clinical conditions are associated with a high risk of throm-
botic complications (Table 35-8 ★). As with the hereditary throm-
bophilias, acquired disorders vary widely in their tendency to cause 

Factor Xii and thromboembolic Disease
Patients with FXII deficiency have a prolonged APTT but no clini-
cal bleeding phenotype. VTE, myocardial infarction, and stroke have 
occurred in FXII-deficient patients and were postulated to be related 
to the role of FXII in activating fibrinolysis. However, most of these 
patients had additional FXII-independent risk factors for VTE, which 
were more likely related to the thrombosis. FXII deficiency has been 
suggested to possibly contribute to secondary embolic disease because 
of defective thrombus stability.99 Recent studies linking the contact 
system with pathologic thrombus formation have suggested that defi-
ciency of FXII (and other proteins of the contact system including 
FXI) may provide thromboprotection.

Fibrinolytic system Disorders
Hereditary disorders of fibrinolysis are less frequently associated with 
thrombotic disease than are hereditary anomalies of procoagulants or 
coagulation inhibitors.100 Possible causes of abnormalities of fibrino-
lysis include the structure of fibrin (see the section “Fibrinogen Disor-
ders”), the amount and function of plasminogen, and the physiology 
of plasminogen activation (impaired plasminogen activator synthesis 
or release, increased plasminogen activator inhibitor, or increased lev-
els of TAFI). Whatever the cause, an inadequate fibrinolytic response 
would delay lysis of the thrombus and/or contribute to its expansion.

Plasminogen Deficiency
Plasminogen abnormalities have been classified as either type I 
(decrease of both protein concentration and functional activity) or 
type II (normal antigen levels but reduced functional activity [dysplas-
minogenemia]). Multiple genetic polymorphisms of the plasminogen 
gene (PLG), including silent (null) alleles, have been described.101 
However, the association of the heterozogous state for a mutant PLG 
allele as a predisposing risk factor in VTE is not firmly established. 
Laboratory tests are available to measure protein levels (immuno-
logic) and functional activity (clot-lysis or chromogenic substrate) of 
plasminogen.

tissue Plasminogen activator (tPa) and Plasminogen 
activator inhibitor (Pai)
Inadequate stores or release of tPA or an inappropriate/excess release 
of PAI could theoretically result in thrombotic events (Figure 35-1). 
Several reports have linked defective fibrinolysis associated with 
decreased release of tPA and/or elevated PAI-1 with familial throm-
bosis. However, two of these families subsequently were shown to 
have hereditary PS deficiency, the more likely cause of clinical dis-
ease in these families.102,103 tPA and PAI-1 are thought to likely play 
a greater role in acquired thrombophilia than in hereditary thrombo-
philia. Functional (chromogenic assays) and quantitative (enzyme-
linked immunosorbant assay [ELISA]) assays for tPA and PAI-1 are 
available.

Why is thrombotic disease associated with hereditary 
thrombophilia considered a multigene (or multirisk fac-
tor) disease?

CheCkpoint 35-4

Andrea was initially tested while she had deep vein 
thrombosis and again six months later after being taken 
off Coumadin. The tests included AT, PC, PS, fibrinogen, 
D-dimer, and plasminogen. All test results were in the 
reference range on both occasions.

2. What other possibilities could explain the thrombotic 
event in this patient?

Case stuDy (continued from page 726)

secondary disorders

• Fibrinolytic system defects

• Antiphospholipid antibody syndrome

• Malignancy

• Hip, knee surgery

• Hematologic disorders

Polycythemia vera/myeloproliferative disorders

Hemolytic anemia

Sickle cell anemia

Paroxysmal nocturnal hemoglobinuria

Acute promyelocytic leukemia

• Chronic inflammatory disease

• Congestive heart failure

• Atrial fibrillation

• Nephrotic syndrome

• Atherosclerosis

• Hyperlipidemia, hypercholesterolemia, increased lipoprotein (a)

Other factors

• 750 years of age

• Obesity

•  Diet with inadequate folate, vitamin B6, or vitamin B12; 
chronic intake of fatty food

• Smoking

•  Pregnancy, use of oral contraceptives, hormone replacement 
therapy

• Stasis/immobilization (prolonged car or air travel; bed rest)

• Trauma/postoperative state

★ tabLe 35-8 Secondary Disorders and Other Factors 
Contributing to Acquired Thrombosis
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Rather, the presence of aPL apparently increases the risk of both arte-
rial and venous thrombosis with approximately one-third of patients 
with such inhibitors having thrombotic events.11

The most commonly identified antiphospholipid antibodies, 
LA and aCL, behave similarly. Immunologically, both LA and aCL 
are usually IgG but can be IgM or a mixture of the two. The anti-
body combines with the phospholipid surfaces of test reagents used 
in the APTT, prolonging the clotting times. Both LA and aCL were 
originally thought to react only with phospholipid, but further stud-
ies revealed that they require a protein cofactor to be associated with 
the phospholipid. The protein targets recognized by aPL include 
b2@glycoprotein@1 (b2GP1), prothrombin, FV, FVII, PC, PS, TFPI, 
and heparin.

Various mechanisms have been proposed to explain the increased 
risk of thrombosis with aPL. APS may actually be composed of sub-
categories defined by the specificities of the particular antibodies.106 
Pathophysiologic mechanisms include injury and activation of endo-
thelial cells and monocytes (causing cells in the blood or in contact 
with the blood to acquire a procoagulant phenotype); platelet acti-
vation; and inhibition of endogenous anticoagulant and fibrinolytic 
mechanisms. Specific aPL-induced changes include interference with 
PC activation or activity (decrease in thrombomodulin expression, 
decrease in free PS), inhibition of heparin sulfate interaction with 
AT, inhibition of endothelial cell production or release of prostacy-
clin, alterations in fibrinolytic mechanisms (decreased tPA and/or 
increased PAI-1, inhibition of TFPI). In addition, aPLs can stimulate 
platelet aggregation and promote tissue factor synthesis by leukocytes.

Clinical Findings
The clinical manifestations that are most frequent in these patients 
include systemic vascular thrombosis (DVT, PE), thrombosis at 
unusual sites, increased risk of arterial thrombosis (stroke, other neu-
rological complications), and increased risk of adverse pregnancy out-
comes (recurrent miscarriages). It is estimated that 5–30% of patients 
with VTE are positive for LA (aPL) in comparison to 3–10% of the 
general population.106 Secondary APS describes the occurrence of 
aPL and thrombosis in conjunction with an autoimmune condition 
such as SLE. When aPL occurs as an independent autoimmune disor-
der, it is referred to as primary APS.

Laboratory evaluation
No single test identifies every LA/aPL; instead, a combination of tests 
must be performed. Two types of assays are used to detect aPL anti-
bodies: (1) coagulation assays, in which “LAs” are detected by their 
ability to prolong phospholipid-dependent coagulation reactions 
and (2) specific immunoassays, usually ELISA, that are used to detect 
antibodies reactive with cardiolipin, phosphatidyl serine, b2GP1, pro-
thrombin, or FVII. Table 34-11 in Chapter 34 shows typical laboratory 
test results and comparisons to other acquired conditions associated 
with a prolonged APTT. The sensitivity of the APTT reagent for LA 
detection varies with different commercial reagents used for the test. 
Some commercial APTT reagents have been created to be very sensi-
tive to the presence of LA; others are marketed as being insensitive 
to LA.

The Subcommittee on Lupus Anticoagulant/Antiphospholipid 
Antibodies of the Scientific and Standardization Committee of the 
International Society of Thrombosis and Haemostasis has proposed 

venous and arterial thrombotic disease (Table 35-3). Acquired defects 
leading to thrombosis are at least as common as inherited deficien-
cies and often precipitate the acute thrombotic episode in the patient 
with an inherited thrombophilia.2 In a number of acquired condi-
tions associated with a thrombophilic tendency, the clinical presenta-
tion can range from microvascular and macrovascular thrombosis to 
bleeding (hence the term thrombohemorrhagic conditions).

acquired Fibrinolytic Defects
Early studies of fibrinolytic function in patients with thromboembolic 
disease consistently demonstrated that 30–40% of these patients had 
an impaired fibrinolytic function.104 Decreased fibrinolysis has been 
linked to many acquired conditions including postsurgery, coronary 
disease, taking OCs, the last trimester of pregnancy, certain infections, 
aging, radiation therapy, some drugs, and malignancy.105 Increased 
plasma PAI-1 level is the most common reason for an impaired 
fibrinolytic function although this increase is often combined with 
a decreased capacity to release tPA.104 Many patients with DVT have 
a history of a long-lasting inflammatory response, which contributes 
to an impaired fibrinolytic function by elevating the PAI-1 levels (an 
acute-phase reactant). An increased PAI-1 level in plasma can predict 
the development of a new thrombotic event (postoperatively, in myo-
cardial infarction, and idiopathic DVT).104

antiphospholipid (aPL) antibodies/antiphospholipid 
syndrome (aPs)
The antiphospholipid syndrome (APS) has multiple clinical 
manifestations and is the most common cause of acquired throm-
bophilia.37 Antiphospholipid antibodies (aPLs) include a broad 
group of autoantibodies that includes the lupus anticoagulant (LA), 
anticardiolipin antibodies (aCL), and several subgroups (antibodies 
that recognize other phospholipids and phospholipid-binding pro-
teins).106 These antibodies prolong phospholipid-dependent clotting 
assays in vitro (Chapter 34).

Phospholipid-reactive antibodies (aPLs) were first described 
in patients with biologic false-positive serologic tests for syphilis 
and were shown to recognize cardiolipin within the test reagent (i.e., 
aCL).107 The same year, aPLs were identified in patients with systemic 
lupus erythematosus (SLE), subsequently named LA.108 Other anti-
bodies that reacted with anionic phospholipids other than cardiolipin 
(e.g., antiphosphatidylserine) were later identified. Before 1990, it was 
thought that aPL antibodies recognized epitopes within the anionic 
phospholipids, but it was subsequently demonstrated that many of 
them recognize protein cofactors or antigenic targets in complex with 
the phospholipids.106 These aPL antibodies can be produced after 
certain infections (mycobacteria, malaria, other parasitic organisms), 
after exposure to certain medications (neuroleptics, chlorpromazine, 
quinidine, procainamide), and by patients with other autoimmune 
disorders (SLE, Sjögren syndrome, rheumatoid arthritis, immune 
thrombocytopenia).

Pathophysiology
Paradoxically, although these antibodies prolong in vitro coagulation 
assays (suggestive of defective hemostasis), individuals with aPL anti-
bodies do not suffer from a bleeding diathesis unless other hemostatic 
defects are present (e.g., thrombocytopenia, hypoprothrombinemia). 
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A confirmatory test is then performed to establish that the anti-
body/inhibitor is phospholipid dependent. Confirmatory tests are 
modifications of the screening tests originally abnormal that alter the 
amount of phospholipid in the test system. The modifications usually 
involve either reducing the amount of phospholipid in the reagent or 
adding an excess of phospholipid to the test system. The most sensi-
tive tests for detecting the inhibitor contain only limited amounts of 
procoagulant phospholipids (dRVVT or dilute APTT). The addition 
of excess phospholipid to the test system causes an overabundance of 
phospholipid, overwhelms the antibodies, and shortens the original 
prolonged test time to within the normal reference interval. The plate-
let neutralization procedure (Chapter 36) is a popular confirmatory 
test that adds washed, frozen and thawed platelets, an abundant source 
of phospholipid, to the patient’s plasma; the prolonged screening test 
is corrected. A better confirmatory test is the hexagonal phase phos-
pholipid test (Chapter 36). The LA can recognize phosphatidyletha-
nolamine in the hexagonal phase array configuration (hexagonal H11) 
but not in the lamellar phase. Adding H11 phase phosphatidyl ethanol-
amine to an LA patient specimen corrects the prolonged APTT by 
absorbing the LA antibodies. Unlike the platelet neutralization pro-
cedure, the hexagonal phospholipid test does not give false positives 
with heparin. See Figure 35-4 ■ for an outline of a flow chart for an 
approach to laboratory testing for LA.

aCL IgG and IgM assays are the most sensitive but least specific 
assays, while anti@b2GPI IgG and IgM assays are more specific but 
less sensitive. LA coagulation assays are the least sensitive, but the most 
specific assays in testing for APS.106

therapy
Management of acute VTE in patients with APS is similar to that of 
other individuals with thrombosis. However, the APTT cannot be 
used reliably to monitor unfractionated heparin dosage without mod-
ifications (e.g., the use of an insensitive APTT reagent or the activated 
coagulation time/ACT test). Low-dose heparin circumvents this prob-
lem because it does not require laboratory monitoring (see the section 
“Heparin”). Patients who develop transient LA/aPL in association with 
infections do not usually experience TE episodes.106 The presence of a 
persistent LA and/or a high-titer antibody in an asymptomatic patient 
with no prior thrombotic history is not an indication for anticoagu-
lant therapy unless there are coexisting clinical circumstances (surgery, 
prolonged immobilization).

heparin-induced thrombocytopenia (hit)
Heparin is used to prevent or treat thrombosis. However, its use 
can cause thrombocytopenia in some patients, generally associ-
ated with platelet activation. Heparin-associated thrombocytope-
nia (HAT) in which the thrombocytopenia results from a direct, 
nonimmune-mediated platelet activation, is not associated with an 
increased risk of thrombosis. Heparin-induced thrombocytope-
nia (HIT) is an immune-mediated thrombocytopenia caused by 
an autoantibody directed against heparin complexed with platelet 
factor 4 (PF4).110

Pathophysiology
In HIT, PF4 is released from platelet a@granules during platelet 
 activation, nonspecifically binds to heparin in the circulation, and 
antibodies are produced to the heparin/PF4 complex. The antibody/

criteria to standardize the diagnosis of LA. It requires a four-step 
approach:

1. Prolongation of a phospholipid-dependent coagulation assay 
(usually the APTT)

2. Evidence of inhibitor activity in the patient plasma (lack of correc-
tion by a 1:1 mix with normal plasma).

3. Evidence of the phospholipid dependence of the inhibitor effect
4. Absence of a specific inhibitor against a coagulation factor

A sequence of suggested tests for evaluating a patient’s plasma for 
the presence of LA is outlined in Table 35-9 ★.109

The first step in identifying LAs is that at least one laboratory 
test that uses phospholipid in the reagent (e.g., the APTT) must be 
 prolonged. APTT reagents with silica as the activating agent are pre-
ferred; kaolin and ellagic acid are not recommended.106 This prolonged 
test must then be repeated on a 1:1 mixture of patient’s plasma and nor-
mal plasma (NP) to distinguish between an inhibitor and a single-factor 
deficiency (see “Mixing Studies”, Chapter 36). In the presence of an LA 
inhibitor, no correction is noted (the LA usually prolongs the clotting 
time of the NP immediately after mixing in contrast to inhibitors spe-
cific for coagulation factors, which usually require incubation). A spe-
cific factor deficiency can also be ruled out by factor assays, if needed.

The possibility that the presence of heparin or other anticoagu-
lants causes the prolonged APTT must also be eliminated. Heparin 
can be identified by observing a prolonged thrombin time and a 
normal reptilase time (Chapter 36). At least one additional abnormal 
screening test for the LA, such as the dilute Russell viper venom test 
(dRVVT), must be demonstrated.

screening procedures—two or more using single concentration of 
phospholipid

 1. Demonstrate at least one prolonged phospholipid-based clot-
ting test (e.g., APTT).

 2. Demonstrate at least one additional prolonged LA screening 
test (e.g., dRVVT, PCT)

Confirmatory procedures—modify abnormal screening procedure 
by altering phospholipid content of the test procedure, which 
demonstrates that the La depends on phospholipid

 1. Reducing phospholipid concentration in test reagent to accentu-
ate prolonged test (e.g., diluting the test reagent)

 2. Neutralizing the effect of the LA by increasing the phospholipid 
in the test system (e.g., frozen-thawed platelets [platelet neutral-
ization procedure], platelet vesicles hexagonal phase phospho-
lipid)

additional requirements for documenting La

 1. Mixing studies with normal platelet-free plasma not corrected
 2. Exclusion of presence of heparin in the sample (e.g., normal 

thrombin time/reptilase time)
 3. Proof that another coagulopathy is not present or concurrent; 

specific factor assay to rule out a factor deficiency; detailed clini-
cal history

LA = lupus anticoagulant; APTT = activated partial thromboplastin time; 
dRVVT = dilute Russell’s viper venom time; PCT = plasma clotting time

★ tabLe 35-9 Recommended Approach for 
 Identifying the Lupus Anticoagulant
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heparin is generally used in patients who have experienced an acute 
thrombotic episode or who are at risk of one, other causes of throm-
bocytopenia must be excluded.

Laboratory evaluation
Two types of assays are available to diagnose HIT: functional and 
antigen. Functional assays based on the ability of HIT-IgG to activate 
platelets, either the platelet serotonin release assay (SRA) or heparin-
induced platelet activation assay (HIPA), are most commonly used.112 
ELISA assays for HIT-IgG have been developed using the heparin/PF4 
target antigen. Both types of assays have similar sensitivity for HIT, 
but activation assays have greater diagnostic specificity. Only platelet-
activating IgG antibodies are capable of causing HITT.112 Most rou-
tine hospital laboratories do not offer functional assays for HIT, but 
they may be available through reference labs. The HIT antibodies usu-
ally remain detectable for only 4–6 weeks. Routine screening for HIT 
antibodies in patients who are receiving heparin is not recommended 
because many patients can form HIT antibodies without developing 
thrombocytopenia or experiencing other adverse events.112

therapy
Patients receiving UFH should have their platelet counts monitored 
periodically during therapy, beginning on day 5 of heparin use. If the 
platelet count falls, heparin should be discontinued and another form 
of anticoagulant therapy begun (e.g., the heparinoid danaparoid or a 
direct thrombin inhibitor such as hirudin or argatroban). Although 
LMWH is a less frequent inducer of HIT, once the antibodies have 
formed, LMWH cannot be used because it also binds PF4 and the HIT 
antibody. Oral anticoagulants should not be started until adequate 
anticoagulation with these alternative agents has been achieved and 
the platelet count has returned to the normal range.

heparin/PF4 complex then attaches to the platelet surface via the 
platelet FcgIIa receptors, resulting in increased platelet clearance and 
thrombocytopenia. The antibody/heparin/PF4 complexes can induce 
platelet activation and aggregation.

Clinical Findings
The most serious complication of HIT is activation of the coagula-
tion system and thrombosis, which can be life threatening. Isolated 
HIT refers to the patient with thrombocytopenia without thrombo-
sis, whereas HITT is used to refer to patients with HIT and throm-
botic complications. A number of events are thought to contribute 
to the thrombotic complications including in vivo platelet activation, 
generation of procoagulant platelet-derived microparticles, and acti-
vation of endothelium and expression of tissue factor via HIT anti-
body recognition of PF4/endothelial heparan sulfate complexes.110 
Thrombocytopenia develops in approximately 3% of patients who 
receive unfractionated heparin (UFH), and thrombosis occurs 
in one-third of those.111 The most common venous thrombotic 
complications are DVT and PE, and arterial thrombosis most com-
monly affects the lower limb (acute limb ischemia) or cerebral vessels 
(thrombotic stroke). Low-molecular-weight heparin (LMWH) 
can trigger HIT but much less frequently than UFH.112 Fondaparinux, 
a synthetic heparin pentasaccharide, has the lowest risk of inducing 
HIT (60.01%).112

HIT is suspected when a patient receiving heparin demonstrates 
a thrombocytopenia of 6150 * 109/L or a 50% drop in platelet 
count from baseline. Typically, the onset is 5–14 days after starting 
any dose, any type, or any route of heparin exposure.112 A more rapid 
fall (within hours) in platelet count occasionally occurs if the patient 
has been treated with heparin within the previous 100 days. Because 

■  Figure 35-4 A flow chart for an approach to the diagnosis of the lupus anticoagulant 
(LA). At least two phospholipid-based screening tests (tests using one concentration of phos-
pholipid) must be prolonged. Mixing studies must be uncorrected with normal plasma. The 
presence of heparin must be ruled out. Confirmatory tests are performed by modifying the 
abnormal screening tests with two levels of phospholipid.
*Plasma samples must be platelet free, Cor = corrected; N = normal; Abn = abnormal; LA = lupus anticoagulant; 
APTT = activated partial thromboplastin time; dRVVT = dilute Russell’s viper venom time
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thrombotic thrombocytopenic Purpura (ttP)
Moschowitz first described TTP in his 1924 report of a 16-year-old 
female who presented with microangiopathic hemolytic anemia 
(MHA), petechiae, renal failure, and hemiparesis. At autopsy, she was 
found to have disseminated microvascular thrombi in the terminal 
arterioles and capillaries of the heart and kidney.113 For years, TTP 
was defined by the “classic pentad” of (1) microangiopathic hemolytic 
anemia, (2) thrombocytopenia, (3) neurologic symptoms, (4) fever, 
and (5) renal dysfunction.114 Because of the need for rapid treatment 
of this disorder using plasma exchange, less stringent diagnostic cri-
teria are now typically applied. Currently, diagnosis can be made on 
the finding of MHA and thrombocytopenia in the absence of another 
clinically apparent cause.115

Pathophysiology. Systemic platelet agglutination produces micro-
vascular thrombosis with variable tissue ischemia and infarction. 
The thrombi are composed predominantly of platelets with little or 
no fibrin. The most commonly affected organs are the brain, heart, 
pancreas, and adrenals; although renal involvement occurs, it rarely 
progresses to acute renal insufficiency or renal failure.

TTP is triggered by the presence of ultralarge VWF multimers 
(ULVWFs) in the plasma (Chapter 32). VWF is secreted from the 
 Weibel-Palade bodies of activated endothelial cells as ultralarge multi-
mers, larger than the typical large VWF forms that normally circulate. 
These ultralarge multimers are cleaved by a VWF cleaving protease; 
a disintegrin-like and metalloprotease with thrombospondin type 1 
motif (ADAMTS-13). ADAMTS-13 binds to the surface of endothe-
lial cells and cleaves ULVWF multimers as they are synthesized and 
released116,117 (Figure 35-5 ■). When ADAMTS-13 is significantly 
reduced or absent, the resulting ULVWF multimers can directly agglu-
tinate platelets resulting in disseminated platelet thrombi.115

Clinical Presentation and Treatment. Familial or inherited TTP is 
known as the Upshaw-Shulman syndrome.115 It is a rare autosomal 
recessive disorder characterized by repeated episodes of TMA dur-
ing childhood (chronic, relapsing TTP). It is due to a mutation of the 
ADAMTS-13 gene (9q34), resulting in a deficiency/dysfunction of 
the enzyme.118 As a result, these patients have ULVWF in their plasma 
and a predisposition to forming platelet-rich microvascular thrombi. 
Treatment is plasma infusion to replace the missing enzyme as needed. 
Heterozygotes are clinically asymptomatic.

Acquired TTP is an acquired autoimmune deficiency of 
ADAMTS-13.113 Also called idiopathic TTP, the disorder is more 
common in females than males (3:2 ratio). Other risk factors for idio-
pathic TTP are African ancestry and obesity. Of patients, 10–45% have 
a history of upper respiratory or flulike symptoms within weeks pre-
ceding diagnosis. Acquired TTP has also been associated with preg-
nancy, certain drugs, cancer/chemotherapy, and tissue transplantation. 
The autoantibodies against ADAMTS-13 block the activity of the 
VWF cleaving enzyme, producing TTP. Mortality is 790% without 
treatment. Recommended treatment is plasma exchange (to remove 
the autoantibody and replace with functional ADAMTS-13). Most 
patients (65%) have a single episode of TTP; ∼35% have recurrent 
disease.

Laboratory Evaluation. Laboratory testing for ADAMTS-13 can 
be done to confirm the suspected diagnosis, but plasma exchange 
treatment should begin immediately without waiting for results. 

thrombotic microangiopathies (tma)
The term thrombotic microangiopathies has been used to describe 
clinical disorders characterized by the presence of a microangiopathic 
hemolytic anemia (see Chapter 18 for more details on the pathophysiol-
ogy of the hematologic aspects of these disorders), thrombocytopenia, 
and microvascular thrombotic lesions. Disseminated intravascu-
lar coagulation (DIC), thrombotic thrombocytopenic pur-
pura (TTP), and hemolytic uremic syndrome (HUS) are TMA 
 disorders. For a number of years, TTP and HUS were considered simi-
lar, perhaps overlapping, clinical conditions and were often included in 
a combined clinical classification of TTP/HUS. Both conditions are 
associated primarily with activation of platelets without activation of 
the coagulation cascade. Platelet aggregates form in the microvascu-
lature and result in a thrombocytopenia. Typically, coagulation assays 
(PT, APTT, TT) are normal. It has recently been shown that the two 
disorders are distinct entities with different pathophysiologic causes, 
laboratory diagnostic approaches, and therapies (Table 35-10 ★).

Disseminated intravascular Coagulation (DiC)
Also known as consumptive coagulopathy, DIC is a syndrome asso-
ciated with systemic rather than localized activation of coagulation. 
It is a condition in which the normal balance of hemostasis is altered, 
resulting in the uncontrolled and inappropriate formation and lysis of 
fibrin within the blood vessels. It can be triggered by numerous events 
and can manifest as either a thrombotic or a hemorrhagic hemostatic 
state. See Chapter 34 for the full discussion of the pathophysiology and 
laboratory evaluation of patients with DIC.

Feature ttP hus

MAHA Yes Yes

Thrombocytopenia Severe Moderate to severe

Age Peak incidence 640 Childhood

Gender Female Equal

Epidemic No Yes

Recurrence Common Rare

Link to E. coli O157:H7 Occasional Yes

Renal failure Uncommon Common

Neurologic symptoms Common Uncommon

Organ involvement Multiple Limited to kidney

VWF multimer Ultralarge forms 
present

Smaller multimers 
predominate

ADAMTS-13 activity Deficient Normal

TTP = thrombotic thrombocytopenic purpura; HUS = hemolytic uremic 
syndrome; MAHA = microangiopathic hemolytic anemia; VWF = von 
 Willebrand factor

★ tabLe 35-10 Comparison of TTP and HUS

A patient was being evaluated for HIT. The ELISA assay 
for HIT IgG was positive, and the platelet SRA was nega-
tive. Should this patient’s physician be concerned? Why 
or why not?

CheCkpoint 35-5
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malignancy
The association between thrombosis and malignancy has been rec-
ognized for 7100 years and for a variety of different cancers. Throm-
botic disease occurs in 0.6–7.8% of cancer patients and is the second 
most common cause of death. Up to 50% of all cancer patients exhibit 
activation of the hemostatic system with elevated levels of markers 
of coagulation (e.g., thrombin/antithrombin complexes [TAT] pro-
thrombin fragment 1.2, fibrinopeptide A, D-dimer).120 Cancers with 
the highest thrombotic risk include tumors of the brain, pancreas, kid-
ney, stomach, lung, and bladder and hematologic malignancies. The 
causes of thrombosis in cancer patients are complex. The three com-
ponents that play a significant role in thrombogenesis (stasis, activa-
tion of blood coagulation, vascular injury) are present in most patients 
with malignant disease. Patients with cancer are often bedridden and 
immobile. Tumor cells release coagulation-activating factors including 
TF and cancer procoagulant protein (a cysteine protease that directly 
activates FX in the presence of FVIIa). Often malignancies are accom-
panied by a reduction of natural anticoagulants (AT, PC) or by defects 
of the fibrinolytic system. Surgery, chemotherapy drugs, and vascular 
access catheters can trigger vascular injury.  Chemotherapy appears to 
augment the risk for thrombosis. Patients with malignancy also have 
a higher rate of postoperative thrombotic complications than the gen-
eral population.120 Plasma microparticles shed by platelets, endothe-
lial cells, leukocytes, and the cancer cells themselves also contribute to 
the thrombotic risk in cancer patients. In some instances, thrombosis 
manifests before the diagnosis of an underlying malignancy and can 
predate the diagnosis by several years.120

Pregnancy and Oral Contraceptives (OCs)
Pregnancy is associated with an increased risk of VTE, and the puer-
perium (the 6-week period following delivery) is associated with a 
higher rate of thrombosis than pregnancy itself.43 Risk factors for 
thrombosis in pregnancy include advanced maternal age, Cesarean 
delivery, prolonged immobilization, obesity, prior TE, APS, and one 
of the inherited thrombophilias. Thrombosis during pregnancy and 
the puerperium is the result of pregnancy-induced alterations in 

Most hospitals rely on reference laboratories for ADAMTS-13 assays. 
Antibody or inhibitor activity against the protease is measured by a 
Bethesda-type methodology similar to that used to measure antibod-
ies to FVIII (Chapter 36).

hemolytic uremic syndrome
Like TTP, HUS is a syndrome characterized by MHA and 
thrombocytopenia.

Pathophysiology. HUS occurs in two forms, typical and atypical.115 
Typical HUS is associated with bloody diarrhea, fever, and infection by 
verotoxin-producing Esherichia coli (VTEC).  Also called D+  HUS 
(diarrhea positive), it accounts for 95% of all cases in children. E. coli 
O157:H7 accounts for most of the cases (80%), but other toxin-bearing 
E. coli serotypes and Shigella dysenteriae type 1 have also been linked 
with HUS.119 The pathogenesis of VTEC-HUS is thought to be toxin-
induced endothelial damage, primarily in the renal glomeruli, resulting 
in microvascular thrombi consisting of platelets and fibrin.

Familial (inherited) HUS is a chronic, relapsing clinical condi-
tion characterized as a D -  or atypical form of HUS.115 It is usually 
associated with an inherited abnormality of the complement regu-
latory system with persistently low levels of complement. Identified 
abnormalities include homozygous deficiency of complement fac-
tor H, membrane cofactor protein (MCP), or complement factor I. 
However, 50% of the cases of familiar HUS remain unexplained at 
the molecular level.

Clinical Findings. Thrombocytopenia and neurologic mani-
festations are less common and less severe in HUS than in TTP. 
 However, renal involvement is more severe than in TTP. Of patients, 
60% require renal dialysis, and 40–50% develop chronic renal 
insufficiency.

Treatment. Children with D+  HUS are usually managed by sup-
portive care only. Adults may be considered for plasma exchange 
therapy because differentiation from TTP is sometimes uncertain. 
Plasma exchange may also be appropriate for individuals with inher-
ited deficiencies of complement regulatory proteins.

■  Figure 35-5 VWF processing by ADAMTS-13. (a) Normal ADAMTS-13 proteolytically 
cleaves ultralarge von  Willebrand factor multimers (ULVWFs) into smaller subunits. (b) In the 
absence of ADAMTS-13 activity, ULVWF multimers persist, inducing platelet agglutination and 
the formation of platelet thrombi.
Schneider M. Thrombotic microangiopathy (TTP and HUS): advances in differentiation and diagnosis. Clin Lab Sci. 
2007;20(4):216. Reprinted with permission from the American Society for Clinical Laboratory Science (ASCLS).
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estrogen use, surgery) can trigger thrombotic episodes in ∼50% of 
such individuals.43 Taking a complete history is essential, including 
age of onset, location of prior thromboses, circumstances that could 
have precipitated the event, and particularly a family history of other 
affected individuals (suggesting a hereditary defect).

Samples for laboratory analysis should not be drawn during a 
thrombotic episode because the episode itself can affect many labora-
tory assays. Acute thrombosis is often associated with acquired defi-
ciencies of AT, PC, or PS because these proteins are consumed during 
thrombosis. Any anticoagulant therapy should be noted because it can 
affect coagulation tests. Heparin therapy can be associated with up to 
a 30% decline in AT levels, and warfarin produces a marked drop in 
the functional activity of PC and PS and a decline to a lesser extent in 
immunologic levels. Warfarin has also been shown to (rarely) elevate 
AT levels significantly, sometimes into the normal range in patients 
with a hereditary deficiency.43

Clinical guidelines for thrombotic risk assessment should be 
based on outcomes assessment. Many institutions have testing pro-
tocols for effective diagnosis in patients with thrombophilia. The 
protocol described here varies depending on the patient population, 
laboratory resources, and other factors (Figure 35-6 ■).

hemostasis as well as venous stasis in the lower extremities. The levels 
of most coagulation proteins increase during pregnancy (particu-
larly fibrinogen and FVIII), and AT, free and total PS, and fibrinolytic 
system activity (decreased tPA and increased PAI-1) significantly 
decline.43 The net effect of these changes is to promote blood coagu-
lation and may represent a mechanism to control bleeding at the time 
of placental separation.

Estrogen therapy and high-dose OCs have been associated with 
increased venous and arterial thrombosis related to the estrogen 
dose.43 The mechanisms by which OCs induce a prothrombotic state 
are unclear. Their use is associated with changes in the levels of many 
coagulation proteins including increases of fibrinogen, FVII, and 
FVIII and decreases of AT and PS. Any individual with an inherited 
thrombophilia or increased thrombotic risk factors should be care-
fully evaluated before estrogen therapy is begun.

Postoperative state and trauma
DVT and PE occur with increased frequency in postoperative patients 
although the thrombotic risk varies depending on the type of surgery 
performed. Risk factors associated with increased rates of thrombo-
sis include age (advanced), previous VTE, coexistence of malignancy, 
inherited thrombophilia, and extended surgical and immobilization 
times.11 DVT and PE are also commonly encountered after major 
trauma. Proposed mechanisms for the activation of the coagulation 
system include exposure of tissue factor from injured tissue, elevated 
levels of fibrinogen and VWF, decreased levels of AT and PC (associ-
ated with an acute inflammatory response), and increased numbers of 
circulating procoagulant microparticles.

hematologic Disorders
Several hematologic disorders are associated with thrombosis. Patients 
with myeloproliferative disorders often experience a predisposition to 
thrombotic and hemorrhagic complications. Idiopathic myelofibro-
sis, essential thrombocythemia, and polycythemia vera are associated 
with venous and arterial thrombotic events. The mechanisms involved 
are complex and include the association of vascular occlusive episodes 
with a high hematocrit and hyperviscosity as well as elevated platelet 
counts and platelet hyper-reactivity (Chapter 24). Sickle cell anemia 
can lead to thrombosis because of hyperviscosity secondary to sickled 
erythrocytes. Acute promyelocytic leukemia (APL) is often compli-
cated by a profound coagulopathy because of enhanced procoagu-
lant activity associated with the release of TF from the leukemic cells 
(Chapter 26). Either diffuse or localized thrombosis can result. In par-
oxysmal nocturnal hemoglobinuria (PNH), the chronic intravascu-
lar hemolysis is often associated with thrombotic crises (Chapter 17). 
Membrane vesicles produced by complement-induced hemolysis of 
the erythrocytes possess prothrombinase-promoting activity and can 
induce thrombotic events at various vascular sites.

LabOratOry testing in Patients 
With susPeCteD thrOmbOsis
When patients are suspected of having an acute thrombotic process 
or a thrombotic tendency, it is helpful to ascertain whether they are 
likely to have an inherited (primary) or an acquired (secondary) 
thrombophilia. Patients with hereditary defects are at lifelong risk of 
developing thrombosis, and clinical circumstances (e.g., pregnancy, 

■  Figure 35-6 Protocol for thrombotic risk testing. Test-
ing begins with coagulation screening tests and proceeds 
according to the protocol established by the institution.
Serpin = serine proteinase inhibitors (antithrombin, heparin cofactor II); 
TPA = tissue plasminogen activator; PAI = plasminogen activator 
inhibitor; AT = antithrombin; PT = prothrombin time; APTT = activated 
partial thromboplastin time; APCR = activated protein C resistance; 
TAT = thrombin@antithrombin complex 

Screening to rule out anticoagulant
therapy and acquired factor
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PT, APTT
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  prothrombin G20210A
• Assay for factor VIII
  increase
• Tests for other Serpin
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antiCOaguLant theraPy
The main objective of anticoagulant therapy is to treat or prevent 
thrombosis. Arterial thrombosis is often caused by the interaction of 
platelets and vessel wall atherosclerotic plaques and can be treated 
with antiplatelet drugs. Thrombolytic therapy can be useful in 
treating an acute arterial thrombosis because rapid clot lysis and res-
toration of blood flow minimize permanent tissue damage. The role 
of anticoagulant therapy in the treatment of arterial thrombosis is 
controversial.

Venous thrombosis is often associated with abnormalities in 
the plasma coagulation system. An acute DVT has historically been 
treated with heparin (or newer heparin-derived components) for sev-
eral days followed by oral anticoagulant therapy for 3–6 months.

Heparin
Heparin is a heterogeneous group of molecules of sulfated glycosami-
noglycans that bind to AT, resulting in rapid inhibition of serine pro-
teases of the coagulation pathway. When administered parenterally, 
intravenously, or subcutaneously (heparin is not absorbed by the gas-
trointestinal tract), it produces a potent anticoagulant effect. Heparin 
does not have a direct effect on blood coagulation but facilitates AT’s 
ability to neutralize serine proteases.

Thrombosis risk testing should begin with screening tests (PT, 
APTT) to rule out anticoagulant therapy and acquired factor deficiencies 
and to detect antiphospholipid antibodies that interfere with interpreta-
tion of clot-based PS and APCR tests. Additional testing typically includes 
functional and antigenic (or molecular) measurements of the most com-
mon inherited defects: APCR/FVL, prothrombin 20210, MTHFR muta-
tions, PC, PS, and AT. Additional testing for other deficiencies or defects 
can be performed even if the patient tests positive for one of these initial 
tests because patients with thrombophilia can have multiple defects.

The best screening tests for deficiencies of AT, PC, and PS are 
functional assays that detect both quantitative and qualitative defects. 
Immunologic (antigenic) assays detect only quantitative deficiencies 
of these proteins. To obtain a definitive diagnosis (differentiate type 
I and type II deficiencies), thrombotic patients need to have both a 
functional and an antigenic test performed on the hemostatic com-
ponent in question.

Many thrombotic disorders are difficult to diagnose because 
individuals can present with borderline laboratory values of a hemo-
static component that are not clearly normal or abnormal; multiple 
testing can be needed. In addition to assays for particular hemostatic 
proteins associated with hereditary or acquired thrombophilias, assays 
are available to measure the extent of coagulation enzyme activation 
in the blood in vivo (e.g., fibrinopeptide A, prothrombin fragment 
1.2, thrombin-AT complex, plasmin-antiplasmin complex). Although 
these assays do not give information regarding the specific type of 
hypercoagulable state that is present, they can provide information 
supporting the presence of increased activation of the coagulation 
system. Determining an episode’s etiology is important because it sug-
gests specific and appropriate therapy. All risk factors or possible defi-
ciencies need to be ascertained because they can interact and, in some 
cases, significantly increase the risk of thrombosis. See Table 35-11 ★ 
for some tests that can be useful in diagnosing thrombotic disorders.

Why are functional assays recommended when screen-
ing a patient suspected of having a familial thrombophilic 
defect?

CheCkpoint 35-6

Functional antigenic molecular

Antithrombin X X

Heparin cofactor II X X

Protein C X X

Protein S Total PS

Free PS Free PS

APCR X X

Prothrombin 20210 X

Tissue factor path-
way inhibitor

X X X

Hyperhomocyste-
inemia

 CBS mutations X

 MTHFR mutations X

Fibrinogen X X

Factor XII X

Plasminogen X X

Tissue plasminogen 
activator

X X

Plasminogen 
 activator inhibitor

X X

Antiphospholipid 
antibodies

Screening with APTT; 
specific confirmatory 
tests including plate-
let neutralization and 
dilute Russell’s viper 
venom

APCR = activated protein C resistance; CBS = cystathionine b synthase; 
MTHFR = methlene tetrahydrofolate reductase; APTT = activated partial 
thromboplastin time

★ tabLe 35-11 Laboratory Tests Used to Diagnose 
Thrombophilia

Initial screening tests left the physician with no clear 
explanation for the thrombotic events. Several years later, 
when new tests became available, Andrea, her mother, 
and two sisters were tested for the factor V Leiden muta-
tion and prothrombin mutation 20210. Results follow:

Case stuDy (continued from page 733)

Mother Andrea Sister 1 Sister 2

FVL mutation N Heterozy-
gous

N N

20210 Mutation Heterozy-
gous

Heterozy-
gous

Heterozy-
gous

Heterozy-
gous

3. Why is Andrea at greater risk for a thrombotic event 
than her mother or her two sisters?
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reagents and instruments vary widely, each clinical laboratory should 
determine its own heparin therapeutic range.

LMWH and fondaparinux typically do not require routine 
monitoring. However, in some circumstances (obesity, renal insuffi-
ciency, pediatric patients), monitoring may be indicated. LMWH and 
fondaparinux do not produce a predictable prolongation of the APTT 
at therapeutic doses, so if laboratory monitoring is required, an anti-
Xa-based assay using a LMWH or fondaparinux standard should be 
performed.121

Complications
Heparin is an effective agent for treating and preventing VTE, but it 
can have adverse side effects. Excessive bleeding is the most common 
toxic effect of (high-dose) heparin therapy and has been reported 
in up to 30% of patients. HIT occurs in ∼3% of patients receiving 
standard UFH but less frequently in patients receiving LMWH and 
very rarely in patients receiving fondaparinux (see the earlier section 
“ Heparin-Induced Thrombocytopenia (HIT)”). Osteoporosis, or bone 
loss, is sometimes seen with long-term (1 month or more) standard 
heparin therapy. In contrast to warfarin, heparin does not cross the 
placenta and has not been associated with fetal malformations. There-
fore, it is the anticoagulant of choice for prophylaxis and treatment 
of VTE during pregnancy. In cases of heparin overdose resulting in 
excessive anticoagulation or bleeding, protamine sulfate can be given 
to neutralize and reverse the anticoagulant effect of UFH. It has lim-
ited effect on neutralizing LMWH, and no effect on fondaparinux.

In the event that a patient develops HIT or is resistant to hepa-
rin, alternate anticoagulants can be used. These include direct anti-Xa 
inhibitors and direct thrombin inhibitors not requiring heparin (see 
section “New Anticoagulants”).121

Oral Anticoagulants
Oral anticoagulants have been used to treat acute DVT and PE since 
the 1940s, and remain currently the most commonly used anticoagu-
lants worldwide.122 Coumadin drugs (e.g., sodium warfarin or dicou-
marol) are vitamin K antagonists (VKAs) that inhibit coagulation by 
interfering with vitamin K’s action in the liver. Coumadin inhibits 
hepatic carboxylation of the vitamin K-dependent proteins, resulting 
in the release of nonfunctional (incompletely g@carboxylated ) mol-
ecules to the plasma. These proteins have reduced functional activity 
relative to their antigenic levels.

mechanism of action
Coumadin blocks the vitamin K epoxide reductase enzyme that 
converts vitamin K epoxide back to the reduced form of vitamin K, 
which is the form required as a cofactor for the carboxylation reac-
tion (Figure 32-3). The anticoagulant effect of Coumadin depends 
on the reduced synthesis of biologically active vitamin K-dependent 
proteins and the normal clearance from the circulation of fully active 
proteins synthesized before the introduction of the drug. Coumadin 
inhibits g@carboxylation of newly synthesized proteins but does not 
affect the plasma half-life of already circulating proteins. The antico-
agulant effect of Coumadin thus lags behind the point at which opti-
mal plasma Coumadin concentration is reached. The disappearance 
of biologically active, fully g@carboxylated factors is determined by the 

mechanism of action
Heparin for therapeutic use is usually extracted from porcine intes-
tinal mucosa or bovine lung. The standard UFHs are heterogeneous 
mixtures of molecules with a mean molecular weight of ∼15,000 Da 
(range 5000–30,000 Da). LMWH preparations (mean molecular 
weight of 4500–5,000 Da) are prepared from standard heparin by 
chemical or enzymatic depolymerization of UFH. Whereas UFH 
catalyzes AT inhibition of thrombin, FXa, and other serine proteases 
of the coagulation system, LMWH’s major anticoagulant effect is 
to catalyze the interaction between AT and FXa. Recently, synthetic 
heparin pentasaccharides that mimic the active site of heparin have 
been produced. Fondaparinux, the first of this new group of drugs, 
also exerts its anticoagulant action by inhibiting FXa. By reducing the 
generation of or inactivating thrombin, these drugs prevent fibrin 
formation, inhibit thrombin-catalyzed activation of FV, FVIII, FXIIIa, 
and PC and inhibit thrombin activation of platelets.

The actions of two coagulation inhibitors are accelerated by hepa-
rin: AT and HCII. At therapeutic doses of heparin (0.2–0.4 U/mL), 
FIXa, FXa, and thrombin are inhibited almost exclusively by AT (which 
has a greater affinity for heparin than does HCII). In the presence of 
higher concentrations of heparin (or in the presence of dermatan sul-
fate), thrombin is inhibited also by HCII.

Dosage Considerations
The UFH dose required to produce a therapeutic effect varies from 
patient to patient because of differences in the plasma concentrations 
of various heparin-binding proteins (platelet factor 4, histidine-rich 
glycoprotein, fibronectin, VWF). These proteins bind to and neutralize 
large molecular weight heparins in the circulation. In some patients, 
larger doses of UFH than normal are required to achieve a therapeu-
tic effect. The majority of these heparin-resistant patients have high 
levels of FVIII and heparin-binding proteins (which are acute-phase 
reactants) in their plasma. Patients with inherited AT deficiency (with 
AT levels of 40–60% of normal) respond normally to heparin therapy. 
However, individuals with acquired or inherited AT levels of 625% of 
normal can be resistant to the anticoagulant effects of heparin.

LMWH is being used with increasing frequency because of its 
convenience and more reliable pharmacokinetics.121 The pharma-
cokinetic profile of UFH varies widely among individuals as a result 
of heparin binding to plasma proteins. LMWH and fondaparinux do 
not bind “heparin-binding proteins” in the plasma and thus have a 
more predictable dose-response profile; as a result, neither requires 
routine laboratory monitoring. Both have a longer half-life and a more 
predictable anticoagulant effect and are less likely to cause heparin-
induced thrombocytopenia and osteoporosis.

Laboratory monitoring
Several different laboratory tests can be used to determine proper 
UFH dosage. Individuals’ response to UFH varies, so no standard 
dose provides protection from clotting while preventing adverse side 
effects. Therapy with UFH is usually monitored with a global test of 
coagulation, such as the activated clotting time (ACT) or the APTT. 
The PT is not sensitive to heparin and thus is not useful. Usually the 
heparin dose is adjusted so the APTT is 1.5–2.5 times the patient’s 
pretreatment baseline value.121 Because the sensitivities of APTT 
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The antidote for Coumadin overdose is administration of 
 vitamin K. Coumadin crosses the placenta and has been associated with 
fetal abnormalities; therefore, its use is contraindicated during pregnancy.

New Anticoagulants
A number of new drugs that inhibit the initiation or propagation of 
coagulation have been developed and are in various stages of clinical 
trials and/or FDA approval.123 These drugs are classified as direct 
or indirect inhibitors. Direct inhibitors bind directly to their target 
enzyme and block their interaction with substrate. Indirect inhibi-
tors function by binding plasma cofactors, such as antithrombin, 
accelerating their interaction with clotting enzymes. Of particular 
interest are the new oral direct FXa inhibitors (e.g., rivaroxaban, 
apixaban, edoxaban) and direct thrombin inhibitors (e.g., dabigatran) 
anticoagulants.

Thrombolytic Therapy
Thrombolytic therapy is a clinical approach to TE disease with the 
goal of re-establishing vascular perfusion. All currently used throm-
bolytic agents are plasminogen activators (PA) used to lyse thrombi in 
vivo.124 Clinical trials assessing efficacy have been conducted for DVT, 
PE, peripheral arterial occlusion, acute myocardial infarction (MI), 
and acute ischemic stroke. The potential clinical benefit of throm-
bolytic treatment for acute thrombosis is in part determined by the 
time frame in which treatment should be initiated. For MI or cerebral 
thromboses, treatment should be started within 4 and 3 hours, respec-
tively, whereas treatment should be initiated for PE within 48 hours. 
Thrombolytic therapy for DVT maintains efficacy if treatment is initi-
ated within 7 days.

mechanism of action
All of the PAs are capable of inducing plasmin lysis of fibrin within 
a thrombus and are accompanied by a variable degree of plasma 
fibrinogenolysis (the lytic state). Under normal physiologic conditions, 
plasminogen and PAs interact when bound to fibrin in the thrombus. 
Fibrin facilitates the conversion of plasminogen to plasmin because 
PAI-1 and a2@antiplasmin (AP) do not efficiently inhibit fibrin-bound 
PA and plasmin, respectively. Under physiologic conditions, systemic 
lysis of fibrinogen does not occur because PAI-1 and AP efficiently 
inhibit tPA and plasmin in the circulation. With administration of 
therapeutic dosages of PA, virtually all of the plasma plasminogen is 
converted to plasmin, overwhelming the neutralizing capacity of AP 
and leading to some degree of systemic proteolysis.

Dosage Considerations
The FDA has approved six plasminogen activators: streptokinase/
SK, urokinase/UK (uPA), alteplase/tPA, anistreplase, reteplase, and 
tenecteplase.124 UK currently is not available in the United States, and 
anistreplase is rarely used. The major distinctions among the agents 
relate to their antigenicity, half-life, potential for inducing a lytic state, 
and hemorrhagic potential. Those PAs derived from a human pro-
tein (UK, tPA, alteplase, tenecteplase, and reteplase) are essentially 
nonantigenic whereas those from a bacterial species can induce anti-
body formation. The agents’ half-lives vary from 5 minutes for tPA 
to 20 minutes for SK to 70 minutes for anistreplase. Several new PAs 
are in various stages of development or clinical trials. The continued 

half-life of each. FVII activity disappears most rapidly (T1/2 ∼6 hours), 
FX and FIX follow (T1/2 ∼24 hours), and prothrombin disappears at 
the slowest rate because of its longer half-life (T1/2 ∼72 hours).122 
Thus, Coumadin does not produce instantaneous anticoagulation but 
must be administered for 4–5 days before therapeutic anticoagula-
tion is achieved. Coumadin is administered orally, is nearly completely 
absorbed, and circulates in the blood bound to albumin (97%). Only 
free Coumadin is biologically active. Its plasma half-life is ∼36 hours.

Dosage Considerations
Patients who have had a thrombotic incident are normally treated 
with heparin during the initial phase of anticoagulation because it 
produces an immediate anticoagulant effect. Because Coumadin’s full 
anticoagulant action is achieved only after 4–5 days, Coumadin and 
heparin are given simultaneously during this time. Subsequently, when 
oral anticoagulation has been achieved, heparin can be discontinued. 
Coumadin is usually the therapy of choice for chronic anticoagula-
tion to prevent the recurrence of thromboembolic disease. After the 
treatment of an acute thrombosis (DVT or PE), patients are routinely 
maintained on Coumadin for 3–6 months.

Genetic factors can influence Coumadin’s anticoagulant effect.122 
Variant alleles for either the CYP2C9 (the gene coding for cytochrome 
P-450) or VKORC1 (the gene encoding the vitamin K epoxide reduc-
tase) result in altered pharmacokinetics of Coumadin, and variable 
doses of the drug may need to be given to maintain a therapeutic level. 
Molecular testing can identify these mutations affecting Coumadin’s 
response.

Laboratory monitoring
The PT is routinely used to monitor VKA anticoagulation. The thera-
peutic Coumadin dosage varies among individuals, and monitoring 
the anticoagulant effect can be difficult. A major problem has been a 
variation in the potency of thromboplastins used by different manu-
facturers. The introduction of a reference standard for thromboplas-
tins by the World Health Organization International Sensitivity Index 
and the use of the international normalized ratio (INR) have reduced 
the interlaboratory and interhospital variability in monitoring oral 
anticoagulants (Chapter 36).

Complications
Bleeding complications are observed in 10–20% of patients treated 
with Coumadin; about 50% of these complications occur when the 
therapeutic range of the PT has been exceeded, but 50% occur despite 
a PT within the therapeutic range. Although bleeding is usually mild, 
severe and life-threatening bleeding can occur. Thus, patients receiving 
oral anticoagulation must be carefully monitored. During the initia-
tion of therapy, PT measurements can be required 2 or 3 times a week; 
once stabilized, patients generally require a PT every 3 or 4 weeks.

Thrombotic events can occasionally occur with Coumadin 
administration because of a transient disruption of the procoagu-
lant/anticoagulant balance leading to microthrombosis. The patho-
genesis is depletion of one or both vitamin-dependent anticoagulant 
proteins (PC, PS) more quickly than depletion of the procoagulant 
vitamin K proteins, resulting in a temporary hypercoagulable state. 
The most common clinical manifestation is Coumadin-induced skin 
necrosis.
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it has been used as an antithrombotic only since the 1950s.125 Aspirin 
blocks prostaglandin synthesis (TXA2) in platelets by permanently 
and irreversibly inhibiting cyclooxygenase (COX-1 enzyme) in them. 
Aspirin accomplishes this by acetylating platelet COX-1, blocking 
the enzyme’s ability to interact with its substrate arachidonic acid. As 
little as a single “baby aspirin” (∼30 mg) per day is used as prophylaxis 
for stroke (far below the dosage used for pain and fever). The unique 
sensitivity of platelets to aspirin’s therapeutic effect results from the 
fact that platelets are cytoplasmic fragments from megakaryocytes and 
lack a nucleus and ribosomes. As a result, the platelet cannot replace 
its aspirin-acetylated, permanently inhibited COX-1 by synthesis of 
new proteins and continues to circulate for the rest of its life span in 
an inactive/inactivatable state (∼9910 days). In spite of the fact that 
aspirin also inhibits COX-1 in endothelial cells, blocking PGI2 (plate-
let inhibitor) production, it has a net antithrombotic effect because 
these nucleated cells simply synthesize new COX-1 to replace the 
aspirin-inhibited enzyme. Patients taking aspirin do not have a severe 
bleeding diathesis, and aspirin exerts only a modest effect on plate-
let function and bleeding times. The prostaglandin@TXA2 pathway 
augments platelet aggregation to weak agonists but is not needed for 
platelet responsiveness to strong agonists such as ADP or thrombin.125

Other nsaiDs
The nonsteroidal anti-inflammatory drugs (NSAIDs), excluding aspi-
rin, are competitive inhibitors of COX-1 (and COX-2) rather than 
irreversible inhibitors. Because their actions block enzyme function 
transiently, they are not generally used as antithrombotic agents alone 
but sometimes in conjunction with aspirin. NSAIDs include ibupro-
fen, flurbiprofen, and sulfinpyrazone. However, because they do have 
an antiplatelet effect although transient, surgeons recommend that 
patients not take these drugs for 7–10 days before surgery (as with 
aspirin). Acetaminophen does not affect platelet function.

aDP receptor antagonists
Adenosine diphosphate (ADP) receptor antagonists—ticlopidine, 
clopidogrel and prasugrel—are drugs that block a different platelet 
activation pathway than do aspirin and other NSAIDs. They modify 
the ADP receptor, blocking platelet P2Y12 receptor activity.107 These 
drugs have been linked to causing TTP in a small number of patients. 
Ticlopidine is also associated with neutropenia and marrow suppres-
sion in a small number of patients (1–2%), which clopidogrel does not. 
Clopidrogrel has a lower incidence of TTP and thus is generally the 
ADP receptor-antagonist drug of choice for most patients.

Dipyridamole
Dipyridamole inhibits phosphodiesterase, resulting in increased 
cAMP levels and inhibition of platelet activation. It has been used in 
patients for decades but has limited antithrombotic effectiveness when 
used alone. It is often combined with aspirin to improve effectiveness.

intravenous antiplatelet agents
Intravenous antiplatelet agents include inhibitors of GPIIb/IIIa. 
The GPIIb/IIIa platelet membrane receptor interacts with fibrino-
gen and VWF during platelet activation and aggregation. In con-
trast to the previously discussed drugs, which block only one of 
multiple platelet activation pathways, the blockade of GPIIb/IIIa 

search for new PA variants seeks to develop new agents with increased 
activity, a longer half-life, or a reduced lytic state.

Laboratory monitoring
The lytic state occurs because of the systemic conversion of plas-
minogen to plasmin by circulating PA and the effects of plasmin on 
components of the circulating blood. Although a number of plasma 
proteins are degraded, the identification of the lytic state is usually a 
demonstration of a decrease in plasma fibrinogen.124 This increased 
degradation of fibrinogen is detected by a prolonged thrombin time 
test and increased fibrinogen degradation products (FDPs). Plasmin 
also degrades other plasma proteins including FV and FVIII. Other 
potential laboratory tests to monitor the lytic state include a shortened 
euglobulin lysis time, a quantitative decrease in circulating plasmino-
gen and a2@antiplasmin, and the generation of plasmin-antiplasmin 
complexes (PAP). Free circulating plasmin can be demonstrated 
using chromogenic assays. Free plasmin also affects platelet func-
tion by decreasing aggregation induced by various platelet agonists 
and by cleaving the platelet membrane receptor for VWF. The lytic 
state induces a hypocoagulable state resulting from a combination 
of decreased clottable fibrinogen and other procoagulant proteins, 
the generation of FDPs (which inhibit coagulability), and platelet 
hyporeactivity.124

PA dosage regimens are standardized, thus, monitoring throm-
bolytic therapy is necessary only to document that a lytic state has 
indeed been achieved.124 The TT is sometimes used to monitor fibri-
nolytic therapy. A baseline TT should be determined and another per-
formed at 3–4 hours after starting therapy. If a lytic state is induced, the 
TT should become prolonged because of the increased fibrin(ogen) 
degradation products and decreased fibrinogen level. FDP or D-dimer 
assays can be used to determine whether the thrombus is lysing.

Complications
The degradation of fibrin produces the beneficial effect of reducing 
the size of the thrombus (thrombolysis). However, a potential compli-
cating effect can be the lysis of hemostatic plugs and resultant bleed-
ing. Blood hypocoagulability can compound the bleeding tendency 
because of fibrinogenolysis and platelet dysfunction caused by the 
increased lytic state. The patient’s response to PA therapy is inadequate 
if the thrombosed vessel does not manifest full reperfusion or if reoc-
clusion quickly follows initial success. Thus, adjunctive treatment with 
anticoagulants and/or antiplatelet agents is often added to thrombo-
lytic therapy to minimize early reocclusive events.124

Antiplatelet Therapy
Various antiplatelet agents are available to reduce or block platelet 
responsiveness and activation. As with anticoagulant therapy, anti-
platelet therapy includes the use of both oral and intravenous agents. 
Laboratory monitoring generally is not necessary with antiplatelet 
agents except for the need to monitor platelet counts with some of 
the drugs that cause thrombocytopenia in a small number of patients.

aspirin
Aspirin is probably the most common drug used as an antithrom-
botic/antiplatelet agent in managing arterial thrombosis. Although it 
has been used for more than a century as an analgesic and antipyretic, 
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almost completely eliminates platelet function if given in sufficient 
dosages. Abciximab (ReoPro) has been used for a number of years 
although its use requires the platelet count to be monitored because 
it causes thrombocytopenia in 1–2% of treated patients. Eptifibatide 
(Integrilin) has also been used and is generally not associated with 
thrombocytopenia.

Why should heparin therapy overlap initiation of oral anti-
coagulant therapy when treating a patient with an acute 
thrombosis?

CheCkpoint 35-7

Summary
The human hemostatic system normally maintains a balance 
between procoagulant or thrombogenic factors and antico-
agulant or fibrinolytic activity. If this delicate balance is dis-
turbed, the result can be excessive bleeding or unwanted 
clotting. Arterial and/or venous thrombosis occurs when acti-
vation of blood coagulation exceeds the ability of the natu-
ral protective mechanisms (anticoagulants/inhibitors and the 
fibrinolytic system) to prevent or minimize fibrin formation. 
Clinical risk factors that predispose an individual to either 
arterial or venous thrombosis have been identified. Throm-
bophilia or hypercoagulability refers to any disorder (inherited 
or acquired) with an increased tendency to venous throm-
boembolism. Familial thrombophilia generally results from 
three broad categories of hemostatic abnormalities: (1) accel-
erated fibrin formation (increased procoagulant activity or 
diminished natural inhibitor activity), (2) defective fibrinolysis 
(reduced profibrinolytic factors or increased fibrinolytic inhibi-
tors), or (3) abnormal fibrin (dysfibrinogenemias). An inherited 
thrombophilic defect places an individual at risk for but does 
not inevitably lead to thrombosis. Thrombosis occurs in sus-
ceptible patients who have one or more genetic mutations 
when they are exposed to exogenous prothrombotic stimuli. 
The five most common and most clearly delineated heredi-
tary abnormalities associated with thrombophilia are factor V 
Leiden, prothrombin 20210, and decreased or defective anti-
thrombin, PC, and PS.

Patients with a documented thrombotic event need to be 
carefully evaluated including a complete personal and family 
history. Any additional risk factors for thrombosis present at 
the time of the incident (e.g., surgery, pregnancy, venous sta-
sis) should be assessed. If a positive family history exists, the 
thrombosis was spontaneous, or multiple thrombotic incidences 
occurred, a full diagnostic workup should be undertaken to 
ascertain, if possible, the etiology of the thrombotic event. The 
evaluation of many of the components that regulate hemosta-
sis (procoagulant proteins, inhibitory proteins, and fibrinolytic 
regulators) requires both functional (activity) and quantitative 
(immunologic) assays because both qualitative and quantitative 
defects of these proteins occur. Definitive diagnosis of some 
inherited thrombophilic disorders requires molecular analysis 
of the implicated gene. The presence of multiple inherited or 
acquired thrombophilic factors significantly increases the risk for 
thrombosis. Patients experiencing an acute thrombotic event can 
be treated with a thrombolytic agent (plasminogen activators), 
heparin or low-molecular-weight heparin, or oral anticoagulants. 
Long-term anticoagulation usually utilizes oral anticoagulants. 
Antiplatelet therapy can be used to manage arterial thrombo-
sis. These agents block platelet responsiveness and activation. 
The most common antiplatelet prophylaxis is aspirin. Individuals 
with inherited thrombophilia usually do not require prophylactic 
therapy unless an additional prothrombotic clinical risk factor 
exists (prolonged immobility, surgery, pregnancy, etc.).

Review Questions
Level i

 1. A platelet fibrin mass that forms within a vessel is known 
as a(n): (Objective 1)

 A. thrombus

 B. embolism

 C. platelet plug

 D. clot

 1. Rupture of plaque in an artery can result in: (Objective 4)

 A. the formation of a white thrombi

 B. the formation of a red thrombi

 C. hyperhomocysteinemia

 D. decreased fibrinolysis

 3. A patient is diagnosed with DVT. Four days later, a thrombus 
is found in his lung. This is an example of: (Objectives 3, 5)

 A. a white thrombi

 B. local thrombosis

 C. a thromboembolus

 D. DIC

 4. Which type of laboratory test results for AT will a patient 
with a type I deficiency of AT have? (Objective 8)

 A. decreased antigenic and normal functional activity

 B. normal antigenic and normal functional activity

 C. normal antigenic and decreased functional activity

 D. decreased antigenic and decreased functional activity
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Level ii

 1. Which of the following clinical manifestations is more 
likely to be found in a person with an inherited thrombo-
philia than in a person with an acquired thrombophilia? 
( Objectives 2, 10)

 A. venous embolism at a young age

 B. absence of a family history of thrombosis

 C. presence of a pulmonary embolism

 D. myocardial infarction in a 50-year-old

 2. A patient with thrombophilia has a decreased functional and 
antigenic activity of PC. What is the diagnosis? (Objective 4)

 A. APCR

 B. PS deficiency

 C. type I PC deficiency

 D. type II PC deficiency

 3. Why is following up an abnormal clotting assay for APCR 
with a molecular test recommended? (Objective 6)

 A. The clotting test is not sensitive or specific for APCR.

 B. Of individuals with APCR, 10% do not have the FVL 
mutation.

 C. The clotting test cannot be used for 6 months after a 
thrombotic episode.

 D. The molecular test is inexpensive and more accurate.

 4. Why does a patient with a thrombotic incident receive 
both heparin and Coumadin for 4–5 days after the inci-
dent? (Objective 11)

 A. Heparin is not effective as an anticoagulant without 
Coumadin present.

 B. Coumadin requires heparin for its full anticoagulant 
effect.

 C. Doing so gives the patient an initial bolus dose of 
anticoagulant.

 D. Coumadin takes this long to produce its full antico-
agulant action.

 5. The value of using the INR to report the PT is that: (Objec-
tive 12)

 A. it reduces interlaboratory variability in monitoring oral 
anticoagulants

 B. it can be used to monitor both heparin and Coumadin 
therapy

 C. patients on Coumadin therapy do not need to be 
tested as often

 D. patients’ Coumadin dosage does not need to be 
adjusted as frequently

 5. An inherited abnormality in the factor V molecule that 
renders it resistant to inactivation by APC is known as: 
( Objective 9)

 A. AT deficiency

 B. APCR

 C. DIC

 D. prothrombin G20210A

 6. A deficiency or defect in PC can lead to thrombosis 
because of an: (Objective 7)

 A. inability to inactivate PS

 B. increased platelet activation

 C. inability to neutralize thrombin

 D. inability to inactivate factors Va and VIIIa

 7. Patients who receive UFH as treatment for a thrombus 
should be monitored periodically for the complication of 
HIT using what laboratory test? (Objective 10)

 A. APTT

 B. PT/INR

 C. TT

 D. platelet count

 8. Therapy with LMWH is best monitored using which labora-
tory test? (Objectives 10, 11)

 A. PT/INR

 B. APTT

 C. factor Xa assay

 D. platelet count

 9. The best test to monitor Coumadin therapy is the: (Objec-
tive 12)

 A. PT/INR

 B. APTT

 C. factor Xa assay

 D. platelet count

 10. What physiologic protein’s anticoagulant effect does 
 heparin accelerate? (Objective 6)

 A. AT

 B. protein C

 C. protein S

 D. lupus anticoagulant

M35_MCKE6011_03_SE_C35.indd   745 01/08/14   6:37 pm



746 SeCtioN Vii   •   hemoStaSiS

 9. A 30-year-old patient is diagnosed with his third episode 
of DVT. He is currently hospitalized and receiving heparin 
therapy. The physician orders a thrombotic risk battery 
of tests. The most appropriate action that the laboratory 
should take is to: (Objective 1)

 A. call the physician and explain that testing will not be 
accurate during anticoagulant therapy and during the 
thrombotic episode

 B. perform the battery of tests in the thrombotic risk pro-
file but note that results are not reliable

 C. perform a PT and an APTT and, if prolonged, refuse to 
do the testing

 D. call the physician and explain that this patient is not a 
candidate for thrombotic risk testing

 10. A patient on Coumadin for treatment of DVT returns to 
the doctor with skin necrosis. What protein deficiency 
should be tested for after Coumadin therapy is finished? 
( Objective 5)

 A. AT

 B. PC

 C. HCII

 D. TPAI

 6. A patient with a myocardial infarction is admitted to the 
ER. The physician starts the patient on streptokinase and 
calls the laboratory and wants you to suggest a test to 
ensure that a lytic state is induced by the therapy. What 
test will you suggest? (Objective 13)

 A. a baseline TT and TT after 3–4 hours of therapy

 B. fibrinogen, plasminogen, and plasmin assays

 C. a PT, APTT, and platelet count

 D. none because no available tests give this information

 7. A patient has hyperhomocysteinemia. Which laboratory 
test(s) can be helpful in establishing the etiology of the 
disease? (Objective 7)

 A. APCR clotting assay

 B. AT and PS antigenic assays

 C. molecular tests for MTHFR and CBS

 D. molecular test for prothrombin G20210A

 8. Which of the following conditions is not associated with an 
increased tendency for thrombosis? (Objective 10)

 A. antiphospholipid antibody syndrome

 B. pregnancy

 C. malignancy

 D. factor VIII deficiency

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe necessary precautions regarding specimen collection 

and processing for coagulation studies, and determine specimen 
appropriateness.

 2. State the principle and clinical significance of each test:  platelet 
 function testing (PFT), prothrombin time (PT), activated partial 
 thromboplastin time (APTT), thrombin time (TT), fibrinogen assay, 
 factor assays, D-dimer assay, and mixing studies.

 3. Describe procedures for determining PFT, PT, APTT, TT, fibrinogen 
assay, and D-dimer assay.

 4. Identify the appropriate laboratory procedure for monitoring heparin 
therapy and oral anticoagulant therapy.

 5. Describe the international normalized ratio (INR).
 6. Calculate the INR given a patient’s PT, mean normal PT, and 

 international sensitivity index (ISI).
 7. Interpret the results of routine coagulation testing (i.e., PT, APTT, 

 fibrinogen assay, TT, D-dimer assay, mixing studies).
 8. Explain the purpose of point-of-care hemostasis testing.
 9. Explain methods of clot detection for each type of hemostasis analyzer 

described and give the advantages and disadvantages of each method.
 10. Distinguish the characteristics of manual, semiautomated, and 

 automated hemostasis analyzers.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Correlate specimen collection, processing, storage, and handling pro-

cedures with potential problems in coagulation testing.
 2. Defend the use of 3.2% sodium citrate as an anticoagulant for coagula-

tion studies.
 3. State the principle and determine the appropriate utilization for each 

of the following tests: platelet aggregation studies, reptilase time, 
(continued)
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prekallikrein screening test, FXIII screening test, von 
Willebrand factor (VWF) activity assay, (VWF) antigen 
immunoassay, dilute Russell’s viper venom time, lupus 
anticoagulants, FVIII inhibitor assay, antithrombin (AT), 
protein C (PC), protein S (PS), plasminogen, antiplasmin, 
activated protein C resistance (APCR), and FXa inhibition.

 4. Describe the procedure for each test listed in Objective 3.
 5. Interpret the results and explain the clinical significance of 

each test listed in Objective 3.
 6. Interpret a set of laboratory results, and suggest the 

appropriate follow-up or reflex test.
 7. Select and defend the most appropriate laboratory tests 

to monitor anticoagulant therapy, interpret the results, 
and assess conditions that could affect these tests.

drug-induced platelet disorders, and immune thrombocytopenia. 
(Chapter 33)

• define the defect and identify the cause of impaired hemosta-
sis in the following inherited disorders of secondary hemosta-
sis: von Willebrand disease, hemophilia A, and hemophilia B. 
(Chapter 34)

• summarize the etiology and the pathophysiology of the 
acquired disorders of secondary hemostasis including dissemi-
nated intravascular coagulation, vitamin K deficiency, lupus 
anticoagulant (antiphospholipid antibody), and FVIII inhibitor. 
(Chapter 34)

• summarize the effect of factor V Leiden, protein C deficiency, 
antithrombin deficiency, and protein S deficiency on the hemo-
static system. (Chapter 35)

Objectives—Level II (continued)
 8. Project the potential use of molecular markers in the 

investigation of a hemostatic problem.
 9. Describe testing methodologies that are routinely 

 available on hemostasis analyzers.
 10. Identify testing applications employed by various 

 hemostasis analyzers.
 11. Identify key performance characteristics that should 

be evaluated when objectively evaluating the most 
 appropriate coagulation analyzer for an individual 
 laboratory setting.

 12. Explain the purpose of incorporating platelet 
 function testing analyzers into the routine hemostasis 
laboratory.

Key Terms
Agonist
Chromogenic assay
Dilute Russell viper venom time 

(dRVVT)
Enzyme-linked immunosorbent 

assay (ELISA)
Global testing

Hypercoagulable state
International normalized ratio 

(INR)
International sensitivity index 

(ISI)
Nephelometry
Nomogram

Oral anticoagulant therapy
Pharmacokinetics
Point-of-care (POC) instrument
Pooled normal plasma
Reference interval (RI)
Ristocetin

Ristocetin cofactor (RCoF) 
assay

Therapeutic range
Turbidometric clot detection
von Willebrand Factor Activity 

(VWF:A)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i
• describe the vascular contributions to hemostasis. (Chapter 31)
• summarize the steps involved in primary hemostasis. 

(Chapter 31)
• List the coagulation factors and the sequence of events 

involved in secondary hemostasis. (Chapter 32)
• describe the biochemical inhibitors that regulate the coagula-

tion cascade. (Chapter 32)
• List the factors and the sequence of events involved in fibrino-

lysis. (Chapter 32)

level ii
• define the defect and identify the cause of impaired  

hemostasis in the following disorders of primary hemostasis: 
Bernard-Soulier syndrome, Glanzmann’s thrombasthenia,  
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ovErviEW
This chapter describes hemostasis laboratory tests and instrumenta-
tion used to investigate bleeding and clotting disorders. Patient infor-
mation obtained during the detailed history and physical examination 
can assist in determining the coagulation tests needed to diagnose, 
prevent, or manage a hemostatic abnormality. Screening tests are used 
to place the defect in one of several broad categories. Special coagu-
lation testing could be necessary to establish a definitive diagnosis. 
Screening tests for defects of primary hemostasis include a platelet 
count and/or platelet function testing. Secondary hemostasis screen-
ing tests are the prothrombin time (PT), the activated partial throm-
boplastin time (APTT), fibrinogen, and thrombin time. Screening 
tests can also be helpful to assess the patient’s hemostatic status before 
surgery.

Reliable coagulation test results depend on the specimen quality. 
Therefore, this chapter begins with a discussion of specimen collec-
tion, handling, processing, and storage. Next, hemostasis laboratory 
testing in the following areas are discussed: primary hemostasis, sec-
ondary hemostasis, and fibrinolysis. A discussion of laboratory tests 
used to assess hypercoagulable states or thrombophilia and monitor 
anticoagulant therapy follows. Each test mentioned includes details 
of the theory, methodologies, procedural comments, and reference 
values. The technology and principle of the automated instruments 
utilized in the coagulation laboratory are described. Procedures for 
selected tests can be downloaded from the chapter’s Companion 
Resources for use in the laboratory component of a hemostasis class. 
This site also contains additional hemostasis testing information and 
refers the reader to free information.

introDuCtion
The clinical laboratory professional is an integral part of the medi-
cal team involved in the diagnosis of bleeding and clotting disorders. 
Extensive knowledge of the physiology of hemostasis and coagu-
lopathies (Chapters 31–35) is needed to understand the testing for 
the coagulopathies and provide the best care possible for the patient. 
Diagnosis of a bleeding problem generally utilizes an algorithmic 
approach. When laboratory professionals are knowledgeable of the 
testing sequence, they can assist the clinician with specimen collection 
(e.g., minimize frequency and amount of blood drawn), reflex testing, 
and prioritizing testing. The algorithmic approaches for thrombo-
philia and bleeding problems allow the clinical laboratory professional 
to follow the progression of screening tests and to select the specific 
tests for follow-up testing.

In addition to describing testing for the adult population, this 
chapter provides additional information for the pediatric popula-
tion, which includes the newborn, infant, toddler, and children to 
age 17 years. Laboratories must be cognizant of the need for smaller 
sample size (blood sampling and testing) for this group of patients. 
Because congenital deficiencies are more likely to be discovered and 
diagnosed in the pediatric age group, tests must be sensitive to the very 
low levels of the constituent being measured.

The chapter emphasizes the technical information concern-
ing the blood sample(s) needed for the particular test(s). A com-
mon phrase regarding coagulation is “the result is only as good as 
the sample.” Therefore, the laboratory professional must have a good 

understanding of specimen collection, handling, processing, and stor-
age. If the final result is questionable or illogical, specimen integrity 
should be questioned. The coagulation laboratory should establish its 
own normal range or reference interval for each analyte. The reference 
interval provided by the commercial company or a published source 
can be used as a temporary reference. Reference intervals are estab-
lished by testing age-appropriate, normal (healthy) donors (an equal 
number of males and females) using the laboratory’s own instrument/
reagent combination. The normal donors must be questioned to rule 
out a history of bleeding or thrombotic disorders, acute infections, 
pregnancy, liver or renal disease, and postsurgical bleeding (e.g., dental 
extractions). A normal donor must also be excluded if the medication 
history includes any of the following: oral contraceptives, hormone 
replacement therapy, or herbal supplements. Unacceptable sources 
for normal donor blood include pre-employment individuals and 
presurgery patients. Reference interval testing should be performed 
over a minimum of a 5-day period to factor in the intralaboratory day-
to-day variability. If normal donor blood samples are not available, 
commercial companies can provide frozen citrated plasma samples 
from individuals who have been prescreened.

Specialized testing can include functional and antigenic mea-
surement of the analyte being evaluated. For available functional 
assays, the theory is described. It is essential to know whether the 
analyte measured is functioning normally. The antigenic assay is per-
formed to determine whether the protein concentration is abnormal. 
Occasionally, the antigenic assay is normal but the functional assay 
is abnormal. Functional assays are available for most analytes. Most 
algorithms are designed to perform the functional assay first, and if 
abnormal, the antigenic assay can be requested.

Some tests described in this chapter might be available only at 
a reference laboratory. The laboratory professionals and patient care 
providers must follow the same quality control guidelines for speci-
men collection, handling, processing, and storage of the samples that 
are sent to the reference laboratory.

The Companion Resources include a wealth of technical infor-
mation for the medical laboratory professionals working in a coagula-
tion laboratory. The information is practical in nature and is included 
to improve coagulation testing. The figures and tables can assist in 
modifying existing techniques and instituting new protocols (e.g., cal-
culating FVIII inhibitors, heparin nomograms, commercial sources of 
normal and abnormal plasmas for reference ranges).

spECiMEn CollECtion 
anD proCEssinG
The accuracy of coagulation testing relies on properly collecting, pro-
cessing, and storing the specimen (Web Table 36-1).

Specimen Collection
A two-syringe or two-tube technique formerly was recommended 
when collecting blood with a syringe or an evacuated tube system. 
The blood in the first syringe or tube was discarded to minimize con-
tamination with tissue factor, and the second syringe or tube was used 
for the coagulation specimen.1 The current Clinical and Laboratory 
Standards Institute (CLSI; 2008:H21-A5) guidelines do not require a 
discard tube for PT and APTT testing.2 Blood collection tubes used 
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concentrate, establish the baseline level of a factor, or monitor antico-
agulation therapy, all of which require precise sample identification.

The interactions of the laboratory staff with the health care team 
are important for obtaining a sample at the proper time. The patient’s 
history of receiving blood products should be checked because test-
ing done within the half-life of administered clotting factor or plate-
let products could measure the transfused component as well as the 
patient’s own component. Some dietary supplements and drugs can 
interact and affect hemostasis (Web Table 36-2).6 Certain fibrino-
lytic factors have diurnal variability; therefore, each laboratory needs 
guidelines on when to draw these samples. Before performing platelet 
function testing, the ordering physician and nursing or laboratory staff 
must thoroughly question patients regarding medications because 
some affect the testing for the life of the platelet (7–10 days).

Specimen Processing
Hemostasis testing is performed predominately on platelet-poor, 
citrated plasma samples. Platelet-rich plasma and whole blood may be 
used for platelet function testing. Whole blood also is used for global 
coagulation testing.

platelet-poor plasma (ppp)
To obtain PPP, the capped citrated specimen is centrifuged at room 
temperature for at least 15 minutes at 1500–2500 g. Each lab must 
adjust the speed and time of centrifugation in order to achieve a PPP 
sample with a residual platelet count of less than 10,000/mcL (mL). 
Coagulation testing can be performed by sampling the PPP directly 
from the centrifuged tube, or the PPP can be removed from the tube 
for later testing or storage. When removing the PPP, a small interface 
of PPP should be left over the packed cell layer. This ensures that the 
platelet layer is undisturbed and that platelets have not been resus-
pended into the PPP.

The use of PPP is essential for technical reasons. Platelets contain 
platelet factor 4 (PF4), which neutralizes heparin (thus affecting sam-
ple’s testing for the presence of heparin). Platelets contain phospholip-
ids, which affect lupus anticoagulant testing and factor assay testing 
(especially if the sample is frozen and thawed). Platelets also contain 
proteases, which, when released during the thawing of a frozen sample, 
can alter results for von Willebrand factor testing.

for coagulation testing should not be used after collection tubes with 
additives, such as heparin or ethylenediaminetetracetic acid (EDTA), 
to prevent carryover and contamination into the coagulation sample.

Blood collection by direct venipuncture is preferred for coagula-
tion testing. Butterfly needles of 21–22 gauge with polystyrene tubing 
attached to a syringe or vacutainer system are used for adult and pedi-
atric patients with difficult venous access. A needle with a diameter 
smaller than 0.7 mm (larger than a 22-gauge needle) could prolong 
blood collection and because of the high pressure gradient in the 
needle could cause hemolysis and platelet activation.3

If butterfly needles are used, the two-tube technique alleviates 
the problem of underfilling the citrate tube and causing an error in 
the blood to anticoagulant ratio. The air in the tubing displaces an 
equivalent volume of blood in the first tube, causing it to inadequately 
fill. No air is in the tubing when the second tube is drawn, so this 
tube fills to the proper level. A complete fill is essential to achieve the 
proper ratio of blood to anticoagulant in the citrate tube (9:1 blood-
to-anticoagulant ratio).

Drawing blood through an indwelling catheter requires that 
care be taken to avoid heparin contamination of the sample. Hepa-
rin is used to keep the catheter line free flowing. To prevent con-
tamination, the catheter line should be flushed with saline, and 
the first 5 mL (less volume in pediatric patients) of blood should 
be discarded. If the laboratory suspects heparin contamination of 
the sample, a commercial heparinase product can be added to the 
plasma to neutralize the heparin. Up to 2 USP units of unfraction-
ated heparin in 1 mL of citrated plasma can be neutralized and the 
sample retested.4 Heparin neutralization should not be performed 
when the sample collected is for heparin therapy monitoring. In this 
case, a sample must be recollected from a non-heparinized site to 
ensure accurate test results.

The anticoagulant of choice for coagulation studies is 3.2% buff-
ered sodium citrate (105–109 mmol/L). The recommended ratio for 
coagulation testing in sodium citrate is nine parts whole blood and 
one part anticoagulant (9:1). The 3.2% sodium citrate concentration, 
as opposed to the 3.8% concentration formerly recommended for 
coagulation studies, alleviates the problems associated with excess 
citrate in samples that have high hematocrits.5 CLSI guidelines, 
however, still recommend adjusting the amount of anticoagulant 
for the 3.2% concentration when the patient’s hematocrit is 755%2  
(Figure 36-1 ■).At this concentration, the plasma volume is lower. 
The excess free citrate binds a higher proportion of calcium ions that 
are required for calcium-dependent clotting assays. This could lead 
to falsely prolonged clotting times (CTs), especially affecting the PT 
and APTT. Evacuated citrate tubes that draw volumes of 4.5, 2.7, and 
1.8 mL are available. If the citrate tube is overfilled, insufficient cal-
cium can be bound, and clotting can occur in the tube (consuming 
some of the clotting factors), producing falsely prolonged results simi-
lar to a consumptive coagulopathy.

Accurate labeling of the citrated blood samples is critical. The 
sample must be labeled with the appropriate identifiers according to 
the institutional and regulatory agencies guidelines in the patient’s 
presence. Additional information for further identification of the sam-
ple (i.e., before or after infusion, time of draw) should also be included 
to eliminate sample and testing errors. Coagulation testing can be 
used to calculate a response to the administration of a specific factor 

■  FiGurE 36-1 When blood is drawn for coagulation 
testing in a patient with a hematocrit 755% using the 
1:9 ratio of buffered sodium citrate to blood, the plasma 
contains excess citrate that can affect coagulation test-
ing. A correction formula to adjust the citrate:blood ratio 
is recommended in these cases. The calculation used is 
 presented here.

C � (1.85 � 10�3) � (100 � Hct) � V
C � Volume of sodium citrate

V � Volume of whole blood drawn
Hct � Patient hematocrit

(1.85 � 10�3) � (100 � 63) � 5mL � 0.34 mL
So mix 5 mL of blood with 0.34 mL of sodium citrate

For example, to draw 5 mL of blood from a patient
with a hematocrit of 63% you calculate the amount
of sodium citrate to use as follows:
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of thrombocytopenia such as heparin-induced thrombocytopenia 
(HIT) and neonatal alloimmune thrombocytopenia (NAIT) (Chap-
ters 33 and 35).

Bleeding Time
The BT is an in vivo measurement of platelet function. In addition, it 
is affected by platelet number and vascular integrity (Chapter 31). The 
BT measures the time required for bleeding to cease from a superficial 
skin incision.

The general reference interval (RI) for the BT is 1–9 
 minutes.10,11 Patients with platelet counts less than 100 * 109/L 
usually have a prolonged BT. The BT has been discredited in recent 
years as being unreliable as a screening test for surgical patients. It 
lacks reproducibility and is affected by location of the incision, pres-
sure applied when performing the incision, operator experience, and 
patient factors such as age, gender, diet, hematocrit, skin elasticity, 
medications, and platelet count.7–9

In the absence of a clinical history of a bleeding disorder, the BT 
is not a useful predictor of the risk of hemorrhage associated with sur-
gical procedures (i.e., a normal BT does not exclude the possibility of 
excessive hemorrhage). Many hospitals have stopped using the BT.7–9

Platelet Function Analyzers
There is point-of-care (POC) and more highly complex instrumenta-
tion for evaluating platelet function. Following is a description of these 
instruments and their use in assessing platelet function.

pFa-100®, 200®; siemens Healthcare, inc.
The PFA in vitro method for assessing and screening platelet function 
is a more standardized technique, eliminating the variables discussed 
with the BT (Web Figure 36-1). The assay measures platelet function 
in whole blood at a high shear rate. Citrated blood is added to each of 
three reservoirs, one with collagen/epinephrine, a second with colla-
gen/adenosine diphosphate (ADP), and a third with a low concentra-
tion of ADP and prostaglandin E1 (PGE1). The instrument aspirates 
whole blood through a capillary with a 150 mcM (mM) aperture with 
a bioactive membrane coated with collagen/epinephrine, collagen/
ADP, or ADP/PGE1. A pressure sensor detects the formation of a 
platelet plug. The time to occlude the aperture (the “closure time”) is 
a function of platelet count, platelet activity, von Willebrand factor 
(VWF) activity, and hematocrit. This method is sensitive to von Wil-
lebrand disease (VWD), aspirin-induced platelet dysfunction, clopi-
dogrel interference of platelet aggregation, and aggregation defects 
(all resulting in prolonged or abnormal closure times). A reference 
interval is established for each reservoir using a standardized blood-
drawing technique (size of needle, citrate concentration).11–15 Refer 
to Table 36-1 ★ for expected results with the PFA.

verifyNow accumetrics assay system  
(san Diego, Ca)
This is a POC device that measures platelet-induced aggregation. It is 
a turbidimetric optical detection system that measures aggregation by 
LTA. It uses a designated cartridge that employs a microbead aggluti-
nation technology for assaying antiplatelet medications such as aspi-
rin, clopidogrel, and integrilin. Each cartridge contains a lyophilized 

A clot of any size in the sample renders it unacceptable. The 
whole blood specimen should be checked visually for clots while gen-
tly rotating the capped sample end to end several times. The specimen 
also can be checked for fibrin or clots after removal of the plasma or 
when testing is completed. After removing the plasma, wooden appli-
cator sticks can be twirled inside the tube and pulled out to check for 
fibrin threads or clots. Coagulation testing is most reliable when per-
formed on a fresh sample. If testing is delayed, the PPP can be stored 
at 18–24°C or 2–8°C for up to 4 hours before performing most tests. If 
the testing cannot be completed within 4 hours, the PPP can be stored 
at -70°C for 6 months to 1 year. Frozen samples must be thawed rap-
idly at 37°C because excessive heating (75 minutes) can result in the 
loss of the labile factors V and VIII. Samples for coagulation testing 
should never be stored in self-defrosting freezers. The freeze–thaw 
cycles could rupture any residual platelets in the plasma, activate 
coagulation factors, and compromise sample integrity and stability.

platelet-rich plasma (prp)
PRP is obtained to perform studies of platelet function (light trans-
mittance platelet aggregometry [LTA]). Low centrifugation spins that 
yield PRP at a concentration of 200,000/mcL must be determined for 
LTA testing.

Citrated Whole Blood
When testing requires citrated whole blood, the sample is drawn as 
previously described. Whole blood samples should be mixed after 
collection and before use by gently rotating the tube end to end 4 or 5 
times. This sample type can be used for platelet function testing (i.e., 
platelet function analyzer [PFA], whole blood aggregation, or one of 
the global coagulation tests, such as thromboelastography [TEG]). 
Because platelets can be activated by foreign surfaces, the sample 
should not be checked for a clot with the wooden applicators before 
testing has been completed.

Why have most clinical laboratories switched from 3.8% 
to 3.2% sodium citrate for specimen collection in coagula-
tion studies?

CheCkpoint 36-1

laBoratory invEstiGation 
oF priMary HEMostasis
Laboratory testing to evaluate primary hemostasis includes tests for 
platelet concentration and function. Clinical laboratory professionals 
must be aware that a wide variety of drugs can affect platelet function 
for the life span of the platelet (7–10 days).6

Screening tests for platelet function include the bleeding time 
(BT) and in vitro testing using the PFA. However, many investigators 
consider the BT an obsolete procedure.7–9 Definitive testing for plate-
let function includes PRP and/or whole blood platelet aggregation. 
More specialized platelet function testing can be performed by flow 
cytometry. There are also tests available to evaluate acquired states 
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technically represents platelet agglutination rather than aggrega-
tion  (Chapter 31).  Ristocetin-induced platelet agglutination (RIPA) 
can be abnormal in both VWD and Bernard-Soulier syndrome 
(BSS; a defect of GPIb/IX/V), whereas plasma ristocetin cofactor 
activity (RCoF or VWF:A, discussed in “von Willebrand Factor 
Activity (VWF:A)”) is usually decreased in VWD but is normal in 
BSS. In addition, the RIPA defect observed in VWD can be cor-
rected by adding normal plasma to the patient’s PRP because the 
defect is a deficiency of a plasma protein, not of the platelets. The 
RIPA agglutination defect in BSS is not corrected with the addi-
tion of normal plasma because it is the result of a deficiency of the 
GPIb/IX complex on the patient’s platelet membrane.

The effects of aspirin or aspirin-containing drugs on plate-
let function can be evaluated with the use of AA (Web Table 36-3). 
Aspirin irreversibly inhibits platelet function for 7–10 days (the life 

preparation of human fibrinogen-coated beads with arachidonic acid 
(AA) as an agonist for aspirin testing and ADP and PGE1 for testing 
for the antiplatelet effects of clopidogrel. The integrilin device uses 
human fibrinogen-coated beads with a thrombin receptor (protease-
activated receptor-1)–activating peptide as the agonist (aggregating 
reagent). The system uses a 3.2% sodium citrated 2.0 mL collection 
tube. An aliquot of the specimen is dispensed from the tube to the 
assay cartridge, and results are generated in set units for each cartridge. 
Each device has its own manufacturer-suggested ranges for the cutoffs 
to denote the effects of the antiplatelet medications.16,17

Platelet Aggregometry
Platelet aggregation studies are comprehensive studies of platelet func-
tion. Blood is collected in 3.2% sodium citrate. The whole blood can 
be used for testing (measuring luminescence and impedance), or PRP 
can be prepared from the sample for optical platelet aggregometry.

Platelet-Rich Plasma (PRP) Aggregation
PRP is carefully prepared from a citrated blood sample by adjusting the 
platelet count with the patient’s own PPP to a standard number (usu-
ally 200,000/mcL). However, some investigators do not recommend 
the adjustment procedure because it further manipulates the plate-
lets and can cause spontaneous aggregation.13 The sample is stirred, 
warmed to 37°C in a special photometric device (an aggregometer), 
and an agonist is added. In the presence of the agonist, the platelets 
begin to aggregate, resulting in a change in optical density (OD) of 
the PRP that the aggregometer records as a graph (curve). Commonly 
used platelet agonists include ADP, epinephrine, collagen, ristocetin, 
and arachidonic acid.

Depending on the agonist used and its concentration, a primary 
and/or secondary wave of aggregation can occur (see Figure 36-2 ■). 
The primary wave reflects the direct response of the platelets to 
the aggregating reagent and represents platelet shape change and the 
formation of small aggregates. The secondary wave represents the 
complete aggregation response, which occurs as a result of endog-
enous ADP being released from the activated platelet dense bodies. 
An aggregating reagent that results in both a primary and second-
ary wave is said to produce a biphasic curve, whereas an aggregating 
reagent that results in only one wave is said to produce a monophasic 
curve. Changes in platelet aggregation curves are interpreted to iden-
tify qualitative platelet disorders (Table 36-2; Chapter 33). Aggregating 
reagents produce typical aggregation patterns.18

Ristocetin  is unique among the agonists in that its 
action depends on the interaction of plasma VWF and the 
platelet membrane glycoprotein GPIb/IX/V receptor and 

■  FiguRe 36-2 Normal platelet aggregation curves. 
Normal responses to the commonly used aggregating 
reagents: ADP, epinephrine, collagen, ristocetin. (a) Base-
line before addition of the reagents. (b) Initial increase in 
absorbance that occurs immediately following the addi-
tion of reagent, representing a change in platelet shape. 
(c) The primary wave of aggregation. (d) Secondary wave 
of aggregation.

Condition Pge1/ADP COL/ePi COL/ADP

normal normal normal normal

acetylsalicylic acid (asa) normal abnormal normal

VWd unknown abnormal abnormal

glanzmann’s thrombasthenia abnormal abnormal abnormal

Clopidogrel abnormal Variable; not recommended Variable; not recommended

★ TAbLe 36-1 Expected Results with the PFA
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Whole Blood Aggregation
The use of whole blood aggregation allows for a smaller sample size 
than is used in PRP aggregation and is a quicker analytic method 
because PRP does not have to be prepared. However, there is no stan-
dardization of the platelet count. The whole blood assay measures 
electrical resistance across two metal wires (probes). The whole blood 
sample is initially exposed to a small electric current that coats wires 
with a monolayer of platelets. Upon the addition of an agonist, plate-
lets form aggregates on the monolayer, adding electrical resistance 
(ohms) to the circuit. The change in impedance is measured as a func-
tion of time. The citrated sample is challenged with ADP, collagen, AA, 
and thrombin. The use of the agonist thrombin allows for determining 
the content of the dense granules. Thrombin causes dense granules 
to release ATP, so whole blood aggregation with thrombin can effi-
ciently assess whether the patient has d@storage pool disease. With cer-
tain instruments, the sample can also be evaluated for luminescence, 
as was done with PRP.13

Multiplate® Platelet Function Analyzer
The Multiplate® Platelet Function Analyzer (Roche, Indianapolis, 
Indiana, distributed by Diapharma, Inc., West Chester, Ohio) is a 
new platelet aggregometer that uses whole blood. The Multiplate 
system detects the effects of antiplatelet inhibitors such as aspirin, 
clopidogrel, and GPIIb/IIIa antagonists. It uses a small amount of 
blood for each test (0.3 or 0.175 mL). The instrument looks at three 
platelet aggregation parameters (the velocity of aggregation, maxi-
mum aggregation, and the area under the curve [AUC]), which is the 
most important. The total height of the aggregation curve and the 
slope of the aggregation response affect AUC . The AUC seems to 

span of the platelet). If a secondary wave of aggregation is not pro-
duced with ADP or epinephrine, using AA can help to differentiate 
an acquired (drug) defect from an inherent platelet defect. Drugs such 
as the thiopyridines (e.g., clopidogrel, prasugrel) and other medica-
tions such as cangrelor and ticagrelor affect the ADP receptors of 
the platelet and block platelet aggregation using that agonist. Platelet 
release defects or storage pool disease  (Chapter 33) produce aggre-
gation results with ADP and epinephrine similar to those seen with 
aspirin ingestion but can be differentiated by using AA (Table 36-2 ★, 
Figure 36-3 ■).

Decreasing concentrations of epinephrine, which pro-
duce aggregation of patient PRP but not normal control PRP 
(Web Figure 36-2), have been used to diagnose “sticky platelet syn-
drome,” a term adopted by E. F. Mammen to describe patients who 
had  platelet hyper-responsiveness to low doses of ADP and/or epi-
nephrine.19 These patients often had unexplained arterial vascular 
occlusions. The precise etiology of this syndrome is not known, but 
abnormal platelet receptors maybe involved. Normal plasma levels of 
PF4 and b-thromboglobulin (bTG) suggest that the platelets are not 
activated at all times. Platelet aggregation using decreasing concentra-
tions of epinephrine is not sensitive for demonstrating sticky platelet 
syndrome in pediatric populations.20

Some aggregometers can measure adenosine triphosphate (ATP) 
secreted from dense granules, either by whole blood or PRP-optical 
methodologies. Luminescence assays improve the diagnosis of storage 
pool disease because an actual amount of ATP, directly proportional 
to the dense granule content, is measured. Measuring the amount of 
ATP is more accurate than evaluating whether the platelet aggregation 
curve is biphasic.13,21–23

Qualitative Platelet 
Disorders

Aggregating Reagents

Collagen ADP Epinephrine Ristocetin Arachidonic Acid

Normal Monophasic curve 
(secondary wave only): 
representing secondary 
platelet aggregation 
associated with release 
of endogenous ADP

Biphasic curve with 
2 * 10-5 M ADP: 
demonstrating primary 
and secondary waves of 
platelet aggregation

Biphasic curve: 
demonstrating 
primary and 
secondary waves of 
platelet aggregation

Biphasic curve: 
demonstrating primary 
wave resulting from 
immediate platelet 
agglutination; secondary 
wave associated with 
platelet release induced by 
platelet agglutination

Monophasic curve 
 (secondary wave only): 
representing effect 
of thromboxane A2 
on secondary  platelet 
aggregation

von Willebrand 
disease

Normal Normal Normal No response b

Bernard-Soulier 
syndrome

Normal Normal Normal No response b

Glanzmann’s 
thrombasthenia

No response No response No response Normal b

Storage pool 
disease

No response Primary wave only Primary wave only Normal Normal

Aspirin ingestion No response Primary wave only Primary wave only Normal Suppressed response

Clopidogrel 
ingestion

Normal No response Primary wave only Normal Normal

aChapter 33.
bNot applicable. Arachidonic acid evaluates the thromboxane A2 synthetic pathway.

★ TABlE 36-2 Typical Pattern of Response to Aggregating Reagents in Qualitative Platelet Disordersa
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■  FiGurE 36-3 Platelet aggregation patterns in various disorders. Typical trac-
ings obtained using concentrations of collagen, ADP, and ristocetin illustrate 
the differences between platelet aggregation in normal subjects and that in 
patients with VWD, BSS, TSA, SPD, and aspirin ingestion and ASAs. Impaired 
release of ADP accounts for the SPD and ASA defects. VWF corrects the defec-
tive ristocetin aggregation in VWD but not in BSS.
ADP = adenosine diphosphate; VWD = von Willebrand’s disease; BSS = Bernard-Soulier syndrome; 
TSA = thrombasthenia; SPD = storage pool disease; ASA = aspirin@like disorders; VWF = von 
 Willebrand’s factor

What affect does aspirin taken daily for a heart condition 
have on a patient’s platelet functional studies? Explain.

CheCkpoint 36-2

be the best for overall assessment of platelet activity. Testing is per-
formed using a disposable cuvette that simultaneously performs the 
assay with two independent sensors in the test cuvette. The results are 
calculated by the software and are expressed as mean values of the 
parameters determined with each sensor. The correlation coefficient 
(cc) between the values of the two individual curves is determined 
and is deemed accepted when the cc is Ú0.98. If the results are not 
within a specified range the operator is alerted. All of the results are 
in laboratory-determined units set by in-house testing. Abnormal 
results could indicate that the antiplatelet treatment plans for patients 
need to be modified.23–25

additional tests Evaluating platelets
Flow Cytometry
New approaches for laboratory diagnosis of the platelet disor-
ders BSS (GPIb/IX deficiency) and Glanzmann’s thrombasthenia 
(GPIIb/IIIa deficiency) involve flow cytometry using monoclonal 
antibodies directed against the platelets’ respective glycoproteins. A 
panel of antibodies that recognize the resting, activated, and ligand-
occupied forms of the GPIIb/IIIa complex are available.25 Thus, 
both the presence and the functional activity of this complex can 
be measured. Testing can also be performed to evaluate the presence 
of circulating activated platelets to aid in diagnosing thrombotic 
syndromes.26

Clot retraction
The physiologic phenomenon and the screening test of clot retraction, 
a function of activated platelets, have been described in Chapter 31. 
This assay is rarely performed in specialty coagulation laboratories. 

tests for Diagnosing Heparin-induced  
thrombocytopenia (Hit)
Platelet destruction through immune mechanisms can cause throm-
bocytopenia. One of the more common causes is heparin-induced 
thrombocytopenia. Historically, a functional heparin–platelet aggre-
gation assay using normal platelets and the patient’s serum was used 
to screen for HIT. In the presence of HIT immunoglobulins in the 
patient’s serum, the normal donor PRP platelets were activated when 

laBoratory invEstiGation 
oF sEConDary HEMostasis
Laboratory tests of secondary hemostasis evaluate coagulation factors 
and inhibitors. The testing of patients for secondary hemostasis starts 
with screening tests. An algorithm can provide guidelines for evalu-
ating a bleeding diathesis. The following section includes technical 
information to help understand the variability within each assay. This 
chapter’s Companion Resources should also be consulted for meth-
odologies, quality control, pediatric considerations, and expanded 
coverage of the topics.

Screening Tests
Screening tests include the PT, APTT, TT, and quantitative fibrino-
gen. Abnormalities in any of these tests require further testing. The 
battery of reflex testing is based on the results of the screening tests.

heparin was added. The procedure was time consuming and often 
resulted in false negative or positive results. The current gold stan-
dard for the diagnosis of HIT is a platelet 14 C serotonin release assay 
whose complexity limits its availability to reference laboratories. An 
enzyme-linked immunosorbent assay (ELISA) for detect-
ing antibodies against heparin/PF4 complexes (Chapter 33) is also 
available and widely used. The results obtained with the serotonin 
release assay and ELISA generally are in agreement in patients with 
a clinical diagnosis of HIT. However the ELISA detects antiheparin 
antibodies in patients who do not have heparin-induced thrombocy-
topenia, and therefore can produce a false positive diagnosis if used 
to diagnose HIT.27
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thrombin time (tt)
The TT has an important role as a screening test because it measures 
the conversion of fibrinogen to fibrin by adding excess thrombin to 
undiluted plasma. Because the other intrinsic and extrinsic clotting 
factors previously measured in the PT and APTT have no effect on 
this test, TT is useful for evaluating other parameters affecting the 
formation of fibrin. Problems with the conversion of fibrinogen to 
fibrin can occur as the result of hypofibrinogenemia or dysfibrino-
genemia (Chapter 34), the presence of heparin or direct thrombin 
inhibitors, and the presence of fibrin degradation products (FDPs). 
In rare cases, autoantibodies against bovine thrombin (e.g., induced 
by topical thrombin application or the use of fibrin sealants) and 
paraproteins also can interfere with fibrin formation and result in a 
prolonged TT.33 The TT is useful to confirm an abnormal FDP result 
and verification of heparin in a citrated PPP sample. An extremely 
prolonged TT usually indicates a heparin effect. If the sample is 
contaminated with heparin, the heparin can be neutralized with 
Hepzyme. The testing can then be repeated, or the specimen can be 
redrawn.

In the TT procedure, citrated PPP is incubated at 37°C. Throm-
bin reagent is added, and the time for a clot to form is measured. The 
general reference interval for the TT is 15–19 seconds. The TT in 
preterm and term infants is longer than the adult reference interval 
even though the fibrinogen level is within the same normal reference 
interval, which can be explained by the presence of a distinct fetal 
fibrinogen molecule with altered function. The TT generally becomes 
normal within a few days after birth.

Quantitative Fibrinogen assay
Several methods have been used to determine the fibrinogen concen-
tration including turbidimetric precipitation or denaturation meth-
ods with some instrumentation calculating a result derived from 
the PT’s slope. The reference method for fibrinogen determination 

prothrombin time (pt)
The PT is an important screening test for the laboratory evaluation 
of patients with inherited or acquired deficiencies in what previously 
was known as the extrinsic pathway and is now referred to by some as 
the extrinsic X-ase pathway (pronounced as “ten-ase”) of the coagula-
tion cascade. Historically, the PT also has been used to monitor oral 
anticoagulant therapy (see “Oral Anticoagulant Therapy and the Pro-
thrombin Time—INR Value” in this chapter). In vivo, TF activates the 
coagulation cascade via the formation of the TF/FVIIa complex.28 In 
the PT test, thromboplastin (TF/calcium mixture) is added to citrated 
PPP, and the time for fibrin formation is measured. Numerous com-
mercial sources of thromboplastins (most commonly rabbit brain and 
recombinant human tissue factor) are available; they vary in sensitivity 
to coagulation factor deficiencies. Variabilities result from differences 
in animal and tissue thromboplastin sources as well as the method 
of reagent preparation. Each laboratory must establish its own refer-
ence interval (RI) or geometric mean PT for its reagent/instrument 
combination.

The procedure for establishing a specific reagent/instrument RI 
and technical information is in the text’s Companion Resources. Clot 
formation can be detected by optical or electromechanical automated 
instrumentation, manual methods, or POC monitoring devices. The 
general reference interval for the PT is 12–15 seconds. The PT can be 
prolonged because of deficiency of factors VII, X, V, II (prothrombin), 
and fibrinogen or the presence of an inhibitor.

Prolongation of the PT is also seen with proteins induced by 
vitamin k absence or antagonists or antagonism. These proteins are 
immunologically similar to the naturally occurring factors but are 
dysfunctional because they lack the g@carboxyglutamic acid residues 
required for Ca++ and phospholipid binding during clotting.

activated partial thromboplastin time (aptt)
The APTT is an important screening test for the laboratory evaluation 
of patients with inherited or acquired deficiencies of proteins in the 
intrinsic pathway, also known as the intrinsic X-ase pathway of the 
coagulation cascade. The APTT also can be used as a screening test 
for the detection of circulating inhibitors of blood coagulation (e.g., 
lupus anticoagulants) (Chapters 32, 34, 35).

The sensitivity of the various commercial APTT reagents to 
factor deficiencies and to lupus anticoagulants varies greatly. There-
fore, each laboratory must evaluate the APTT reagent to be used. 
The screening tests (PT and APTT) detect a factor deficiency only 
when the factor decreases to a level of 25–40% of normal (depending 
on the reagent or factor).29 The APTT has been the most common 
procedure used to monitor the effectiveness of standard (unfrac-
tionated) heparin therapy. (See “Laboratory Evaluation of Antico-
agulant Therapy” in this chapter.) The APTT uses two reagents: an 
activated partial thromboplastin and Ca++. The partial thrombo-
plastin reagent simulates activated platelet surfaces by providing 
phospholipids on which enzymatic reactions in the coagulation 
cascade can occur. In addition the reagent contains an activator 
(kaolin, celite, micronized silica, or ellagic acid) that provides the 
negatively charged surface for the activation of FXII and prekal-
likrein.30–32 The citrated PPP and APTT reagent are incubated at 
37°C for approximately 3 minutes. Activation of the contact factors 

Routine coagulation testing was performed on a properly 
collected and processed specimen. The PT result was pro-
longed, but APTT was normal. What is the best interpre-
tation of these results?

CheCkpoint 36-3

occurs during the incubation. Next, calcium chloride is added, and 
the time required for a fibrin clot to form is measured. Details of 
this procedure are provided in the Companion Resources. Clot for-
mation can be detected by optical or electromechanical automated 
instrumentation or manual methods. The general reference interval 
for adults is in the range of 25–35 seconds but varies by laboratory. 
See Chapter 34, Table 34-14, for reference intervals for preterm and 
term infants.

The APTT also evaluates prekallikrein (PK) and high-molecular-
weight kininogen (HK). Deficiency of FXII, PK, or HK can result in 
a markedly prolonged APTT in the absence of clinically significant 
bleeding.
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(immunological) test is performed. Increased levels of fibrinogen can 
occur in inflammatory disorders, cardiovascular disease, pregnancy, 
and use of oral contraceptives by women because fibrinogen is an 
acute phase reactant protein.

Tests to Identify a Specific Factor Deficiency
When the PT and/or APTT is/are prolonged, further testing can be 
performed to identify the specific cause of the abnormality. To assist 
in selecting the appropriate diagnostic test after the screening tests, 
an algorithm can be followed. As each of the following specific tests 
is described, its sensitivity(ies) to decreased levels of clotting factor(s) 
and whether these levels would be detected in the specific screening 
test are discussed.

Mixing Studies
Mixing studies (also known as circulating anticoagulant screen or 
screening test for circulating inhibitor) are performed to differenti-
ate a factor deficiency from the presence of a circulating inhibitor.35 
These studies repeat the screening tests that have abnormal results (PT, 
APTT) using several different dilutions of the patient’s PPP mixed 
with a pooled normal plasma (PNP) (Web Table 36-4). Because 
factor levels of at least 50% of normal are generally sufficient to pro-
duce a normal PT and APTT result, repeating the PT and APTT with 
dilutions of patient and PNP corrects the prolonged patient result 
if it is caused by a deficiency of one or more procoagulant factors. 

is the Clauss assay, a clot-based functional measurement in which 
thrombin is added to various dilutions of known concentrations of 
fibrinogen (reference plasma or calibrator) to produce a thrombin-
CT in seconds. The clotting times are then plotted on a log/log graph 
(reference curve) with known concentrations on the x-axis versus CT 
(TT) on the y-axis (Figure 36-4 ■).34 Thrombin CTs are identified 
using appropriate controls (normal and abnormal) and the patient 
PPP at a 1:10 dilution. The fibrinogen concentration is inversely pro-
portional to the CT. If fibrinogen levels are low, more concentrated 
(i.e., less dilute) dilutions of patient plasma (1:5 or 1:2) are prepared 
so that fibrinogen can be accurately determined using the reference 
curve with the result divided by 2 (if a 1:5 dilution) or 5 (if a 1:2 dilu-
tion). FDPs less than 100 mg/dL do not affect the assay at the normal 
1:10 dilution provided the fibrinogen concentration is 150 mg/dL or 
higher. If the dilution is lower (i.e., 1:5 or 1:2), however, interference 
can occur in the procedure.

The fibrinogen results for the controls and the patient are deter-
mined from the reference curve using their respective CTs. In general, 
the reference interval for fibrinogen (adults and the pediatric popula-
tion) is 200–400 mg/dL (Chapter 34, Table 34-14).

Decreased levels of fibrinogen occur in acquired disorders 
such as disseminated intravascular coagulation (DIC), primary and 
secondary fibrino(geno)lysis, liver disease, and congenital disorders 
such as dysfibrinogenemia and hereditary afibrinogenemia (Chap-
ter  34). When an abnormal fibrinogen is suspected, an antigenic 

■  Figure 36-4 Fibrinogen standard curve. I, II, and III represent reference plasmas of 
known fibrinogen concentrations. The TT in seconds is on the y-axis, and the fibrinogen 
concentration in mg/dL is on the x-axis.
TT = thrombin time

M36_MCKE6011_03_SE_C36.indd   759 16/10/14   4:12 pm



760 seCtion Vii   •   hemostasis

specific Coagulation Factors
Factor assays are performed to confirm a specific factor deficiency 
and to determine the actual activity of that factor within the plasma. 
The basis of a factor assay is the ability of the patient’s plasma to cor-
rect a prolonged PT or APTT of the known factor-deficient plasma 
(substrate).37

Each clotting factor in the extrinsic (FVII) and common (FII, FV, 
and FX) pathways can be measured by using the one-stage PT assay. 
The factor assay measures the CT of a mixture of diluted test plasma 
(patient or control) and specific factor-deficient substrate plasma, 
which supplies normal levels of all factors except the one being mea-
sured. TF and calcium chloride (PT reagent) are added to this mixture, 
and the CT is determined.

Each intrinsic pathway factor (FVIII, FIX, FXI, and FXII) can be 
measured by a one-stage, APTT-based method. As in the testing for 
extrinsic factors, the specific factor assay for intrinsic factors measures 
the CT of a mixture of diluted test plasma (patient or control) and a 
specific factor-deficient substrate plasma, which provides all factors 
except the one being measured.

For each clotting factor assay based on the PT or APTT test 
results, the CTs of factor-deficient substrate plasma containing 
varying dilutions of a reference pooled plasma (commercially avail-
able calibrator that has been assayed against a national or interna-
tional standard) are used to plot a standard curve (Table  36-4 ★; 
Figure 36-5 ■). Most laboratories use automated instruments to per-
form the assays, and the data are plotted using the preprogrammed 
software included with the instrument. The CTs of the individual 
dilutions are plotted against the percentage of factor activity of each 
respective dilution of the assayed standard. The patient’s CT using at 
least three dilutions (usually 1:10, 1:20, and/or 1:40) with the specific 
factor-deficient plasma is obtained by performing a PT or APTT test 
on the mixture. These times are converted to percent of activity from 
the standard curve. The results of the three dilutions should be linear 
to the standard curve, showing that no “inhibitory effect” is seen. If the 
results are not linear, an inhibitory effect, which can be seen with lupus 
anticoagulants, is suspected. The same test is also performed on nor-
mal and abnormal controls. The reference interval for most clotting 
factors is approximately 50–150%. Each laboratory must determine 

The testing is performed immediately after mixing patient and PNP 
and again after incubating the mixture at 37°C.

The CTs for the various dilutions and time intervals are compared 
to determine whether the patient’s prolonged CT has been corrected 
by the addition of PNP. Clotting times tend to increase with time 
and incubation because of the loss of labile factors (FV and FVIII); 
therefore, comparing the patient’s diluted sample result with the result 
obtained from the PNP is important.36 A CT is considered prolonged 
if it is longer than the normal plasma CT. The correction of the pro-
longed test result (PT/APTT) by the normal plasma (Table 36-3 ★) 
indicates a factor deficiency. The normal plasma replenishes the defi-
cient factor in the patient’s plasma. If a factor deficiency is detected, 
specific factor assays should be performed to identify and quantitate 
the specific factor’s activity.

The lack of correction of the prolonged test by normal plasma 
indicates the presence of a circulating inhibitor or a specific factor 
inhibitor. A circulating inhibitor inhibits both the coagulation fac-
tors in the patient plasma and in the normal plasma with which it 
is mixed. The detection of a circulating inhibitor (e.g., lupus antico-
agulant) should be followed by specific tests to identify and verify the 
type of inhibitor.

Some patient plasma contains time- and temperature-dependent 
inhibitors and exhibit correction immediately after mixing with PNP; 
after incubation, however, the CT result is prolonged (Table 36-3). 
These inhibitors are called temperature-dependent inhibitors and are 
characteristic of certain FVIII inhibitors. These slow-acting specific 
inhibitors can be quantified by performing the FVIII inhibitor assay 
(Bethesda assay). Lupus anticoagulants tend to act immediately but 
are occasionally time dependent.

Deficiency or 
inhibitor

immediate pt or aptt 
after Mixing

Mix, perform pt 
or aptt (after 2-hr 
 incubation at 37°C)

Factor deficiency Correction Correction

Lupus anticoagulant 
or heparin

No correction No correction

FVIII inhibitor Correction No correction

FV inhibitor No correction No correction

PT = prothrombin time; APTT = activated partial thromboplastin time

★ taBlE 36-3 Differentiation of Factor Deficiency 
from Circulating Inhibitors Using the Mixing Study 
Procedure

tube Buffer (ml) plasma (ml) activitya (%) Dilutionb

1 0.9 0.1 95.0 1:10

2 1.9 0.1 48.0 1:20

3 0.5 0.5 mL from tube 2 24.0 1:40

4 0.5 0.5 mL from tube 3 12.0 1:80

5 0.5 0.5 mL from tube 4 6.0 1:160

aThe example is based on a reference plasma value of 95.0%. When a ref-
erence plasma with an assayed value other than 100% is used, the activity 
would be based on its stated value.
bAdditional dilutions are prepared when patient values are less than 1% 
activity. Clotting times are determined for each dilution and then plotted 
on the standard curve. The percent activity is plotted on the x-axis and the 
clotting time on the y-axis (see Figure 36-5).

★ taBlE 36-4 Dilutions for Factor Assays

Given the following coagulation test results, what is the 
appropriate follow-up or reflex test?

PT Normal
APTT Prolonged
Mixing studies No correction

CheCkpoint 36-4

M36_MCKE6011_03_SE_C36.indd   760 01/08/14   11:55 pm



 761Chapter 36   •   hemostasis: Laboratory testing and instrumentation  

deficiency) are routinely evaluated, the ability to differentiate between 
factor levels of 6 1% and 2–5% is essential. This can necessitate the use 
of lower range calibration curves to evaluate severely decreased levels 
of coagulation factors.

Commercial chromogenic kits are available to test for FVIII, FX, 
and other clotting factors. FVIII exists in the plasma as a complex with 
VWF. Testing involves FVIII activation by thrombin with FVIIIa act-
ing as a cofactor in the conversion of FX to FXa by FIXa in the pres-
ence of calcium and phospholipid. The amount of FXa generated is 
determined by using a specific chromogenic substrate for FXa and is 
directly proportional to the amount of FVIII in the citrated sample.

The chromogenic FX method is a useful tool in managing 
patients with lupus anticoagulants who are receiving warfarin therapy 
and individuals being treated with direct thrombin inhibitors. This 
method also is used when the conventional PT/INR might not be 
suitable for individual patients. The method is a two-stage assay. In 
stage one, the activator Russell viper venom activates FX to FXa in the 
presence of calcium. In the second stage, the generated FXa hydrolyses 
the chromogenic substrate S-2765, liberating the chromophoric group 
pNA. The color is then read photometrically at 405 nm. The generated 
FXa and thus intensity of color is proportional to the quantity of FX 
in the sample that is over the assay range.

Currently, these chromogenic kits are less commonly used in 
clinical laboratories because of their high cost and the ready avail-
ability of the one-stage FVIII assay. However, clot-based assays can be 
affected by specific, nonspecific, and global factors such as heparin, 
whereas the chromogenic assays are not subject to those interfering 
substances.38–40

The measurement of antithrombin, protein C and protein S, 
and plasminogen activator inhibitor (PAI)-1 are also available as 
chromogenic assays and can usually be performed with the same 
instrumentation.

specific factor reference intervals for the reagent/instrument system 
in use.

The normal levels of some clotting factors (e.g., FIX, FXI, and 
FXII) are quite low at birth (Table 34-14). Therefore, to distinguish 
newborn factor deficiencies from normal newborn levels, the labo-
ratory testing must be accurate when assaying samples with levels 
6 10%. In laboratories where hemophilic patients (FVIII or FIX 

■  FiGurE 36-5 Factor activity curve using an FVIII refer-
ence plasma activity of 95.0%. If a reference plasma with 
an assayed value other than this were used, the activity 
would be based on its stated value. Additional dilutions 
are prepared when patient values are possibly less than 
1% activity. The factor activity curve is prepared by plot-
ting the CT in seconds for each reference plasma dilution 
on the y-axis and the percent factor activity for each dilu-
tion on the x-axis. The CT of at least two patient dilutions 
is measured, and the percent of activity is interpolated 
from the factor activity curve. The graph includes the r 
value and the slope information along with the dilution, 
CT, and measured values. M/D: M is to record when the 
operator performs a manual rerun of the calibration point 
and D is a record for a point deletion if necessary.
CT = clotting times 
Modified from the STA-R Evolution coagulation analyzer.
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Concentration (%) Measure (sec) M/D Interpol (%)

95 61.8 95
48 69.5 48
24 77.3 24
12 86.7 12
6 97.6 6

Methodology: FVIII
Type: Clot-based
Calibration: Linear

What is the function of the factor-deficient substrate 
reagent and the reference plasma in a factor assay?

CheCkpoint 36-5

reptilase time (rt)
The RT is not affected by the presence of heparin in the sample. It is 
used in conjunction with the thrombin time (TT) to detect heparin 
contamination of the sample. In the presence of heparin, the RT is 
normal, whereas the TT is increased. The RT is prolonged in dysfi-
brinogenemia and in the presence of fibrin degradation products and 
paraproteins (Table 36-5 ★).

Reptilase is a serine protease from the venom of the Bothrops 
atrox snake. This thrombinlike enzyme cleaves fibrinopeptide A 
from fibrinogen, whereas thrombin cleaves both fibrinopeptide 
A and B. The addition of reptilase to PPP initiates clot formation, 
which can be detected by optical or electromechanical methods 
using manual, semiautomated, or automated devices. The general 
reference interval for a reptilase time is 18–22 seconds. An increase 
to 25 seconds or longer is considered significant and indicates 
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are relatively infrequently requested and are most likely performed in 
research or reference laboratories.

laboratory tests for von Willebrand Factor (vWF)
The diagnosis of VWD involves determining the level of VWF by 
both functional and antigenic methods (Chapter 34). A large number 
of analytical variables affect the accuracy of these tests for VWF. The 
first is the variability of laboratory findings in patients with VWD. 
Serial studies of VWD patients show variability in VWF results over a 
24-month span. Because some patients with VWD occasionally have 
VWF antigen and/or activity (VWF:Ag; VWF:A) levels within the 
normal reference interval, a single evaluation cannot rule out VWD 
diagnosis.45,46

The second variable is that the results of screening tests (bleed-
ing time, PFA-100®, and APTT) can be normal in patients with type 
1 VWD. When persons are studied using both the BT and PFA-00®, 
the results are not always concordant.47–49 Typically, these patients 
have FVIII:C, VWF:A, and VWF:Ag levels of approximately 45–55%, 
usually producing normal screening test results. Therefore, patients 
with significant bleeding histories should be further tested with spe-
cific assays (VWF:A and VWF:Ag) even when screening test results 
are within normal limits. VWD cannot be ruled out on the basis of a 
normal APTT and platelet function screening tests.50

The third variable is the fact that an endogenous release of adren-
aline can result in a transient increase in plasma FVIII and VWF, so a 
patient who has VWD type 1 can appear normal. The stress of a dif-
ficult phlebotomy, especially in anxious young children, can double or 
triple the VWF level, making it impossible to rule out VWD without 
repeated testing.50 The patient should be as calm as possible before the 
blood is collected for von Willebrand testing.

The fourth is a technical variability involving the processing of 
the citrated sample. Samples that are not centrifuged properly at 1500 g 
for 5–10 minutes can have residual platelets in the plasma as high as 
30,000 to 40,000/mcL. Freezing this plasma releases platelet prote-
ases, altering VWF multimeric structure and resulting in an apparent 
increase in the VWF antigen level and decrease in the VWF activity.50 
Only citrated PPP samples with platelet counts 610,000/mcL should 
be used for von Willebrand testing.

The fifth variable is the reference standard used in the clinical 
laboratory, which can affect the various assays for VWF. Clinicians 
often use the ratio of VWF:Ag to VWF:A to subclassify type 2A and 
2M variants. Therefore, it is imperative that both of these assays be 
interpreted against an acceptable reference plasma sample.

The sixth variable is the influence of the patient’s blood type on 
VWF plasma level. Individuals with blood group AB have a 60–70% 
higher level of VWF than those with blood group O. As a result, some 
laboratories interpret VWF levels using specific reference intervals for 
blood types51 (Table 36-6 ★).

A variety of clinical disorders, including pregnancy, inflamma-
tory disease, and use of oral contraceptives, also can cause increased 
levels of VWF.52 Transient elevations in VWF levels could mask actual 
low or borderline levels.

The treatment of choice for the classic type 1 VWD is desmopres-
sin (desamino-D-arginine vasopression [DDAVP]), which causes a 
two- to fivefold increase in VWF plasma level in most patients with 
type 1 disease.53,54 A test dose of DDAVP is given to a patient prior 

dysfibrinogenemia, hypofibrinogenemia, or afibrinogenemia. 
Because reptilase is insensitive to heparin, the test can be used to 
detect hypofibrinogenemia or dysfibrinogenemia when the patient 
is receiving heparin.

prekallikrein screening test
Individuals with a PK deficiency (also known as Fletcher factor 
 deficiency) have a prolonged APTT (Chapter 34). Correction of the 
prolonged APTT of the patient’s citrated plasma to normal or near the 
upper limit of its normal reference interval after a 10-minute incuba-
tion period (before adding calcium chloride) suggests PK deficiency. 
The longer incubation period increases contact activation of FXII in 
the absence of PK. The normal control plasma APTT should remain 
within or near its control value following the extended incubation 
period. Kaolin, celite, or silica can be the activator of choice for the 
APTT reagent. Prolonged incubation with ellagic acid might not cor-
rect the APTT in PK deficiency.41 PK deficiency can be confirmed 
by performing a specific factor assay using PK-deficient substrate. As 
with the FVIII assay, a quantitative chromogenic substrate assay can 
quantify the level of PK in plasma samples.42

Factor Xiii (screening test)
FXIII activity is necessary for the formation of a stable fibrin clot 
that occurs by forming covalent bonds between fibrin monomers. 
Routine screening tests (PT, APTT) detect clot formation, not 
cross-linking, and thus are not sensitive to FXIII deficiency. Deter-
mination of FXIII should be performed for a patient with clinical 
symptoms of delayed bleeding or a bruising disorder in whom the 
screening tests are normal. The screening test for FXIII deficiency is 
based on the observation that the fibrin clot has increased solubil-
ity because of the lack of crosslinking of the fibrin polymer in the 
absence of FXIII.

The patient’s PPP is mixed with 0.025M calcium chloride and 
allowed to clot for 1 hour at 37°C. The clot is removed and placed in 
another tube containing 5M urea in a 37°C water bath. Normal con-
trol plasma is tested simultaneously. The dissolution of the patient’s 
clot within the 24-hour period indicates an FXIII activity of 6 1–2% 
(Chapter 34). The normal control plasma clot is insoluble in these 
agents. Patients with levels of 1–2% FXIII produce clots that typically 
dissolve within the first 30 minutes,43,44 the level at which clinical 
manifestations of FXIII deficiency occur.

More accurate quantitative assays for FXIII that are more sen-
sitive than the screening test described here have been developed. 
These assays have not gained widespread acceptance because they 

Condition thrombin time reptilase time

Heparin contamination Prolonged Normal

Dysfibrinogenemia Prolonged More prolonged

Presence of fibrin degradation 
products

More prolonged Prolonged

★ taBlE 36-5 Differentiation of Conditions 
 Associated with a Prolonged Thrombin Time Using 
the Reptilase Time
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to the latex reagent and reacts with the VWF in patient plasma. The 
degree of agglutination is directly proportional to the activity of 
VWF:A in the sample and is determined by measuring the decrease 
of transmitted light caused by the aggregates.59

The general reference interval for VWF:A is 60–150%. VWF:A is 
usually decreased in plasma from patients with all three types of VWD 
and the platelet-type pseudo-VWD (Chapter 34, Figure 34-2); type 3 
has the lowest level. Unlike the RIPA test that uses patient PRP, which 
is abnormal in both BSS and VWD, the VWF:A (VWF:RCoF; VWF:A, 
LIA) assay is normal in patients with BSS.

Normal fluctuations occur with the four diagnostic tests just 
discussed. Large variations occur in test results in normal individuals 
as well, emphasizing the need for commercial reference plasmas to 
be standardized against international standards when preparing the 
standard curve for all VWF testing.

The laboratory professional should understand the test results 
regarding hemophilia versus VWD (Table 34-5) and be able to evalu-
ate each patient’s test results, repeat them, and perform verifications 
as needed.

von Willebrand Factor antigen assay (vWF:ag)
As with clinical testing for most bleeding disorders, the antigenic 
measurement for VWF protein was available before functional assays. 
Zimmerman first used the “rocket” immunoelectrophoresis technique 
of Laurell60,61 to measure VWF:Ag. The assay is time consuming, and 
measuring and calculating decreased levels is difficult.

Another method for VWF:Ag is an ELISA assay called the 
sandwich technique.62 Advantages of the ELISA test are increased 
reproducibility, accuracy at very low levels, and reduced time needed 
to obtain results compared with the Laurell test. The ELISA proce-
dure uses microtiter plates coated with a specific antibody to VWF 
produced in rabbits and a second antibody reagent that is enzyme-
labeled with alkaline phosphatase or peroxidase. A substrate for the 
enzyme used is added to produce a color reaction that is read using 
a microplate reader. This procedure also is in limited use today. An 
automated, immunoturbidimetric assay for VWF:Ag recently has 
been developed. The LIA test procedure coats microlatex particles 
with rabbit antihuman VWF antibodies, producing agglutination 
when mixed with plasma containing VWF. The extent of aggluti-
nation (turbidity) correlates to the level of VWF:Ag present in the 
citrated plasma sample. The methodology is reliable, easy to automate, 
and produces results in a timely manner. In addition, it can detect low 
levels of antigen, thus improving the ability to diagnose variants of 
VWD. (See this chapter’s Companion Resources: techniques used for 
specialized testing.)

von Willebrand Factor (vWF) Multimer analysis
Proper treatment of VWD depends on determining the correct dis-
ease subtype (Chapter  34). The availability of multimeric analysis 
has improved diagnosis and treatment of VWD patients. VWF in 
normal plasma exists as multimers ranging in size from dimers of 
approximately 600,000 daltons (Da) to very large multimers of up 
to 20 million Da. Plasma electrophoresis using low concentrations 
of agarose (0.65%) and staining with radiolabeled antibody to VWF 
allows the full range of multimers to be visualized (by autoradiogra-
phy or liminography). DDAVP is the treatment of choice for type 1 
VWD but is less effective in type 2 and not effective at all in type 3. 

to scheduled surgery to measure his or her response. Citrated plasma 
samples are drawn preinfusion as well as 30 minutes and possibly 4 
hours postinfusion and are assayed for FVIII activity, VWF:Ag, and 
VWF:A. Care must be taken in handling, centrifuging, and labeling 
these timed samples.

von Willebrand Factor activity (vWF:a)
Ristocetin was used as an antibiotic until the early 1970s when it 
was recognized to cause thrombocytopenia in normal individuals 
but not in certain individuals with bleeding problems. Although 
no longer used clinically as an antibiotic, laboratories use it as a 
diagnostic tool in testing for VWD. The test also is referred to as the 
ristocetin cofactor (RCoF) assay (see the “Platelet Aggregome-
try” section).

In the presence of ristocetin, VWF induces platelet agglutination 
that is measured using a platelet aggregometer (RIPA). Decreased 
RIPA in the PRP occurs in patients with VWD caused by VWF defi-
ciency or BSS (VWF receptor/GPIb/IX deficiency; Chapter 33). The 
RIPA assay can also be used to differentiate type 2A from type 2B 
VWD. In type 2B VWD, the qualitative abnormality of VWF results 
in enhanced binding to the GPIb/IX receptor on platelets, resulting in 
platelet agglutination at reduced concentrations of ristocetin.

von Willebrand factor activity (VWF:A) can be quantitated 
using ristocetin to induce VWF agglutination of normal formalin-
fixed platelets suspended in patient plasma (the source of VWF). This 
modification of the RIPA referred to as the RCoF assay eliminates 
the variability of the patient’s GPIb/IX receptor on his or her plate-
lets. The slope of the agglutination is plotted versus the percent VWF 
activity of a reference plasma. Other modifications of the assay use the 
time elapsed expressed in millimeters on the graph instead of slope of 
agglutination.55 A reference (standard) curve is prepared by making 
dilutions of reference plasma (100%, 50%, 25%, and 12.5% VWF level) 
and performing the assay on each dilution. The rate of agglutination or 
the slope of the curve is plotted against each concentration. The con-
trol and each patient sample are tested at two separate dilutions, and 
the resulting slopes or rates are calculated from the reference curve; the 
results are averaged and reported as a percentage of activity of VWF:A. 
This assay is very time consuming and labor intensive and has a high 
coefficient of variation (CV) in testing.56–59

A new assay that uses a latex particle-enhanced immunoturbi-
dometric assay (LIA) to quantify VWF:A is available for testing on 
automated laboratory instruments. The test reduces the variability 
resulting from the laboratory professional’s technical skill. The VWF:A 
is determined by measuring the increase of turbidity produced by the 
agglutination of the latex reagent. A specific anti-VWF monoclonal 
antibody directed against the GPIb binding site on VWF is adsorbed 

Blood Groups von Willebrand factor level (%)

O 74.8

A 105.9

B 116.9

AB 123.9

★ taBlE 36-6 Relationship between Blood Groups 
and von Willebrand Factor Level
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of the IgG class, that are directed against the protein component of 
protein-phospholipid complexes. In vivo, aPLs are associated with a 
thrombotic tendency; in vitro, they prolong phospholipid-dependent 
clotting assays. The diagnosis of aPL requires the demonstration of 
(1) an abnormality of phospholipid-dependent coagulation reactions, 
(2) an abnormality that results from the presence of an inhibitor rather 
than a factor deficiency, and (3) the phospholipid-dependence of the 
inhibitor.

The quality of the patient sample (PPP) greatly affects the integ-
rity of the testing. Procoagulant phospholipids (originating from 
platelets) can sometimes be in the patient plasma or the normal 
plasma used for the mixing studies. If present, they can neutralize 
weak lupus anticoagulant activities and produce false negative results. 
Thus, plasma samples should be centrifuged for 15 minutes (2000 g) 
after which the top two-thirds of the plasma are carefully removed (so 
as not to disturb the cells) using a plastic transfer pipette. The plasma 
is then transferred to a second plastic tube and recentrifuged for an 
additional 10 minutes (72500 g). If testing is to be delayed, the PPP 
should be transferred to a cryovial and stored at -70°C. Before testing, 
the frozen plasma should be thawed in a 37°C water bath for 5 minutes 
to avoid the formation of cryoprecipitate.

No single test is sensitive for all LA/aPLs. Thus, two different 
screening tests based on different assay principles should be per-
formed. If more than two types of screening tests are used, the risk of 
a false positive result increases to unacceptable levels.64 The dilute 
Russell viper venom time (dRVVT) test is recommended as the 
initial screening test. The procedure is considered extremely robust 
and has been shown to be specific for detecting the presence of an LA/
aPL in subjects at an elevated risk of thrombosis.

The APTT has historically been used to screen for LA/aPLs, 
although APTT’s sensitivity to LA/aPL depends on the reagent.65 
Any APTT assay using silica as an activator and a low phospholipid 
content is the second choice of screening methods. APTT reagents 
with ellagic acid activators are not recommended for detection of LA 
because they lack sensitivity for the presence of LA. Many modifica-
tions to the APTT, including the use of lower concentrations of phos-
pholipids in the test reagent, have been recommended in an attempt 
to increase its sensitivity. Laboratory professionals must evaluate their 
APTT reagents as to the importance of LA/aPL sensitivity versus the 
importance of sensitivity to specific factor deficiencies. In cases for 
which the screening APTT is not prolonged but the patient presents 
with a positive history of thrombophilia, the physician should pro-
ceed with designated testing for LA/aPL. The presence of an LA/aPL 
should be considered if one of the two screening tests gives a positive 
result.

According to the guidelines developed by the International Soci-
ety on Thrombosis (ISTH) 2009,64 laboratory evaluation for the diag-
nosis of an LA should include the following:

•	 Double centrifugation to ensure PPP, 610.0 * 103/L; quick-freeze 
if testing is delayed; thaw at 37°C.

•	 Two clot-based assays employing separate clotting principles as 
screening tests. The dRVTT assay is the most robust. The other 
assay can be low-phospholipid APTT with silica activator. APTT 
with kaolin activator is problematic in automated coagulometers; 
ellagic acid is insensitive to LAs; both are contraindicated.

Therefore, establishing the correct VWD subtype by multimeric anal-
ysis is important in determining the appropriate therapeutic approach.

Multimeric analysis is also useful in diagnosing thrombotic 
thrombocytopenic purpura (TTP) in which unusually large multim-
ers of VWF (UL-VWF) are observed. Normally, ultralarge multimers 
are cleaved by the VWF protease, a disintegrin-like and metalloprote-
ase with thrombospondin (ADAMTS-13) (Chapter 35). The presence 
of UL-VWF indicates a reduced or absent ADAMTS-13 activity.

Because these multimeric analyses are difficult to perform and 
interpret and require a very pure and specific antibody, specialized 
reference laboratories or coagulation centers usually perform VWF 
multimeric analyses.

Collagen-Binding assays for von Willebrand  
Disease (vWD)
Collagen-binding assays (VWF:CB) are specialized assays used to 
differentiate VWD type 2A and 2B from type 2M. The ELISA assays 
for collagen binding were initially considered to be potential replace-
ments for the VWF:RCoF assay because both tests are sensitive to a 
reduction in high-molecular-weight multimers of VWF. However 
the VWF:CB assays do not reflect the interaction between VWF and 
GPIb; thus, they cannot universally substitute for VWF:RCoF assays. 
Performing both VWF:CB and RCoF assays increases the ability to 
differentiate VWD type 2 variants (discrimination of VWD types 2A 
or 2B from type 2M).52 Whereas all three subtypes (2A, 2B, 2M) give 
abnormal RCoF results, only types 2A and 2B give abnormal VWF:CB 
results; type 2M patients have normal VWF:CB.

a Disintegrin-like and Metalloprotease with  
thrombospondin (aDaMts-13)
ADAMTS-13, a VWF-cleaving metalloprotease, controls platelet 
aggregation by cleaving ultralarge high-molecular-weight VWF mul-
timers. A deficiency or mutation of ADAMTS-13 results in the per-
sistent attachment of large VWF multimers to endothelial cells and 
adherence of platelets. This leads to the formation of platelet aggre-
gates/thrombi and is the cause of TTP. ELISA, fluorescence resonance 
energy transfer (FRET), and various other direct or indirect assays 
are available for measuring ADAMTS-13 activity, antigen, or auto-
antibody levels. Citrated, platelet-poor plasma samples are used for 
testing. To date, only a few laboratories have the experience to per-
form assays for this rare bleeding disorder. These assays are generally 
performed in facilities that have a great deal of expertise and patient 
populations to support this testing.63

Identification of Inhibitors
The most common circulating inhibitors seen in the hemostasis 
 laboratory are lupus anticoagulants (LAs) or antiphospholipid anti-
bodies (aPLs) and FVIII inhibitors. Various procedures are used 
to detectLA/aPLs because no single definitive assay is available.64 
Because LAs/aPLs are transient, detection is often difficult. The 
measurement of the inhibitor to FVIII is determined with the FVIII 
inhibitor assay (Bethesda method).

lupus anticoagulants/antiphospholipid antibodies
The inhibitors originally described as lupus anticoagulants are now 
recognized to be part of a more diverse group of inhibitors collectively 
referred to as aPLs (Chapter 35). They are immunoglobulins, usually 
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The dRVVT appears to be more sensitive to aPL antibodies that react 
with b2@glycoprotein I (Chapter 35).

Hexagonal phospholipids
The hexagonal-phase phospholipids (HPPs) test uses egg phosphati-
dylethanolamine in a hexagonal-phase configuration. The HPP assay 
is based on the fact that many aPL antibodies specifically recognize the 
HPP configuration as an antigenic epitope. Addition of HPPs to the 
reaction mixture neutralizes the inhibitory effect of the aPL antibod-
ies but does not neutralize most factor-specific antibodies.67 The test 
(Staclot LA, Diagnostica Stago) is performed by incubating the test 
plasma at 37°C with and without the HPP reagent. An APTT is per-
formed on both of these incubations using an aPL-sensitive reagent. 
If aPL antibodies are present in the test plasma, the HPPs would neu-
tralize them, resulting in a shortened CT for the tube containing it 
compared with the tube without HPPs. By comparing the two CTs, 
the presence of aPL antibodies can be identified. This assay has two 
advantages: (1) The LA-sensitive reagent contains a heparin inhibitor 
that makes the test system insensitive to heparin levels up to 1 IU/mL 
and (2) the Staclot LA procedure adds normal plasma to the test sys-
tem to correct any prolongation of CT from factor deficiencies that 
might be present. The correction of the APTT result varies, depending 
on the instrument used. Photo-optical systems have shorter times than 
electromechanical devices.68 Each laboratory should establish its own 
cutoff by determining the range of {4SD from the mean of a normal 
population. Diagnostica Stago lists a cutoff of 8 seconds for electro-
mechanical systems. The correction is consistent with the presence of 
a phospholipid-dependent inhibitor.

specific Factor inhibitor assay  
(Bethesda titer assay)
The Bethesda titer assay is primarily used to quantify inhibitory anti-
bodies against infused FVIII, but it can be adapted to assay any spe-
cific inhibitor of coagulation factor proteins. Detection of an inhibitor 
plays an important role in treating subjects with hemophilia A. Inhibi-
tory antibodies to FVIII cause major complications for hemophilia A 
patients and can be found as acquired inhibitors in patients without 
hemophilia.

In spite of improvements in component therapy products for 
hemophilia A, the development of inhibitors to FVIII continues to 
be a major problem in treating this disorder.69 Inhibitors to FVIII 
develop in 3–52% of patients with severe hemophilia A. Polyclonal 
alloantibodies neutralize the FVIII transfused from various clotting 
factor components, possibly leading to severe bleeding and problems 
in managing surgical procedures.

Specific inhibitors occur in 10–15% of hemophiliacs at any 
time after the first infusion of factor concentrate. To detect the 
presence of an inhibitor in a hemophiliac, the patient’s response to 
treatment (FVIII concentrates, both human and recombinant) is 
monitored by FVIII:C assays. FVIII inhibitors can be identified in 
special coagulation facilities by using clot-based methods or ELISA 
assays.

The Bethesda inhibitor assay is the most commonly used assay to 
quantify antibodies to FVIII. This assay quantifies FVIII activity that 

•	 Performance of a TT to detect therapeutic heparin and absorb 
heparin or collect sample at another time in the absence of antico-
agulant therapy.

•	 Preparation of PNP for mixing studies is prepared “ad hoc” (home-
made) by double centrifugation to ensure it is PPP. PNP must pro-
vide 100% activity for all clotting factors. Commercial lyophilized 
or frozen normal plasmas can be used if they fulfill these specifica-
tions. A 1:1 mixture of patient plasma with PNP should be tested 
without preincubation.

•	 Development of cutoff values using the local reagent/coagulometer 
combination on at least 40 adult healthy donors 650 years old.

•	 Performance of mixing studies on plasmas from healthy 
donors  mixed with the PNP at a 1:1 proportion. The cutoff is 
the 99th percentile of the distribution of results from the healthy 
donors or an index of circulating anticoagulant (ICA) computed 
as follows:

ICA% = [(Clot time of patient@PNP mixture -
Clot time of PNP)/Clot time of patient] * 100

•	 Performance of the confirmatory test by increasing the concentra-
tion of PL in the screening test. Either bilayer- or hexagonal-phase 
phospholipid can be used. Frozen/thawed platelets are not recom-
mended because of poor batch-to-batch consistency.

•	 Confirmatory testing that requires testing healthy donor plasma at 
both low PL concentrations (screen) and high PL concentrations 
(confirm) to obtain CTs. The confirmatory test cutoff is the value 
corresponding to the mean of the individual percentage corrections 
defined as follows:

[(Screen CT - Confirm CT)/Screen CT] * 100 =  
% correction

•	 The result is confirmation of LA if the percentage correction is 
above the cutoff value defined previously.

The following tests are not recommended for LA screening: 
dilute PT, Ecarin and Textarin times, and kaolin CT.

Dilute russell viper venom time (drvvt) test
The dRVVT test uses a commercial preparation of the venom from the 
Russell viper (Daboia) to activate FX. The dRVVT test is based on the 
premise that LA/aPL activity is enhanced in the presence of reduced 
phospholipids. The reagent contains dilute Russell viper venom 
(dRVV), calcium chloride, and phospholipids. The reagent is added 
to patient PPP, and Russell viper venom (RVV) activates FX, result-
ing in clot formation. If LAs/aPLs are present, the patient’s dRVVT is 
longer than that of the normal control. The ratio of the patient’s CT 
to the CT of the normal control is determined. The normal ratio is 
usually less than 1.2. A confirmatory test also uses RVV but with a 
higher phospholipid concentration. The final result is reported as a 
ratio of the two clotting tests (high and low phospholipid concentra-
tion), which is compared with the values of a reference population.66 
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Laboratory InvestIgatIon 
of the fIbrInoLytIc system
Fibrinolysis is the last stage of the coagulation mechanism and involves 
the breakdown of fibrin clots into degradation products. This process 
begins after fibrin polymerization and cross-linking have taken place. 
In normal subjects, plasminogen, plasmin, TPA, and PAI-1 are incor-
porated into fibrin clots by binding to lysine amino acids in fibrin via 
lysing binding sites (LBSs) located in the “kringle domains” of these 
proteins. A disruption of the equilibrium of the fibrinolytic/coagula-
tion balance by hereditary or acquired disorders can result in fibrino-
lytic disorders73 (Web Table 36-7).

Critically ill patients and individuals with certain chronic ill-
nesses can have abnormal fibrinolysis and experience excessive 
bleeding or thrombosis. Patients treated with fibrinolytic therapy or 
end-stage liver disease can experience occurrences of elevated fibri-
nolysis, which can be especially evident at sites of injury or  surgery.74 
 Disorders associated with defective fibrinolysis include type 2 dia-
betes, insulin resistance, sepsis, stroke, and metabolic syndrome 
(increased blood pressure, high blood sugar, excess body fat around 
the waist, abnormal cholesterol levels). These conditions can increase 
the risk for developing coronary artery disease and stroke, deep vein 
thrombosis, and pulmonary embolism.75,76

Laboratory assays for analysis of the fibrinolysis/coagulation sys-
tem are essential for rapid patient diagnosis and treatment. The follow-
ing is a discussion of a variety of methods that measure components 
of the fibrinolytic system.

D-Dimer
The D-dimer is a specific fragment resulting from plasmin degrada-
tion (lysis) of the fibrin clot, which has been cross-linked by FXIIIa 
(Chapter 32). It is an excellent marker for DIC with secondary fibri-
nolysis. However, D-dimers are also elevated in pulmonary embolism, 
deep vein thrombosis, arterial thromboembolism, recent trauma or 
surgery, cirrhotic liver disease, renal failure, and hospitalized subjects77 
(Chapter 33).

The D-dimer test is an immunoturbidometric method that uti-
lizes monoclonal antibodies against the D-dimer fragment, which can 
be used in three separate methodologies. The first is a semiquanti-
tative assay that uses macroscopic latex agglutination and is usually 
performed on citrated plasma. The patient specimen is mixed with 
latex particles coated with monoclonal antibodies (directed against 
D-dimer) on a glass slide for a specific amount of time. The reac-
tion mixture is observed macroscopically for the presence of agglu-
tination. Most procedures test both undiluted plasma and a plasma 
sample diluted 1:2 in buffer that allows a semiquantitation of results. 
Lack of macroscopic agglutination in either sample corresponds to 
a D-dimer level of 60.5 mcg/mL. Macroscopic agglutination in the 
undiluted sample but not in the 1:2 dilution corresponds to a D-dimer 
of 0.5–1.0 mcg/mL. If both samples show agglutination, the result is 
71.0 mcg/mL. Normal individuals have 60.5 mcg/mL.

The second methodology is a more sensitive, quantitative tech-
nique using the ELISA methodology. Although very sensitive and 
specific for D-dimer, this technique is time consuming (clinically, 
results are usually needed quickly) and requires the use of specialized 
equipment.

is left after the patient’s plasma is mixed with an equal volume of PNP 
containing a known FVIII activity and incubated for 2 hours at 37°C. 
The incubation allows the inhibitor in the patient’s plasma to neutral-
ize the FVIII in the PNP. Increasing the dilutions of patient plasma 
also can be prepared using imidazole buffer to dilute the inhibitor 
and then mixed with PNP. A control consisting of PNP mixed with 
imidazole buffer (1:1 mix) is set up and incubated to check for the 
deterioration or thermolability of FVIII. An FVIII assay is performed 
on all incubation mixtures, including the control.

The presence of an FVIII inhibitor inactivates the FVIII in the 
PNP, and any residual FVIII can be measured. The patient mixtures 
are corrected for the amount of FVIII loss seen in the control tube 
(normal plasma + buffer). The residual FVIII values (FVIII level 
measured in each of the incubated patient dilutions plus control) 
between 25–75% activity are then converted to Bethesda units (BUs) 
using the standard Bethesda chart (Web Table 36-5). Results for each 
of the dilutions (BUs) are multiplied by the reciprocal of the dilu-
tion and averaged. In the incubation mixture, 1 BU = 50% residual 
FVIII.70

In patients with high inhibitor levels, multiple dilutions of patient 
plasma are needed to produce residual FVIII activity that can be read 
from the standard curve. The results are then averaged. When the 
results show that the inhibitor level appears to rise as the plasma is 
more diluted (Web Table 36-6, patient C), the patient appears to have 
complex reaction kinetics, and the inhibitor level is calculated from 
the lowest dilution that gave a corrected percent residual FVIII clos-
est to 50%.

Nijmegen modified the original Bethesda assay by buffering the 
PNP to a pH of 7.4. He replaced the imidazole buffer in the control 
mixture with immunodepleted FVIII-deficient plasma (1:1 mix) and 
in each dilution of patient plasma. These modifications help to main-
tain the pH of the mixtures for the 2-hour incubation and stabilize 
the FVIII present in the PNP.71 They also improved the specificity 
and reliability of inhibitor detection in patients with low-titer FVIII 
inhibitors.

Testing for a specific inhibitor is always performed on a prein-
fusion plasma sample (a trough sample that should have an FVIII:C 
activity of 61.0%, typically 772 hours after the last FVIII infusion). 
If the patient has an inhibitor, the FVIII that is subsequently infused 
rapidly clears, resulting in an FVIII level of 61% usually within 24 
hours.72 Presence of residual infused FVIII can interfere with an 
inhibitor assay and produce a false negative result. Additionally, in 
patients with high levels of inhibitors, there can be an effect when 
assaying other clotting factors. For example, a high FVIII inhibitor 
level in a patient who is being tested for FIX deficiency could cause the 
FVIII level in an FIX-deficient reagent plasma to decrease, causing an 
abnormal factor assay result. Thus, it would appear that the patient had 
an FIX deficiency in addition to FVIII even if the FIX in the patient 
was within the reference range.

Why are excess lipids able to neutralize lupuslike 
anticoagulants?

CheCkpoint 36-6
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and sensitivity. Most procedures require the preparation of two dilu-
tions for each sample (e.g., 1:2 and 1:8), which allows a semiquantita-
tive determination of FDP. The D-dimer assay has largely replaced 
FDP assays, and many institutions no longer perform both.

Euglobulin Clot Lysis
A very elementary procedure, the euglobulin clot lysis (ECL) was used 
before specific antibodies to fibrinolytic products were available. The 
euglobulin protein fraction (containing fibrinogen, plasminogen, and 
plasminogen activators [tPA], but no fibrinolytic inhibitor [PAI-1]) 
is precipitated from plasma in a weak acid solution. The precipitate 
is redissolved, clotted with thrombin, and observed for clot lysis at 
37°C. The fibrin clot generated by thrombin serves as the substrate 
for plasmin generated from plasminogen by plasminogen activators 
(also activated by thrombin). The end point is the time in minutes 
required for complete degradation of the clot into small fibrin strands 
or particles.

The ECL is normally 790 minutes. Shortened lysis times indi-
cate hyperfibrinolysis. Shortened lysis times can occur in fibrinolysis 
secondary to intravascular coagulation (DIC), in liver disease because 
of poor clearance of activator, and in thrombolytic therapy because of 
the therapeutic administration of a plasminogen activator. The ECL 
assay is not reliable for assessing thromboembolic states.

Laboratory InvestIgatIon 
of HypercoaguLabLe states
Individuals who have repeated thrombotic episodes most likely are in 
a hypercoagulable state. Laboratory tests can assist in determining 
whether the thrombosis is hereditary or an acquired abnormality of 
the hemostatic system.

An improved understanding of hemostasis and the regulatory 
roles of naturally occurring anticoagulants has produced major 
advances in identifying some of the hereditary defects associated 
with hypercoagulability. Testing can be performed either by clottable, 
chromogenic, ELISA, or latex immunoassay functional assays. These 
techniques are described in this chapter’s Companion Resources.

An important issue is when to test a patient who has had a 
thrombotic event. For a venous thrombosis but not an arterial 
(platelet-derived) thrombosis, the standard accepted approach is to 
treat the patient appropriately and test later. The diagnostic workup 
is delayed until the patient is stable, no longer hospitalized with a 
thrombotic event (which consumes coagulation factors and inhibi-
tors,  Chapter 35), and not receiving anticoagulant therapy. Warfarin 
(vitamin K antagonist), heparin, direct thrombin inhibitors (Agatro-
ban, Dabigatran), or FXa inhibitor (rivaroxaban) all can interfere 
with clottable assays that can be used to monitor these anticoagula-
tion therapies. When a subject is receiving replacement therapy such 
as fresh frozen plasma (FFP) or other blood components, they also 
should not be tested for hypercoaguability. Testing for protein C and 
protein S (vitamin K-dependent proteins) while a patient is taking 
warfarin or during an active thrombotic process can lead to falsely 
low activity and/or antigen values and therefore can result in the 
misdiagnosis of an inherited hypercoagulable state. Repeat studies 
are often needed, and family studies are usually required to confirm 
a diagnosis.

The third methodology is also based on the concept of micro-
scopic latex agglutination but is an automated procedure and elimi-
nates human error associated with visual determination of results. 
Antibody-coated latex particles aggregate in the presence of D-dimer, 
resulting in the mixture’s increased turbidity. The increase in scattered 
light is proportional to the amount of D-dimer in the sample. This 
assay is extremely sensitive and has an increased detection range. It 
is considered to have good negative predictive value; a negative test 
can be used to rule out deep vein thrombosis (DVT), venous throm-
boembolism (VTE), and pulmonary embolism (PE).78,79 The assay, 
if effectively used, can reduce the use of time-consuming and expen-
sive diagnostic tools such as venography, compression ultrasound, 
and spiral computed tomography scans for some patients. If the level 
of D-dimer in the plasma is not elevated, no thrombotic process is 
ongoing, and VTE is not present (e.g., there is a “negative predic-
tive value”). However, if the D-dimer level is elevated, coagulation 
is occurring, which could happen because of VTE as well as other 
clinical conditions (Table 36-7 ★). The major difficulty with using 
the D-dimer assay to exclude VTE is establishing the cutoff value to 
be used. Each laboratory must establish its own cutoff value rather 
than relying on manufacturer-provided guidelines (Web Table 36-8). 
These values need to be developed with input from the clinical staff 
and re-evaluated periodically. The D-dimer assay should not be 
used in patients on anticoagulant therapy (heparin or warfarin). 
Studies have demonstrated that anticoagulants decrease circulating 
D-dimers and could produce a value below the cutoff, masking the 
presence of VTE.

Most hospitals that use the D-dimer assay to confirm DIC also 
test for VTE with it. Because the range of detection necessary for DIC 
and VTE varies significantly and the two diagnoses utilize different 
cutoff values, some institutions provide them as two separate tests.

Fibrin Degradation Products
The detection of increased levels of fibrin and/or FDPs in patient 
blood samples indicates increased fibrinolytic activity (Chapter 32). 
The patient’s blood sample is collected in a special collection tube 
containing thrombin (to clot the sample and ensure that all fibrino-
gen has been removed) and a fibrinolytic inhibitor (to prevent in vitro 
fibrino[geno]lysis). The patient’s serum is mixed with latex particles 
coated with specific antibodies that recognize FDP on a glass slide for 
a specific amount of time. The reaction mixture is observed macro-
scopically for the presence of agglutination. The test is semiquantita-
tive with various dilutions made of the patient’s serum in buffer. The 
normal range varies according to the particular test’s manufacturer 

diC Pregnancy

Trauma Cancer

surgery diabetes

hematoma thrombolytic therapy

arterial thrombosis older age

general hospitalization

★ tabLe 36-7 Partial List of Non-Venous 
 Thromboembolism Causes of Elevated D-Dimer
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Protein C/Activated Protein C (APC)
Functional assays for protein C (PC) include measuring amidolytic 
activity using a chromogenic substrate or PC anticoagulant activity 
in a clot-based assay. Chromogenic assays can be less informative 
than clot-based assays when screening for PC defects. Several indi-
viduals have been described with normal PC antigen (immunologic) 
measurements and reduced PC anticoagulant activity in clot-based 
assays but normal amidolytic activity in chromogenic assays.80 These 
individuals could have defects in the ability of APC to interact with 
platelet membranes or the FVa or FVIIIa substrates and thus would 
not be detected by the amidolytic assay.80

APC is an anticoagulant that inactivates FVa and FVIIIa. In 
the PC assay, a reagent containing snake venom (Agkistrodon c. 
 contotrix), protac (a particulate activator for the activation of protein 
C), and platelet factor 3 activate both PC and the contact factors of the 
intrinsic pathway. The patient’s plasma is incubated with PC-deficient 
plasma (to compensate for any factor deficiency other than PC) and 
an APTT reagent containing the activator; calcium chloride is added 
and the time for clot formation is measured. Activation of PC, result-
ing in the inactivation of FVa and FVIIIa in the control and patient 
samples, causes a prolongation of the modified APTT. The longer 
the modified APTT, the more functional PC is present in the plasma 
sample. A reference (standard) curve is prepared by plotting the PC 
activity for each reference plasma dilution assayed in conjunction with 
the patient samples against its CT. The results for patients and controls 
are obtained from this curve using the respective CTs. The general 
reference interval for PC is 60–150%.

In spite of the limitations noted, the chromogenic assay for PC 
is widely used. This assay incubates PC with a specific activator; the 
amount of APC measured is based on APC’s enzymatic activity on 
a chromogenic substrate. The enzymatic activity releases pNA from 
the chromogenic substrate, and pNA is measured spectrophotometri-
cally at 405 nm. The absorbance of pNA is directly proportional to the 
amount of APC. A reference (standard) curve is prepared by plotting 
the protein C activity (percentage) for each reference plasma dilution 
against its corresponding absorbance. The results for patients and 
controls are obtained from this curve using the respective readings.

The diagnosis of PC deficiency is complicated for patients on oral 
anticoagulation therapy. Warfarin therapy reduces functional and, to 
a lesser extent, immunologic measurements of PC. Several research-
ers have proposed using the ratios of PC antigen to FII or FX antigen. 
However, this does not identify patients with type II PC deficiency 
(low activity, normal antigen). This approach of using ratios can be 
used only for patients in a stable phase of oral anticoagulation. Other 
groups have used PC activity assays in conjunction with functional 
measurements of FVII (a vitamin K-dependent zymogen with a simi-
lar plasma half-life). In practice, individuals suspected of having PC 
deficiency should be investigated after oral anticoagulation has been 
discontinued for at least 1 week. Family studies are desirable. If dis-
continuing warfarin therapy is not possible, individuals can be studied 
while they receive heparin therapy, which does not alter plasma PC 
levels.80

Acquired PC deficiency is found in numerous disease states 
(Chapter 35). Most individuals with uremia have low levels of PC 
anticoagulant activity but normal levels of PC amidolytic activity and 
antigen. This low PC anticoagulant activity has been attributed to a 

Antithrombin (AT)
AT, previously called antithrombin III, has powerful and immediate 
antiprotease action in the presence of heparin. This interaction is the 
basis for the poor clinical response to heparin if the patient has sig-
nificantly decreased levels of AT. A variety of assays can measure AT.

The chromogenic assay is a functional two-part assay measur-
ing AT activity in the presence of heparin (Web Figure 36-3). In the 
first part, plasma is incubated with a known excess of thrombin in 
the presence of heparin (heparinized buffer). In its presence, AT 
neutralizes a proportional amount of the thrombin. The second part 
of the assay determines the residual thrombin activity by its enzy-
matic activity on an appropriate substrate (fibrinogen tagged with 
a chromophore, such as p-Nitroanilin [pNA], which produces a yel-
low color when released that is measured at 405 nm). The amount of 
thrombin neutralized in the first reaction step is proportional to the 
amount of AT present in the test sample; thus, the residual amount of 
thrombin (as measured by the pNA release) is inversely proportional 
to the test sample’s AT level. A reference (standard) curve is prepared 
by plotting the AT activity (%) for each reference plasma dilution pre-
pared against its corresponding absorbance. The results for patients 
and controls are read from this curve using respective absorbance 
readings. The general reference interval for AT for either clottable or 
chromogenic assays is 78–126%.

The other common functional assay is a clot-based method in 
which the clotting of fibrinogen rather than the cleavage of a synthetic 
chromogenic substrate is the assay endpoint. Plasma is defibrinoge-
nated (fibrinogen removed) and incubated with heparin and throm-
bin. Residual thrombin is determined by transfer to a standardized 
fibrinogen solution, and the time for clotting to occur is measured. 
As in the chromogenic assay, the CT is directly proportional to the 
concentration of AT in the patient’s plasma: the higher the AT level, the 
higher is the amount of thrombin neutralized in the first step, result-
ing in a lower level of residual thrombin and a prolonged CT in the 
second step.

Immunological methods measure the concentration of the AT 
protein using EIA, ELISA, radial immunodiffusion (RID), or micro-
latex particle immunological assays (LIA tests, automated procedures 
available).

Inherited deficiencies of AT can involve a decrease in both AT 
protein and activity level or the presence of a dysfunctional protein 
(Chapter 35). In addition to congenital deficiencies (which are very 
rare), acquired deficiencies occur in DIC, liver disease resulting from 
decreased synthesis, and nephrotic syndrome. A number of clinical 
disorders can be associated with reductions in the plasma concentra-
tion of AT, sometimes making it difficult to establish a definitive diag-
nosis of an inherited deficiency. Low levels on an initial screen should 
be confirmed at a later date. All hereditary deficiencies identified to 
date have occurred in heterozygous individuals.

Anticoagulation of patients also affects testing for AT. The 
administration of heparin decreases plasma AT levels presumably by 
accelerated clearance of the heparin-antithrombin complex. Thus, the 
evaluation of plasma samples during heparinization can lead to an 
erroneous diagnosis of AT deficiency. Plasma AT concentrations are 
occasionally elevated into the normal range by warfarin in individuals 
with AT deficiency. Confirmation of the hereditary nature of an AT 
deficiency can require investigating other family members.
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CT of the sample with APC (results should be prolonged because of 
the destruction of FVa and FVIIIa) divided by the CT for the sam-
ple without APC. APCR is indicated by a ratio of less than what had 
been established for the laboratory using a particular instrument and 
reagent combination, for APCR ratio calculation, see Web Figure 36-4. 
Acquired conditions such as pregnancy, oral conceptive use, elevated 
FVIII, and a stroke can also produce APCR.

The APCR functional assay (as described) is a screening test, not 
a diagnostic test, for FVL. Other rare congenital conditions including 
FV Cambridge and homozygosity for the HR2 haplotype can result in 
APCR. Because 10% of individuals with APCR do not have the FVL 
mutation, clinical diagnosis of FVL requires both the clotting and 
molecular (PCR) tests for the FVL genetic mutation. If FVL mutation 
is not identified, PCR-based confirmatory tests for APCR resulting 
from other genetic mutations are available in research laboratories.

Prothrombin G20210A
Individuals heterozygous for the prothrombin 20210 (FII G20210A) 
mutation can have prothrombin levels averaging approximately 
130%, up to 30% higher than noncarriers (Chapter 42). Individuals 
with the mutation have an increased risk of thrombosis that seems 
to be connected to the elevated FII activity. However, because of the 
overlap with the normal range for FII, clot-based functional assays for 
prothrombin are unreliable.82 Therefore, genetic screening of the FII 
gene is the only reliable way to detect the presence of this phenotype 
(Chapter 42). Detection methods for the amplified product can utilize 
specific endonucleases, gel electrophoresis, or fluorescent probing. A 
multiplex PCR-based assay is available for the simultaneous detection 
of FVL and FII G20210A.83

dialyzable moiety in uremic plasma that interferes with most clotting 
assays for PC activity.80

Protein S
Circulating protein S (PS) exists in two forms: free (40%) and bound 
to C4b binding protein (60%). Only the free PS serves as a cofactor for 
APC, enhancing its anticoagulant activity. The functional free form is 
measured in clot-based assays. Laboratory evaluation of PS also can 
include assays of total PS antigen (ELISA) and free PS (immunoassays 
using monoclonal antibody specific for the free form).81

Functional PS assay methods are based on the ability of PS to 
serve as a cofactor for the anticoagulant effect of APC. A typical clot-
based procedure for measuring the cofactor activity of PS requires 
four reagents: (1) PS-deficient plasma to ensure optimal levels of all 
coagulation factors except PS, (2) purified activated PC, (3) purified 
activated FVa to serve as a substrate for APC, and (4) calcium chloride. 
Patient PPP is mixed with PS-deficient plasma. APC and activated FVa 
reagents are added to this mixture, which is incubated at 37°C. Follow-
ing incubation, calcium chloride is added to initiate clot formation. 
The CT is proportional to the PS activity in the sample (i.e., the higher 
the level of PS, the longer is the CT).

A reference (standard) curve can be prepared by using dilutions 
of reference plasma representing 100%, 75%, 50%, and 25% PS activity. 
This activity for each plasma and control is obtained from this curve. 
The general reference interval for PS is 60–140%.

Like PC clot-based assays, the presence of FV Leiden, APC resis-
tance, elevated FVIII levels, and a lupus anticoagulant can cause false 
positive PS test results if clotting (functional) assays are used to diag-
nose PS deficiency.

Inherited deficiencies (autosomal dominant disorder) can involve 
a decrease in the protein or a dysfunctional protein  (Chapter 35). The 
clot-based procedure for PS detects both its quantitative and qualita-
tive deficiencies, but immunologic methods do not detect qualitative 
deficiencies.

Acquired PS deficiencies are found in numerous disease states 
(Chapter 35). Although total PS antigen measurements are generally 
increased in individuals with nephrotic syndrome, functional assays 
are often reduced because of the loss of free PS in the urine and eleva-
tions in C4b-binding protein levels.80

Activated Protein C Resistance (APCR)
The presence of the factor V Leiden (FVL) mutation results in the 
resistance of FVa to degradation by APC, commonly referred to as 
activated protein C resistance (APCR), one of the most common 
risk factors for thrombosis. The molecular testing for FLV (PCR) is 
described in Chapter 42.

The clot-based assay is based on the principle that the addition of 
APC to a plasma sample induces a prolongation of the APTT medi-
ated by the inactivation of FVa and FVIIIa in the plasma sample. The 
sensitivity and specificity of the screening test has been improved by 
prediluting the patient plasma with FV-deficient substrate plasma; 
this permits the evaluation of patients receiving anticoagulants or 
who have an abnormal APTT from factor deficiencies other than 
FV. The testing proceeds with the performance of an APTT with and 
without the addition of APC. The APC ratio is calculated using the 

in diagnostic laboratory evaluation of a hypercoagulable 
state such as antithrombin deficiency, why is it important 
to determine the functional activity of the coagulation 
protein?

CheCkpoint 36-7

Additional Testing for Thrombosis
Rare abnormalities in the fibrinolytic system can result in thrombosis. 
The tests in this section can be performed to assist in the diagnosis of 
these abnormalities. Except for plasminogen, the tests discussed are 
performed less frequently than those previously described and can 
require sending samples to a reference laboratory. If only a limited 
number of these tests are performed at a particular site, they could be 
prohibitively costly (Chapters 30 and 33).

Plasminogen
Plasminogen levels are measured by using a chromogenic assay 
based on the conversion of plasminogen to plasmin by an excess 
of streptokinase (SK), which acts as an activator. The first step in 
this assay involves incubating patient plasma with a known excess 
of SK, which forms a complex (plasminogen-SK) that contains 
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myocardial infarction, DVT, normal pregnancy, sepsis, cardiovas-
cular accident, strokes, type 2 diabetes, DIC, and when the subject’s 
condition is resistant to thrombolytic therapy. Decreased levels can 
be evident with severe liver disease, amyloidosis, and fibrinolytic 
therapy regimens.

tissue plasminogen activator (tpa)
Functional (chromogenic) and antigenic (ELISA) assays are available 
to measure tPA, an important protein in the fibrinolytic system. The 
physiologic role of tPA is to activate plasminogen to plasmin, which 
then degrades fibrin to soluble FDPs. Specific interactions between 
tPA and fibrin and between plasmin and the plasmin inhibitor, 
a2@antiplasmin, regulate fibrinolysis. In the assay for tPA, PAI-1 is 
usually present in large excess and must be prevented from quench-
ing tPA activity. This is accomplished using a special blood collection 
tube (Stabilyte, an acidified citrate tube available from Diagnostica 
Stago US [formerly TCoag], Parsippany, New Jersey) that provides 
mild acidification and stabilization of the sample, blocking the effect 
of PAI-1. Decreased tPA levels have been reported in myocardial 
infarction, ischemic stroke, and DVT. This marker is an acute phase 
reactant and can be elevated in subjects with cancer, postoperative 
surgery, pregnancy, metabolic syndrome, and sepsis.

thrombin-activatable Fibrinolysis inhibitor (taFi)
TAFI induces hypofibrinolysis by decreasing fibrin’s ability to bind 
tPA and plasminogen. High concentrations of TAFI can induce a 
hypofibrinolytic state and an elevated risk of thrombosis, whereas 
low levels of TAFI can be associated with excessive bleeding. Both 
standard ELISA assays for TAFI antigen and functional assays are now 
available. The TAFI activity can be assessed by its ability to delay the 
lysis of a plasma clot induced by recombinant tPA and chromogenic 
assays. The TAFI antigen concentration in normal human plasma 
is usually between 40–250%. There are no variations for gender or 
pregnancy.

plasminlike activity. The  second step determines the amount of 
the complex by its enzymatic activity on a chromogenic substrate. 
The enzymatic activity results in the release from the chromogenic 
substrate of p- nitroanilin (pNA), which is measured spectrophoto-
metrically at 405 nm. The pNA absorbance is directly proportional 
to the quantity of plasminogen. A reference (standard) curve is pre-
pared by plotting the plasminogen activity (%) for each reference 
plasma dilution against its corresponding absorbance. The results 
for patients and controls are obtained from this curve using the 
respective absorbance readings. The general reference interval for 
plasminogen levels is 74–124%.

Inherited deficiencies of plasminogen include quantitative ones 
characterized by decreased antigenic and functional levels as well as 
qualitative ones characterized by dysfunctional protein (Chapter 35). 
Acquired deficiencies are associated with DIC, liver disease, and leuke-
mia. Measuring circulating plasminogen levels is useful in monitoring 
hepatic regeneration of plasminogen after discontinuation of treat-
ment with plasminogen activators and in controlling and adjusting 
the rate of infusion of FFP being given to the patient.

A2-antiplasmin activity
A chromogenic method to measure a2@antiplasmin that can be used 
with microtiter plate, test tube, or automated procedures is available. 
Incubation of plasma diluted with an excess of plasmin results in a 
rapid complex formation between the functional plasmin inhibi-
tor (antiplasmin) present in the plasma and the added plasmin. The 
amount of plasmin activity inhibited is proportional to the amount of 
plasmin inhibitor in the patient plasma. The residual plasmin hydro-
lyzes the chromogenic substrate S-2403, liberating the chromophoric 
group, pNA. The color is observed photometrically at 405 nm. The 
inhibitor a2@antiplasmin is important in regulating the fibrinolytic 
system. Congenital deficiencies are characterized by bleeding occur-
ring some hours after an initial injury. Clotting and wound healing 
are usually normal, but the hemostatic plug breaks down prematurely. 
Acquired decreases of a2@antiplasmin can be observed in liver disease 
and DIC. Increased levels have been reported during the postopera-
tive period.

plasma-A2-antiplasmin (pap) Complex
The PAP complex test uses ELISA methodology to detect elevated 
levels that can occur during thrombotic events, in cases of endog-
enous hyperfibrinolysis, and during thrombolytic therapy. The blood 
sample is collected in special precoated plastic tubes containing 
citrate, aprotinin, and benzamidine. Special specimen processing is 
required.

plasminogen activator inhibitor (pai-1)
Both functional and antigenic measurements are available to mea-
sure PAI-1, the primary inhibitor of tPA. PAI-1 is assayed using 
immunoturbidometric, chromogenic, or ELISA methods, which 
can be performed on automated instruments. This inhibitor dis-
plays diurnal variation, so attention must be paid to the timing of 
both collecting the patient sample and obtaining samples for estab-
lishing a normal range for the laboratory. An increased plasma level 
of PAI-1 is associated with impaired fibrinolytic function. Elevated 
levels of PAI-1 have been observed in thrombolytic disease, acute 

What is the appropriate interpretation of the following 
coagulation test results?

a2@antiplasmin: Decreased
D-dimer: Elevated
ECL: Prolonged
PAI-1 activity: Increased
Plasminogen activity: Decreased

CheCkpoint 36-8

laBoratory Evaluation oF 
antiCoaGulant tHErapy
A critical function of hemostasis testing is to monitor patients on anti-
coagulant therapy. As with diagnostic testing, quality assurance stan-
dards for blood collection, specimen processing, and quality control 
must be maintained.
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thromboembolism) should have an INR between 2.0 and 3.0; occa-
sionally (e.g., with a mechanical valve replacement), the recommended 
ratio can be higher. The INR was devised to monitor patients on long-
term anticoagulant therapy and is thus not meaningful and should not 
be reported for patients not on it.

The efficacy of oral anticoagulants such as warfarin and Cou-
madin is influenced by the patient’s body mass, vitamin K content in 
the diet, interactions of drugs and supplements, wellness, and hepatic 
function. The INR should be carefully interpreted with regard to the 
patient’s drug regimen (antibiotics or aspirin-containing medica-
tion) and dietary changes. POC instruments that determine the indi-
vidual’s INR from a capillary puncture are currently available. The 
reagent used by these instruments is only thromboplastin; calcium 
is not required because the blood sample has not been citrated; thus, 
the calcium is not bound and is available from the patient’s whole 
blood. These instruments determine the PT and calculate the INR. 
Patients, anticoagulation clinics, and laboratories in physicians’ offices 
use them to monitor and maintain optimal therapeutic levels of oral 
anticoagulant.

Heparin Therapy Monitoring
Unfractionated heparin (UFH) and low-molecular-weight heparins 
(LMWHs) such as enoxaparin, dalteparin, tinzaparin, nordraparin, 
and fondaparinux, potentiate the activity of antithrombin and 
covalently neutralize thrombin and activated factor Xa (FXa).86 
Traditionally, the APTT has been the most commonly used proce-
dure to monitor standard UFH therapy. The TT can also be used. 
If monitoring is necessary for LMWH, the factor Xa inhibition assay 
is used.

Activated Partial Thromboplastin Time (APTT)
Traditionally, the APTT has been the most commonly used proce-
dure to monitor standard UFH therapy. The accepted procedure is 
to establish a therapeutic range for UFH. The coagulation laboratory 
must collect 50 or more specimens from subjects with different levels 
of UFH present. Samples from patients receiving both UFH and oral 
anticoagulants are unacceptable. The APTT results and the heparin 
concentrations (determined by a chromogenic anti-FXa heparin 
assay) are analyzed by regression analysis to obtain a dose response 
curve. The APTT therapeutic range is extrapolated at the hepa-
rin concentration between 0.3 and 0.7 U/mL on the dose response 
curve. The College of American Pathologists (CAP) requires that 
clinical laboratories establish a heparin therapeutic range for their 
APTT procedure.87,88 The degree of prolongation of the APTT is 
variable, depending on the APTT reagent/instrument combination, 
and even between different lots of the same commercial reagent 
(Web  Figure 36-5). A baseline APTT should be determined before 
the subject is given the initial UFH bolus. If the APTT is prolonged 
before heparin administration, a coagulation deficiency or a lupus 
anticoagulant could be present. If so, the patient should be monitored 
with the chromogenic anti-FXa assay for heparin therapy. Some very 
sensitive APTT reagents do not give measurable CTs at heparin con-
centrations of 0.5 U/mL or higher, thus eliminating their usefulness 
in monitoring heparin levels.

Oral Anticoagulant Therapy and 
the Prothrombin Time—INR Value
When monitoring oral anticoagulant therapy (Coumadin, 
warfarin), the clinical laboratory reports patient values using the 
 international normalized ratio (INR), which is determined from 
the PT result. The INR is used to standardize the PT results for the 
various reagents and instruments used for this test. This standardiza-
tion of oral anticoagulant control has greatly improved patient care 
in this mobile world.

Each manufacturer has an in-house standard (a specific lot of 
its own thromboplastin) that has been carefully calibrated against 
one of the World Health Organization (WHO) standards. The inter-
national sensitivity index (ISI) value is calculated as a specific 
correction factor for a manufacturer’s standard against the WHO 
reference preparation. The ISI for a particular reagent is instrument 
dependent. The reagent manufacturer usually supplies an ISI for the 
most common reagent/instrument combinations. Its value is listed 
on each lot number of thromboplastin reagents purchased for PT/
INR testing. Commercial manufacturers of recombinant thrombo-
plastin reagents are working to produce ISI values close to 1.0. This 
value is the WHO-assigned ISI that is recommended in an effort to 
minimize discrepancies between labs in reporting the INR value.84,85 
Most laboratories currently report both the PT and the INR for a 
given sample. The advantage of the INR is that it is independent 
of the reagents and methods used to determine PT and therefore 
allows better assessment of long-term oral anticoagulant therapy. 
By definition, the INR is the PT ratio equivalent to using the WHO 
international reference preparation as the source of thromboplas-
tin in the performance of a PT. Each laboratory uses the formula in 
 Figure 36-6 ■ to calculate each INR value from the PT produced for 
each patient. The calculation also includes the lab’s geometric mean 
value for at least 20–30 normal plasma control subjects using the 
specific lot of thromboplastin with a particular type of instrumenta-
tion (geometric mean normal PT for the laboratory). The geometric 
mean value determination should be performed with each new lot 
of reagent.

By reporting the PT as an INR value, each laboratory is using a 
standardized unit related to the WHO standards. The INR value has 
also provided the opportunity to use a common unit for defining the 
therapeutic ranges for oral anticoagulant therapy. Patients receiv-
ing oral anticoagulants for a hypercoagulable state (arterial or venous 

■  Figure 36-6 International normalized ratio (INR) 
 calculation formula.

INR � RISI

Where R � PT ratio obtained with the working
        thromboplastin
PT ratio � Patient’s PT/Mean normal PT
ISI � International sensitivity index (provided by
        manufacturer)

Patient’s PT � 21.5 seconds
Mean normal PT � 12.0 seconds
ISI � 1.35

Example:

INR � (21.5/12.0)1.35 � 2.2
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used to detect the presence of heparin because of its sensitivity in the 
monitoring of heparin anticoagulation.91

anti-Xa assay
Low-molecular-weight heparins (LMWH) (Chapter 33) have become 
a common form of heparin for anticoagulant therapy. It has more reli-
able pharmacokinetics and bioavailability than standard heparin 
and thus does not require routine laboratory monitoring in adults 
because its dose response is more predictable. Monitoring should be 
performed on obstetric patients who have a history of spontaneous 
abortion, morbidly obese patients, subjects who are severely under-
weight, neonates, or individuals with renal issues. The FXa inhibition 
assay (anti-Xa assay) is recommended if monitoring is necessary.

Therapeutic doses of LMWH are based on an anti-FXa level of 
0.5 to 1.0 units/mL. A citrated blood sample is taken 4 to 6 hours after a 
subcutaneous injection. A standard for performing the anti-FXa assay 
for LMWH is used. The anti-Xa assay is also a more specific test for 
monitoring unfractionated heparin (UFH) therapy. A special standard 
is used to test for UFH.

The chromogenic assay for both types of heparin uses excess 
activated FX (FXa), which is added to the patient’s PPP and incu-
bated.86,92 Heparin with antithrombin present in the patient’s PPP inhib-
its the FXa. A chromogenic substrate is added to this mixture, and any 
residual FXa enzymatically cleaves the chromogen, producing a yellow 
color that is measured spectrophotometrically. A reference (standard) 

There currently is no standardization of the APTT to normalize 
differences in reagents/test systems as with the ISI of the PT reagents. 
In addition to the sensitivity issues mentioned, complications include 
the variation in standard heparin preparations, the individuality of a 
patient’s response to heparin from heparin-binding proteins, and the 
physiologic clearance mechanisms. For these reasons, two individuals 
receiving a standard heparin bolus of 5000 units in the same facility 
can have very different APTT results (one indicating a therapeutic 
response and the other a supratherapeutic response). Thus, the com-
mon practice of aiming for an APTT result that is 1.5 to 2.5 times the 
control APTT value is no longer acceptable.

A weight-based heparin dosing nomogram (usually created in 
conjunction with the pharmacy) should also be provided to the clini-
cians so that clinicians can determine the appropriate dose of hepa-
rin to reach and/or maintain a therapeutic range 89,90 (Table 36-8 ★). 
In addition, a variety of factors can impact heparin monitoring 
(Table 36-9 ★).

Some institutions currently monitor all of the heparin therapies, 
which include UFH and LMWHs with only the chromogenic anti-
FXa testing because of the problems with preanalytical variables that 
affect the APTT.

thrombin time
TT is less commonly used to monitor heparin therapy. Its advantage 
is that it is not influenced by plasma factor deficiencies. It is primarily 

initial Heparin Dose: initial Maintenance infusion rate 80 units/kg Bolus 18 units/kg/hr

Adjust maintenance infusion: Perform an activated partial thromboplastin time (APTT) 6 hours after the initial heparin bolus and adjust as follows.

aptt, seca Bolus Change in infusion rate of Heparin

640 80 units/kg Increase infusion by 4 units/kg/hr

40–49 40 units/kg Increase infusion by 2 units/kg/hr

50–80 No change

81–100 Decrease infusion by 2 units/kg/hr

7100 Stop heparin infusion for 1 hour; then decrease infusion by 3 units/kg/hr

An APTT should be performed 6 hours after each dosage change and the appropriate changes in dosage applied.
aBased on its established heparin therapeutic range, each laboratory should determine its own APTT ranges for the nomogram.

★ taBlE 36-8 Weight-Based Heparin Dosing Nomogram

Conditions that influence the pharmacokinetics or general bioavailability of heparin: Heparin binds to various plasma proteins (e.g., platelet factor 4, 
fibrinogen, VWF, fibronectin, and vitronectin), macrophages, and endothelial cells, resulting in decreased bioavailability
Conditions that alter the characteristics of the activated partial thromboplastin time dose response to heparin
Conditions that cause an abnormal baseline activated partial thromboplastin time (factor deficiency, lupus anticoagulant)
Patient’s body weight
Antithrombin level
Specimen collection and processing problems
 • Time of collection (minimum of 4 hours needed to achieve steady state with heparin)
 • Delayed testing (can result in abnormally prolonged results)
 •  Failure to achieve platelet-poor plasma (can result in release of PF4 from activation of residual platelets resulting in underestimation of heparin in 

the sample)

★ taBlE 36-9 Factors Affecting the Monitoring of Heparin
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because naturally occurring protease inhibitors rapidly neutralize the 
majority of them. However, the activation peptides released on activation 
of the zymogen can be measured by immunochemical assays (radioim-
munoassay, ELISA). The enzyme-inhibitor complex that forms as a result 
of zymogen activation can also be measured by similar immunochemi-
cal methods. Because of the high cost and low volume of test requests, the 
routine clinical laboratory generally does not offer these assays.

The immunochemical assays depend on the development of 
monoclonal or polyclonal antibodies capable of recognizing antigenic 
determinants on the activation fragment or enzyme-inhibitor com-
plex that are hidden in the parent zymogen or inhibitor. More widely 
used assays include those for: fibrinopeptide A and/or fibrinopeptide 
B and prothrombin activation fragment 1.2. Thrombin- antithrombin 
(TAT) complex and PAP complex testing were described earlier in 
the chapter.

Laboratory Markers of Platelet Activation
Platelet hyper-reactivity or circulating activated platelets have been 
reported to be associated with several clinical conditions including 
coronary artery disease, unstable angina, and acute myocardial infarc-
tion. The bleeding time, platelet function analyzer, and platelet aggre-
gation tests remain the only standard clinical tests of platelet activation 
and function, but they are more useful in adults than pediatric patients 
in assessing platelet hyper-reactivity (see earlier section “Laboratory 
Investigation of Primary Hemostasis”). A number of additional tests 
have been developed and are available in specialized coagulation labo-
ratories, including ELISA assays for PF4, bTG, and soluble P-selectin 
(markers of platelet activation and secretion), and urine assays for 
thromboxane A2 metabolites (TX@B2).93

Flow cytometry can be used to evaluate platelet activation and 
function and likely assumes an increasingly important role in the 
evaluation of in vivo platelet activation. Platelets are labeled with a 
fluorescent-conjugated antibody, and specific characteristics of a large 
number of individual platelets can be measured rapidly (1000–10,000 
cells/minute). In the absence of an added (exogenous) platelet agonist, 
whole blood flow cytometry evaluates the activation state of circu-
lating platelets according to the binding of an activation-dependent 
monoclonal antibody. If an exogenous agonist is included in the assay, 
it is possible to analyze the reactivity of circulating platelets in vitro 
(i.e., a physiologic assay of platelet function).

Monoclonal antibodies can be used to measure the expression of 
platelet surface antigens. However, antibodies that detect activation-
dependent antigens (i.e., antibodies that bind to activated platelets, not 
to resting platelets) are particularly useful for assessing platelet hyper-
reactivity. Monoclonal antibodies that detect an activation-induced 
conformation change in GPIIb/IIIa appear to be directed against the 
fibrinogen-binding site of GPIIb/IIIa of activated platelets. P-selec-
tin (CD62-P) (previously referred to as GMP-140 or PADGEM) is 
a component of the a-granule membrane of resting platelets and 
is expressed on the platelet surface after a-granule secretion. Thus, 
a P-selectin specific antibody binds only to degranulated, activated 
platelets, not to resting platelets.

The GPIb/IX/V complex (VWF receptor) offers a differ-
ent approach in evaluating in vivo platelet function. In contrast to 

MolECular MarkErs 
oF HEMostatiC aCtivation
A more detailed understanding of the biochemistry of coagulation 
and fibrinolysis has resulted in the development of a number of sen-
sitive and specific assays that detect molecular markers of platelet 
activation, generation of coagulation enzymes, and products of intra-
vascular fibrin formation or dissolution (Table 36-10 ★). The avail-
ability of testing for molecular markers is useful for the early detection 
of platelet-driven or coagulation-driven disorders and their use can 
result in improved medical care for thrombotic and fibrinolytic dis-
ease. This testing is not, however, routine and could be available only 
at large medical centers or reference laboratories.

Markers of Fibrin Formation  
and Fibrinolysis
The process of activating coagulation converts a number of zymogens 
to active serine proteases. Direct measurements of the levels of most 
hemostatic enzymes in vivo (e.g., thrombin, plasmin) are not possible 

As seen in Figure 36-6, the patient has a PT of 21.5 sec-
onds (producing an INR of 2.2). In this case, the patient is 
not on oral coagulation. What is the explanation for not 
reporting the INR?

CheCkpoint 36-9

Coagulation

 Activation peptides Factor IX activation peptide

Factor X activation peptide

Prothrombin activation fragment 
F1 + 2

Protein C activation peptide

Fibrinopeptide A, fibrinopeptide B

 Enzyme-inhibitor complexes Thrombin-antithrombin complex (TAT)

Factor Xa-antithrombin complex

Factor IXa-antithrombin complex

Activated protein C-protein C inhibitor 
complex

Fibrinolysis Bb1942 fragment (plasmin cleavage 
of fibrin)

Plasmin–antiplasmin complex (PAP)

Platelet activation (flow 
cytometry)

Activated GPIIb/IIIa complex
P-selectin (CD62-P)
GPIb/IX/V (decrease)

★ taBlE 36-10 Immunochemical Markers of Hemo-
static Activation

curve is prepared by plotting the various dilutions of known concentra-
tions of heparin against its corresponding absorbance. The results for the 
patients and controls are obtained from this curve using the respective 
absorbance readings. The therapeutic range for heparin is 0.3–0.7 U/mL.
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and others. The specialized testing is called TEG® platelet mapping 
assay.

ROTEM®
The ROTEM® Haemostasis Whole Blood Analyser is a computer-
ized device based on the TEG. It is designed to be used with appro-
priate reagents to generate both a qualitative graph and quantitative 
numerical results. The standardized reagent menu allows for the dif-
ferentiation of coagulation factor deficiencies, anticoagulant effects, 
platelet disorders, fibrin polymerization disorders, and hyperfibri-
nolysis (Web Figures 36-9 and 36-10).

Calibrated Automated Thrombogram (CAT)
Thrombin participates in a series of positive and negative feedback 
reactions that first increases its own production significantly but later 
inhibits it. Therefore, the way in which thrombin is formed and then 
decreases when blood coagulation is triggered is an important indi-
cator of the overall function of the hemostatic system. The thrombin 
generation test (TGT) was developed as an easy way to monitor the 
rise and fall of thrombin in clotting plasma. The calibrated automated 
thrombogram (CAT) is a TGT that can measure both hypercoagula-
bility and hypocoagulability and is sensitive to the action of most anti-
thrombotic drugs. In the CAT, the test wells are filled with reagents 
consisting of thrombin calibrator in one set of wells and a trigger nec-
essary to start coagulation (either PPP or PRP reagent) in another 
set of wells. After the addition of plasma, the instrument dispenses 
a mixture of fluorogenic substrate and calcium so that coagulation 
begins. The analysis program calculates all parameters of the throm-
bogram (including endogenous thrombin potential, peak height, lag 
time, and more) and expresses the results in nanomoles of thrombin 
over time.95

activation-dependent monoclonal antibodies (e.g., GPIIb/IIIa), the 
binding of GPIb/IX/V–specific antibodies to activated platelets is 
markedly decreased compared with that of resting platelets. This 
decrease occurs because of a redistribution of the GPIb/IX/V com-
plex to the membrane of the surface-connected canalicular system 
with platelet activation. Specific testing for these platelet markers is 
available only in a large clinical flow cytometry laboratory or a uni-
versity setting.

Evidence of in vivo platelet activation can have significant clinical 
implications in cardiovascular and thrombotic diseases. Flow cyto-
metric analysis of platelet activation-dependent markers can be used 
to determine optimal antiplatelet therapy in clinical settings and to 
measure platelet hyper-reactivity in a number of clinical conditions.

Global TesTinG
POC hemostasis testing has become standard in the majority of 
hospitals. Increasing numbers of complex surgical procedures (liver 
transplantation, coronary bypass graft, valve repair in patients on the 
heart-lung machine) have created a demand for the availability of 
rapid and more comprehensive information on a patient’s hemostatic 
condition. Therapeutic decisions must be made quickly to discrimi-
nate between surgical bleeding and a hemostatic disorder.

Typical coagulation tests (PT, APTT, TT) artificially compart-
mentalize hemostasis (e.g., intrinsic, extrinsic pathways). They measure 
only the initiation of clotting (initial thrombin dependent conver-
sion of fibrinogen to fibrin) and not its speed or total extent. They 
are performed in the absence of cellular elements and provide data 
only on plasma clotting components, thereby overlooking potentially 
important interactions essential to the clinical evaluation of in vivo 
hemostasis. In contrast, global testing instruments analyze the entire 
hemostasis process including coagulation, anticoagulant effects, fibrin 
formation and stabilization, clot retraction (platelet function), and 
fibrinolysis.94

The first two instruments described are primarily found in sur-
gery settings where blood product usage can be monitored and in 
research facilities to improve diagnostic testing and monitor treatment 
of patients with bleeding and clotting disorders.

Thromboelastography (TEG)
TEG, a viscoelastic whole blood instrument introduced by Hartert 
in 1948, is increasingly being used as a near-patient testing method 
for assessing blood coagulability. The instrumentation (thrombo-
elastograph) has become more clinically useful with direct readout 
of results and shortened reaction times by using activators and 
inhibitors in the cuvettes. The TEG evaluates clot formation from 
initiation to breakdown, and provides prompt, reliable information 
to clinicians on the causes of blood loss in critical POC situations. 
It allows the discrimination between surgical bleeding and hemo-
stasis disorders. The TEG seems to be the most suitable method for 
the detection of hyperfibrinolysis, an otherwise difficult to analyze 
coagulopathy that can lead to massive bleeding (Web Figures 36-6, 
36-7, 36-8).

The TEG now is able also to assess platelet function in patients 
who received platelet-inhibiting drugs such as aspirin, clopidogrel, 

A patient has a venous thrombotic episode and is to be 
treated appropriately. When should the blood sample be 
drawn to perform a thrombotic workup to diagnose an 
acquired or congenital deficiency? Why?

CheCkpoint 36-10

HemosTasis insTrumenTaTion
Hemostasis testing has advanced from inefficient manual methods to 
fast, accurate, and fully-automated analyzers. The systems have been 
improved to save money, reduce maintenance requirements, and 
increase productivity in the clinical hemostasis laboratory.

Evolution of Hemostasis Testing
Three centuries ago, clot detection in animal and human blood was 
checked only by the human eyes. With the invention of the microscope 
in the 1800s, scientists could examine the blood closer for changes 
in turbidity and fibrin formation. Temperature control, resistance 
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Automated Hemostasis Analyzer  
Methodologies
The methodologies available today include electromechanical, photo-
optical, chromogenic, and immunologic. Some instruments use a 
combination of these principles.

Electromechanical Clot Detection Systems
Most laboratories have replaced the fibrometer with more advanced 
electromechanical instrumentation. Diagnostica Stago hemostasis 
analyzers utilize innovative electromechanical systems. They are 
viscosity-based detection methods. The instruments monitor the 
motion (amplitude) of a steel ball inside a cuvette in a magnetic 
field as the viscosity of the plasma changes during clot formation. 
As the clot appears, the viscosity increases and the amplitude of the 
ball motion decreases, the timer stops at algorithmic predetermined 
times.99 Electromechanical clot detection systems are insensitive to 
colored and hemolyzed plasmas, lipemic plasmas, bilirubin, and tur-
bid reagents.

Optical/Photometric/Turbidimetric Clot 
Detection Systems
Photometric and/or optical (photo-optical) hemostasis analyzers 
measure the increase in turbidity when fibrinogen is converted to 
insoluble fibrin. Reagent and plasma are automatically pipetted into 
sample cups or cuvettes. After precise mixing and incubation phases, 
the system measures the change in plasma OD and measures the end 
point of clot formation. Many of the optical systems have filters and 
OD correction factors to minimize the effects of markedly lipemic 
and icteric plasma samples. In 2012, Beckman Coulter Inc./Instru-
ment Laboratory released the ACL TOP CTS, which uses LED tech-
nology. The 671-nm wavelength range of the LED light allows the 
instrument to significantly eliminate the lipemia, hemolysis, and bili-
rubin preanalytical variables. Siemens Healthcare Diagnostics Sysmex 
CAs and BCS analyzers utilize optical/turbidimetric clot detection 
methods.100

Nephelometry was originally used for immunoassays. The 
antigen–antibody complexes precipitate resulting in turbidity, 
which scatters light. In reactions when the immune complexes are 
too small for detection, the antibodies are first attached to micro-
latex particles. When the nephelometry detection method is used 
for coagulation immunoassays, specific factor antibodies are bound 
to latex particles. This method provides quantitative but not func-
tional coagulation factor assays on complex automated hemostasis 
analyzers. The nephelometry technology is also used to produce 
clot signature curve analyses (continuous readings of the clotting 
sequence).

Chromogenic Detection Methods
Chromogenic methods are based on the use of a chromophore (color-
specific generating substance) such as para-nitroaniline (pNA), which 
has a maximum absorbance of 405 nm (Web Figure 36-11a). In chro-
mogenic testing, the pNA is conjugated to a colorless, synthetic oli-
gopeptide substrate that mimics the target sequence of the activated 
coagulation factor being measured (Web Figure 36-11b). Coagulation 

monitoring by change in voltage, and the use of glass capillary tubes to 
view clot formation further enhanced hemostasis testing from 1822 to 
1922. In the early 1900s, researchers measured the time it took whole 
blood to clot while being tilted in tubes. This was the precursor to the 
Lee-White tilt tube procedure in subsequent years.96 The coagulom-
eter developed by Kottman in 1910 determined CTs by measuring the 
change in whole blood viscosity as it clotted. The change in viscosity 
was determined by plotting the voltage against time. Plasma-based 
coagulation testing can be traced back to 1920. During this era, the 
technique of adding calcium chloride to anticoagulated plasma at 
37°C and measuring the increasing viscosity of the plasma during 
fibrin monomer polymerization began. This led to development of 
the PT and PTT. TEG and sonar clot detection assays are also based 
on this principle.

Kugelmass introduced a new method of clot detection in 1922. 
He adapted the nephelometer to coagulation testing. Nephelometry 
measures scattered light at an angle or records the change in light 
transmission. Fibrin disperses light in forward (180°) and side angles 
(90°). When the amount of scattered light or transmitted light reaches 
a specific predetermined intensity, the timer stops. The instrument 
measures the light scattered or transmitted before and after the clot 
formation. The difference between the two measurements is propor-
tional to the amount of fibrin formed.97

Quick developed the original method for measuring the PT in 
1935. He mixed thromboplastin (extracted from human brain) with 
plasma, added calcium ions, and observed the clot formation at 37°C. 
Under these conditions. Quick found that fibrin clots usually devel-
oped within 12 seconds.98 In 1936, Baldes and Nygaard introduced 
the photoelectric method for clot detection. They were able to deter-
mine CTs by measuring increased optical density during clot forma-
tion in plasma samples.

By the 1960s, the fibrometer and other electromechanical semiau-
tomatic instruments began replacing manual methods in laboratories. 
The fibrometer is considered the prototype for the electromechanical 
instruments. It provided temperature control and included a pair of 
electrodes (one moving, one stationary) and a timing device to detect 
clots at 0.5-second intervals. The moving electrode cycles through the 
reaction mixture in an elliptical pattern created by raising and lower-
ing the probe foot. The moving then becomes electrically active when 
it is above the reaction mixture. As the fibrin clot is formed, the small 
hook on the tip of the moving electrode picks it up. The electric cir-
cuit is completed when the moving electrode becomes activated as it 
moves out of the reaction mixture; current flows from the stationary 
electrode through the reaction mixture and fibrin clot to the moving 
electrode. The creation of the electric circuit causes the timing device 
to stop. Other electromechanical systems such as the Diagnostica 
Stago ST-4® instrument measures CTs in a cuvette containing a rolling 
steel ball in an electromagnetic field.99 This instrument is described in 
the section “Electromechanical Clot Detection Systems.”

In 2000, the CAP coagulation proficiency survey indicated that 
approximately 25 different instruments are being used for hemostasis 
testing.100 Many of the mechanical and optical clot detection instru-
ments have been enhanced to include chromogenic and immuno-
logic methodologies. The AMAX Destiny Plus is an analyzer with the 
mechanical and optical clot detection method on one platform.
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•	 Tube sampling	The	instrument’s	capability	to	perform	closed-tube	
sampling	(penetration	of	the	cap)	for	safe	handling	or	open-tube	
(cap	removed)	sampling.

•	 Computer and software features	The	capability	of	the	instrument’s	
computer	 to	 interface	with	 the	 laboratory’s	 information	system;	
store	and	retrieve	patient	data;	manage	quality	control	data;	add	
and	manage	test	protocols;	program	reflex	testing	algorithms;	pro-
vide	program	flags	or	alerts	for	specimen	integrity	(e.g.,	lipemia	or	
hemolysis),	instrument	malfunctions,	quality	control	failures,	and	
critical	values.

•	 Reflex testing	The	programmability	of	the	instrument’s	software	to	
repeat	or	add	tests	under	defined	conditions	set	by	the	operator.

•	 Throughput	The	number	of	tests	the	instrument	can	accept	and	
process	within	a	given	time	period.

•	 STAT processing	The	instrument’s	capability	and	the	time	it	takes	
to	process	high-priority	tests	during	operation.

•	 Cost savings	The	 instrument’s	 capability	 to	perform	 tests	with	
reduced	reagents	and	smaller	sample	volumes	and	to	operate	with	
lower	consumable	costs.

•	 Downtime	 The	 amount	 of	 time	 the	 instrument	 requires	 for	
	scheduled	preventive	maintenance	procedures	 and	unexpected	
repairs	 (check	 the	 distributor’s	 technical	 support	 and	 service	
availability).

•	 Footprint	The	amount	of	space	the	benchtop	or	floor	model	instru-
ment	requires.

•	 Training and support	 The	 company’s	 training	 program	 and	
	technical	support	for	the	instrument.

Point-of-Care (POC) Hemostasis 
Instrumentation
Point-of-care (POC) instruments	and	bedside	or	self-monitoring	
hemostasis	testing	systems	provide	a	convenient	method	to	monitor	
oral	anticoagulant	therapy.	Most	of	these	POC	instruments	are	por-
table	or	handheld,	requiring	as	little	as	10	mcL	or	up	to	2	mL	of	whole	
or	anticoagulated	blood.	Some	features	and	functions	available	on	
POC	hemostasis	instruments	include	the	following:

•	 Multiple	specimen	types

•	 Integrated	quality	control	with	each	analysis

•	 Automatic	quality	control	lockout

•	 Onboard	system	for	automatic	error	detection

Previous	sections	of	this	chapter	described	several	other	hemo-
stasis	instruments	for	platelet	function	testing	and	other	assays.

protease	cleaves	the	chromogenic	substrate	at	a	specific	binding	site	
in	the	amino	acid	sequence	of	the	oligopeptide.	The	pNA	is	released,	
and	a	photodetector	measures	the	OD	at	405	nm.	Free	pNA	is	yellow,	
and	the	intensity	of	the	color	is	proportional	to	the	amount	of	pNA	
released.	Depending	on	the	assay’s	sequence	of	reactions,	the	change	
in	OD	can	also	be	indirectly	proportional	to	the	activity	of	the	ana-
lyte,	for	example	in	the	antifactor	Xa	assay.	Fluorogenic	methods	(e.g.,	
the	calibrated	automated	thrombogram)	for	hemostasis	testing	use	a	
fluorescent	substrate.

Immunologic Detection Methods
Latex	microparticles	are	coated	with	a	specific	antibody	against	the	
antigen	 being	 determined.	A	monochromatic	 light	 beam	 passes	
through	the	latex	microparticle	suspension.	The	light	wavelength	is	
larger	than	the	diameter	of	the	suspension	microparticles.	Therefore,	
the	microparticles	 absorb	only	 a	 small	 amount	of	 light.	However,	
when	the	suspension	of	latex	microparticles	is	mixed	with	test	plasma	
containing	the	antigen,	they	adhere	to	the	antibody	forming	aggluti-
nates.	An	increase	in	agglutination	or	turbidity	results	in	increased	
light	absorbance.	The	antigen	level	is	proportional	to	the	amount	of	
light	absorbed.	A	standard	calibration	curve	is	used	to	determine	the	
actual	level.	The	Diagnostica	Stago	STA-Liatest®	VWF:Ag	assay	is	an	
example	of	a	immunoturbidimetric	method.100

Selecting a Hemostasis Analyzer
Automated	hemostasis	analyzers	are	available	for	laboratories	per-
forming	routine	or	specialized	testing	and	test	volumes	that	are	low,	
medium,	or	high.	The	coagulation	market	is	very	competitive	with	
customers	continuously	looking	to	do	more	with	current	analyzers.	
Manufacturers	must	keep	up	with	the	customers’	demands	for	more	
reliable,	accurate,	user-friendly,	cost-effective	and	safe	instrumenta-
tion.	Some	of	the	features	to	consider	when	comparing	or	selecting	a	
hemostasis	analyzer	are	the	following:97

•	 Methodologies	 The	 type	 of	 clot	 detection	 system	 (optical	 or	
mechanical)	and	the	other	test	methods	(chromogenic,	immuno-
logic)	the	instrument	supports.

•	 Random access testing	The	 instrument’s	 capability	 to	perform	
	multiple	tests	on	the	same	or	different	samples	in	any	order.

•	 Reagent systems	The	instrument’s	capability	to	accept	alternative	
manufacturers’	reagents	for	the	same	methodology.

•	 Level sensing	The	instrument’s	capability	to	verify	reagent	volumes,	
monitor	sample	aspirations,	and	alert	the	operator	if	volumes	are	
inadequate.

•	 Barcode reading	The	instrument’s	capability	to	read	barcodes	on	
samples	and	reagents	for	positive	identification	such	as	name,	acces-
sion	or	lot	number,	and	other	information.
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Summary
This chapter reviewed the laboratory tests performed in the coag-
ulation laboratory and specialized tests available from research or 
reference laboratories. It highlighted the role of the laboratory 
professional as an integral part in the diagnosis of bleeding and 
clotting disorders. The additional technical information provided 
on this chapter’s Companion Resources allows the MLS/MLT to 
access information to improve coagulation testing so that the 
knowledge of all intricacies of sample collection, processing, 
quality control, accuracy, and reproducibility are available for 
each test.

The tests described are grouped according to the part of 
the hemostatic system that they assess: primary hemostasis, 
secondary hemostasis, fibrinolysis, and hypercoagulable states. 
A combination of tests from these groups can be selected to 
screen for a disorder of the hemostatic system. As an example, 

the PFA, PT, and APTT can be used to identify a defect in either 
primary or secondary hemostasis. When this defect has been 
identified, specific laboratory tests can be selected to provide 
information for making a definitive diagnosis of the coagulation 
disorder. Based on the results of screening tests for fibrinolysis 
(TT, D-dimer), further fibrinolytic testing can be performed. Lab-
oratory tests used to evaluate hypercoagulable states (e.g., AT, 
PC, PS, APCR) and to monitor anticoagulant therapy (e.g., PT/
INR, APTT, FXa inhibition assay) are some of the most frequently 
ordered in the coagulation laboratory. Testing is now available to 
detect activated platelets, coagulation enzymes, and products of 
intravascular fibrin formation or dissolution. Global testing once 
used only in the research setting is becoming clinically available. 
Manual testing methods have been replaced by electromechani-
cal, photo-optical, chromogenic, and immunologic methods.

Review Questions
Level i

 1. The hematology laboratory informs you that the hemato-
crit on a patient is 57% (0.57 L/L). For the proper antico-
agulation of a 5.0 mL sample of the patient’s blood, how 
much 3.2% sodium citrate should be used? (Objective 1)

 A. 0.22 mL

 B. 0.40 mL

 C. 0.57 mL

 D. 0.96 mL

 2. What laboratory test is used to monitor oral anticoagulant 
therapy? (Objective 4)

 A. FXa inhibition assay

 B. bleeding time

 C. PT/INR

 D. APTT

 3. What is the specimen of choice for the PT and APTT 
 procedures? (Objective 3)

 A. platelet-rich plasma, citrated

 B. PPP, citrated

 C. serum

 D. plasma, heparinized

 4. A physician asks you to recommend a coagulation test for 
secondary fibrinolysis. Which laboratory test is specific for 
fibrinolysis? (Objective 2)

 A. D-dimer

 B. FDPs

 C. TT

 D. antithrombin

 5. Which of the following reagents is used to determine 
fibrinogen concentration? (Objective 3)

 A. thromboplastin

 B. reptilase

 C. thrombin

 D. ellagic acid

 6. Calculate the INR using the following data: (Objective 6)

Patient’s PT 23.5 sec
Mean normal PT 11.5 sec
ISI 1.15

 A. 2.0

 B. 2.3

 C. 2.5

 D. 1.7

 7. The APTT is a screening test for the laboratory evaluation 
of inherited and acquired deficiencies in which of the fol-
lowing? (Objective 2)

 A. extrinsic pathway of the coagulation cascade

 B. intrinsic pathway of the coagulation cascade

 C. platelets

 D. vascular system

 8. The combination of a prolonged APTT and a prolonged 
APTT with the mixing study procedure indicates the pres-
ence of what? (Objectives 2, 7)

 A. circulating inhibitor

 B. FVIII deficiency

 C. antiplatelet antibodies

 D. excessive vitamin K
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Level ii

 1. Which laboratory test is used to investigate the hyperco-
agulable states? (Objectives 3, 5)

 A. thrombin time

 B. plasminogen

 C. APCR

 D. euglobulin lysis

 2. Platelet aggregation studies revealed normal aggregation 
curves with collagen, epinephrine, and ADP but an abnor-
mal aggregation curve with ristocetin. Based on these find-
ings, what is the differential diagnosis? (Objective 5)

 A. VWD and BSS

 B. Glanzmann’s thrombasthenia and VWD

 C. storage pool disease and Glanzmann’s thrombasthenia

 D. BSS and storage pool disease

 3. The observation of a normal reptilase time and a prolonged 
thrombin time indicates which disorder? (Objective 5)

 A. presence of fibrin degradation products

 B. dysfibrinogenemia

 C. hypoplasminogenemia

 D. presence of heparin

 4. The activated PC resistance assay on a specimen gave the 
following results:

Standard APTT 28.4 sec
Modified APTT with APC 71.6 sec

How would you interpret this assay? (Objective 5)

 A. presence of factor V Leiden

 B. increased levels of activated FVIII

 C. presence of normal FV

 D. decreased levels of antithrombin

 5. Given the following laboratory results, what is the appro-
priate reflex test? (Objective 6)

 9. What is the most likely factor deficiency based on the fol-
lowing data? (Objective 7)

PT Normal
APTT Prolonged
TT Normal

 A. FVII

 B. FII

 C. FIX

 D. FXIII

 10. Which laboratory test evaluates primary hemostasis? 
(Objective 2)

 A. PFA-100®

 B. reptilase time

 C. PT

 D. protein C assay

 11. A coagulation testing instrument that detects a decrease 
in motion of a rolling steel ball when a clot forms is an 
example of which technology? (Objective 9)

 A. chromogenic

 B. immunologic

 C. electromechanical

 D. photometric

 12. An advantage of the coagulation analyzers that use the 
electromechanical technology is that they: (Objective 9)

 A. are more sensitive

 B. are not affected by colored or hemolyzed plasma

 C. do not need calibration

 D. use a smaller sample size

 13. Which is not a feature of a fully automated hemostasis 
analyzer? (Objectives 9, 10)

 A. reagent volume flagging

 B. sample dilutions

 C. reagent barcode reading

 D. specimen centrifugation

 14. Hemostasis analyzers support the following assays except: 
(Objective 10)

 A. potientiometric

 B. immunologic

 C. chromogenic

 D. turbidimetric

PT Normal
APTT Slightly prolonged
Platelet aggregation studies

Normal
Normal
Abnormal

Collagen
ADP
Ristocetin

 A. ristocetin cofactor assay

 B. D-dimer

 C. PK screen

 D. TT
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 9. Based on the following laboratory data, which is the appro-
priate reflex test? (Objective 6)

PT Normal
APTT Prolonged
TT Normal
Mixing studies Correction

 A. dRVVT

 B. FXI assay

 C. APCR assay

 D. FDP assay

 10. Given the following laboratory data, which assay would 
you perform next to resolve these results? (Objective 6)

PT Prolonged
APTT Prolonged
TT Prolonged
Mixing studies No correction

 A. a reptilase time to confirm heparin contamination

 B. a fibrinogen determination to confirm fibrinogen 
deficiency

 C. a dRVVT to confirm lupuslike anticoagulant

 D. a D-dimer test to confirm consumptive coagulopathy

 11. A safety feature that should be considered when evaluat-
ing coagulation analyzers is: (Objective 11)

 A. closed tube sampling

 B. automated disposal of samples

 C. use of disposable tubing

 D. random access sampling

 6. What is the most likely cause of the following laboratory 
data? (Objective 5)

PT Normal
APTT Prolonged
TT Normal
APTT with 10-minute incubation Normal

 A. presence of lupuslike anticoagulant

 B. FXII deficiency

 C. increased levels of tissue plasminogen activator

 D. PK deficiency

 7. Which of the following conditions does not have an effect 
on heparin monitoring using the anti-Xa assay? (Objective 7)

 A. patient’s body weight

 B. delay in testing

 C. use of citrated PPP

 D. underlying liver disease

 8. In monitoring a patient on oral anticoagulant therapy, an 
INR of 1.3 was obtained. How would you interpret this 
result? (Objective 7)

 A. The patient is adequately anticoagulated and should 
be tested again in 1 month.

 B. The patient is underanticoagulated and should be 
evaluated for a change in dietary habits.

 C. The patient is overanticoagulated and should receive 
a vitamin K injection.

 D. Data to determine the patient’s status are insufficient.

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the three anticoagulants used in the hematology laboratory 

and give examples of laboratory tests that should be performed on 
blood anticoagulated with each.

 2. Explain the mechanism of preventing coagulation for each 
anticoagulant.

 3. Identify equipment and supplies required for phlebotomy.
 4. Describe Occupational Safety and Health Administration (OSHA) stan-

dards related to phlebotomy.
 5. List factors affecting the collection of a blood sample.
 6. Determine the sequence of draw of phlebotomy collection tubes and 

correlate the collection technique of a blood sample with potential 
problems in sample analysis.

 7. Describe the proper disposal of contaminated equipment and supplies.
 8. Identify the component parts of a microscope and explain their 

functions.
 9. Discuss preventive maintenance procedures for the microscopes.
 10. Describe the peripheral blood smear preparation methods.
 11. Identify the characteristics of an optimally prepared peripheral blood 

smear.
 12. Describe the Romanowsky staining technique.
 13. Recognize the characteristics of a properly stained peripheral blood 

smear.
 14. Discuss the potential causes of improperly stained peripheral blood 

smears.
 15. List the components included in a complete peripheral blood smear 

examination.
 16. Correlate erythrocyte indices, leukocyte count, and platelet count with 

peripheral blood smear observations.
 17. Determine the corrected leukocyte count based on the presence of 

nucleated erythrocytes.
(continued)
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 18. State the principle of each test: cell enumeration by hemacytometer, 
hemoglobin concentration, hematocrit, erythrocyte sedimentation 
rate, reticulocyte count, solubility test for hemoglobin S, hemoglo-
bin electrophoresis, acid elution for hemoglobin F, and osmotic  
fragility.

 19. For each test listed in Objective 18, describe the procedure, identify 
potential sources of error, determine appropriateness of use including 
reflex testing, calculate and interpret results, and explain its clinical 
significance.

 20. Calculate the erythrocyte indices.
 21. Correlate the erythrocyte indices with complete blood count (CBC) 

data and peripheral blood smear examination.
 22. Calculate the reticulocyte count.
 23. Identify the reference intervals for each test in terms of gender and 

age.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Describe factors that influence brightfield microscopy.
 2. Explain the principle of phase contrast microscopy.
 3. Choose corrective actions for an improperly prepared or stained 

peripheral blood smear.
 4. Detect abnormalities on peripheral blood smear examination, assess 

how they can alter cell count results (i.e., presence of nucleated eryth-
rocytes or platelet satellitism), and recommend corrective action to 
ensure valid results.

 5. State the principle of each of the following tests: quantitation of 
 hemoglobin F and hemoglobin A2 heat denaturation test for unstable hemoglobin, Heinz 
body stain, Donath-Landsteiner test for paroxysmal cold hemoglobinuria (PCH), erythropoi-
etin assay, soluble transferrin receptor, and cytochemical stains (e.g., myeloperoxidase).

 6. For each test listed in Objective 5, describe the procedure, identify potential sources of error, 
determine appropriateness of use including reflex testing, interpret results, and explain the 
clinical significance of the test.

 7. For each test discussed in this chapter, correlate abnormal values with clinical conditions.
 8. Select the cytochemical stain appropriate for confirming cell lineage and diagnosis in hema-

topoietic neoplasms.

Part II reflex Hematology Procedures

Hemoglobin Electrophoresis 800

Quantitation of Hemoglobin A2 801

Acid Elution for Hemoglobin F 801

Quantitation of Hemoglobin F 802

heat denaturation test for unstable 
Hemoglobin 802

Heinz Body Stain 802

Osmotic Fragility Test 803

Donath-Landsteiner Test for Paroxysmal 
Cold Hemoglobinuria (PCH) 804

Erythropoietin 804

Soluble Transferrin Receptor 805

Cytochemical Stains 805

Summary 810

Review Questions 810

Companion Resources 812

References 812

Objectives—Level I (continued)

Key Terms
Acute phase reactant
Anticoagulant
Anemia
Beer-Lambert’s law
Biphasic antibody
Cold agglutinin disease
Column chromatography
Coverglass smear
Densitometer
Edematous

Hemoconcentration
Isoelectric focusing
Isopropanol precipitation
Leukocyte alkaline 

phosphatase (LAP)
Mean cell hemoglobin (MCH)
Mean cell hemoglobin 

concentration (MCHC)
Mean cell volume (MCV)
Multiple myeloma

Optimal counting area
Platelet clump
Platelet satellitism
Point-of-care testing (POCT)
Polycythemia
Reference interval
Refractive index
Romanowsky-type stain
Rouleaux
Rule of three

Smudge cell
Supernatant
Supravital stain
Tartrate-resistant acid 

phosphatase (TRAP)
Turnaround time (TAT)
unique identification number
Wedge smear
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overvIew
Hematology tests are some of the most frequently ordered labora-
tory tests. The results obtained from these laboratory procedures are 
utilized in the diagnosis of a variety of disorders including anemias, 
leukemias, infections, and inherited leukocyte disorders. The labora-
tory professional must be able to perform these tests, verify results, 
solve problems related to erroneous results, correlate abnormalities 
with disease states, and suggest reflex tests when appropriate.

The two levels of testing in the hematology laboratory are rou-
tine and reflex. Routine tests such as the complete blood count (CBC) 
(Chapter 10), differential, and reticulocyte count are used as screening 
tests to determine the presence of a primary disease in the hematopoi-
etic system or to identify hematologic changes that provide clues to the 
presence of nonhematologic diseases. Analysis of the results of these 
screening tests with the patient’s clinical signs and symptoms help to 
determine whether further testing is necessary. Algorithms or critical 
pathways assist in the choice of follow-up testing (reflex testing) to 
abnormal screening test results. These reflex tests are used to defini-
tively diagnose the patient’s disease state. With a definitive diagnosis, 
the appropriate treatment plan can be implemented and monitored 
with additional laboratory procedures such as the reticulocyte count 
and immature reticulocyte fraction (IRF).

The chapter begins with a discussion of the regulations regarding 
laboratory testing. This is followed by a description of sample collec-
tion and care and use of the microscope. Next routine hematology 
tests are discussed, and concludes with a discussion of the laboratory 
procedures used in reflex testing. The principles, procedures, and 
results of the tests for specific clinical conditions are summarized. 

Test results are reported in conventional units with SI units given in 
parentheses. Detailed procedures for selected tests (formatted accord-
ing to Clinical Laboratory Standards Institute guidelines) are provided 
in this chapter’s Companion Resources.

laBoratory testIng regulatIons
Laboratory testing is performed either in a centralized laboratory (e.g., 
hospital or reference laboratory) or at a site close to the patient that is 
referred to as point-of-care testing (POCT). It can be located in 
an intensive care unit (ICU), emergency department (ER), or a physi-
cian’s office laboratory. POCT continues to increase as manufactur-
ers develop smaller and more accurate instrumentation, increase the 
number of available tests (including waived and moderate complexity 
tests), and provide connectivity with laboratory information systems 
(LIS) and hospital information systems to improve the documentation 
and monitoring of results.1 An advantage of POCT over centralized 
laboratory testing is that POCT can provide a critical test result to 
the physician for rapid assessment of the patient’s clinical condition 
and initiation of appropriate therapeutic intervention. This can lead 
to better patient outcomes and lower health care costs by decreasing 
the length of the patient’s hospital stay. The centralized laboratory is 
often unable to achieve rapid turnaround time (TAT) for certain 
critical tests.

No matter where the laboratory tests are performed, the facility 
must meet the regulations for quality laboratory testing outlined in 
the Clinical Laboratory Improvement Amendments 1988 (CLIA ’88) 
and must have a certificate to perform laboratory testing. The type 

The information in this chapter builds on concepts learned in 
other chapters. To maximize your learning experience, you should 
review and thoroughly understand these concepts before starting 
this unit of study:

level I
• describe normal leukopoiesis. (Chapter 7, 8)
• describe normal erythropoiesis. (Chapter 5)
• summarize the basics of hemoglobin synthesis and structure. 

(Chapter 6)
• outline the classification systems for the anemias. (Chapter 11)

level II
• describe potential causes for changes in leukocyte concentra-

tions. (Chapters 7, 8)
• describe potential causes for decreased erythrocyte concentra-

tions. (Chapter 5)
• recognize the erythrocytic morphologic changes associ-

ated with size, shape, inclusions, and patterns of distribution. 
 (Chapters 5, 10, 11)

• recognize neutrophil and monocyte morphology and the reac-
tive changes associated with lymphocytes. (Chapters 7, 8)

• recognize and describe the morphologic characteristics of the 
developing erythrocytes and leukocytes. (Chapters 5, 7, 8)

• recognize and describe normal bone marrow architecture. 
(Chapters 4, 38)

• describe the hemoglobinopathies including hemoglobin s and 
hemoglobin C. (Chapter 13)

• Compare and contrast a thalassemia, b thalassemia, and hered-
itary persistence of fetal hemoglobin. (Chapter 14)

• describe anemias characterized by membrane defects, 
including the pathophysiology of hereditary spherocytosis. 
(Chapter 17)

• describe immune hemolytic anemias, including hemolytic dis-
ease of the newborn, transfusion-induced hemolytic anemia, 
cold hemagglutinin disease, and paroxysmal nocturnal hemo-
globinuria. (Chapter 19)

• describe the anemias of disordered iron metabolism and heme 
synthesis, including iron-deficiency anemia and anemia of 
chronic disease. (Chapter 12)

• describe the etiology, pathophysiology, and classification of
 ° Myeloproliferative disorders (Chapter 24)
 ° Acute myelocytic leukemia (Chapter 26)
 ° Acute lymphocytic leukemia (Chapter 27)
 ° Lymphoid malignancies (Chapter 28)

Background Basics
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saMPle ColleCtIon: PHleBotoMy
The phlebotomy procedure is important to all laboratory testing. The 
sample’s quality dictates the accuracy of its final result. Laboratory 
professionals should have a thorough understanding of each sample 
collection technique. This section reviews the various aspects of phle-
botomy or sample collection.

Anticoagulants
Most tests performed in the hematology laboratory involve antico-
agulated blood. Once the blood has left the body, a series of reactions 
occur causing blood to clot within minutes. To prevent coagulation 
from occurring, a substance called an anticoagulant is mixed with 
the blood. Three anticoagulants are used in the hematology labora-
tory: (1) ethylenediaminetetraacetic acid (EDTA), (2) sodium citrate, 
(3) heparin.2 Sample collection tubes are color coded by stopper to 
indicate the type of anticoagulant in the tube (Table 37-1 ★).

EDTA is the most commonly used anticoagulant in the routine 
hematology laboratory. EDTA prevents coagulation by chelating cal-
cium, a necessary component of coagulation (Chapter 32). Its removal 
inhibits the coagulation process. The optimal concentration is 1.5 mg 
EDTA/mL blood. Sample collection tubes can contain one of three 
different salt forms of EDTA: disodium, dipotassium, or tripotas-
sium. The sample collection tube’s stopper is color coded in lavender 
to  indicate the presence of EDTA.

Tests using EDTA samples include CBC, peripheral blood 
smear examination, reticulocyte count, and immunophenotyping 
of cells by flow cytometry. Ideally, the sample should be used within 
6 hours of collection for the majority of these tests. The sample’s sta-
bility can be extended to 24 hours with storage at 4°C for certain tests 
such as the CBC. If peripheral blood smears are to be prepared, they 
should be made within 3 hours of collection. After 3 hours at room 
temperature, degenerative changes can be observed by examining a 
Wright-stained blood smear. These changes include leukocytes with 
vacuoles, irregular cytoplasmic borders, and irregularly shaped nuclei. 
Also, platelets increase in size. Excess anticoagulant associated with an 
underfilled collection tube causes erythrocyte shrinkage. Concentra-
tions of more than 2 mg EDTA/mL blood cause false decreases in 

of certificate and level of regulations vary depending on the tests 
that will be performed and its test category. The four test categories 
include waived tests, moderate complexity tests, high complexity tests, 
and provider-performed microscopy procedures. CLIA ’88 defines 
a waived test as one that uses a simple and accurate methodology 
with low risk of erroneous result (e.g., hemoglobin determination by 
Hemocue®); has been approved by the Food and Drug Administra-
tion (FDA) for home use; has minimal quality control regulations; and 
has no requirement for on-site inspections. Laboratories performing 
only waived tests must apply for a certificate of waiver from their state 
agency (www.cms.hhs.gov/clia). There is an exception to the “no on-
site inspection” clause. If waived tests are performed as part of a POCT 
program within a facility that is accredited by The Joint Commission 
or College of American Pathologists, waived tests are included in the 
inspection of the program and must meet criteria delineated in the 
accrediting agency’s checklist for POCT.1

The FDA classifies moderate and high complexity tests (collec-
tively known as nonwaived tests) based on the analyte to be tested, 
the specific methodology, and the expertise needed to perform the 
test method. For example, complete blood count (CBC) is classified 
as a moderate complexity test. Facilities performing nonwaived tests 
must meet strict regulations regarding quality assessment and quality 
control, personnel qualifications, proficiency testing, and competency 
testing (Chapter 43). These facilities must undergo an on-site inspec-
tion by a Centers for Medicare and Medicaid Services (CMS) autho-
rized accrediting agency (e.g., College of American Pathologists) prior 
to receiving the certificate of accreditation and biannually thereafter 
to determine compliance with the CLIA ’88 regulations. A certificate 
of compliance is issued to a facility if it is directly inspected by the 
CMS to determine compliance.

To be classified as a provider-performed microscopy procedure 
(PPMP), the laboratory test must be classified as of moderate com-
plexity and must require the use of a microscope (e.g., microscopic 
urinalysis). Routine on-site inspections are not required, but these 
facilities are subject to nonwaived testing requirements and can be 
inspected as part of a routine inspection for nonwaived tests or if a 
complaint is alleged. Facilities that perform PPMP must apply for 
a certificate for PPMP from their state agency. This certificate allows 
a facility to perform PPMP and waived tests.

Color Code anticoagulant typical laboratory Procedure

Red No anticoagulant Antibody detection

Light blue Sodium citrate PT and APTT

Mottled red No anticoagulant but contains clot activator and gel to 
facilitate separation of serum from cells

Cholesterol

green Heparin Osmotic fragility, electrolytes

Purple or lavender EDTA, K3 (liquid), or K2 (spray-coated) CBC (K2 EDTA can also be used for routine blood bank procedures; 
see below)

Pink EDTA, K2 (spray coated) Blood bank procedures and whole blood hematology procedures 
(different colored stopper for easy distinction of blood bank versus. 
hematology samples)

gray Potassium oxalate and sodium fluoride glucose

PT = prothrombin time; APTT = activated partial thromboplastin time; CBC = complete blood count; EDTA = ethylenediaminetetraacetic acid

★ taBle 37-1 Sample Collection Tubes, Their Anticoagulant, and Typical Laboratory Use
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■  FIgure 37-1 Assembled evacuated collection tube 
system. The double-ended needle is threaded into the 
tube holder and the purple top collection tube is secured 
in the holder by the shorter end of the needle that has 
partially pierced the stopper. Blood replaces the vacuum 
in the collection tube when the vein is entered and the 
stopper is completely pierced.

For capillary punctures, microcollection tubes are available with 
the same anticoagulants and color coded in the same manner as the 
evacuated collection tubes, but they do not contain a vacuum. The 
microcollection tubes contain special features that facilitate the collec-
tion of capillary blood into the tubes, such as capillary pipet tips (see 
Web Figure 37-2 for examples of microcollection tubes). These adap-
tations help to decrease the time that it takes to collect the capillary 
sample and decrease errors related to sample collection (e.g., presence 
of microclots or hemolysis).

needles
Sample collection needles are sterile hollow shafts of stainless steel 
with a beveled tip. The most common needles used for blood collec-
tion are 20- or 21-gauge. The gauge of a needle relates to the diameter 
of its bore. A small-gauge needle has a large diameter. For example, 
an 18-gauge needle is used to collect donor blood for transfusions 
because its larger bore diameter permits a more rapid collection of 
blood and decreases the chance of hemolysis. Special needles are 
required for sample collection using the evacuated collection tube sys-
tem for which the needle must be double ended. The needle is screwed 
into a tube holder. The long end of the needle is inserted into the vein 
and the short end punctures the collection tube stopper (inside the 
tube holder) and releases the vacuum, allowing blood to flow into 
the tube.

tube Holders
The evacuated sample collection tube system requires a tube 
holder or  adapter with a shape similar to a syringe. The needle is 
threaded into its position in the holder, and sample collection tubes 
are rested  in  the holder, semiattached by the shorter needle end 
(Figure 37-1 ■). The tube holder also facilitates the insertion of the 
needle into the vein.

syringe
The syringe was once the principal method of obtaining a blood sam-
ple, but it is now used only for difficult phlebotomies or the collection 
of an arterial blood sample. Sterile plastic syringes are available in a 
variety of sizes (e.g., 1, 5, or 10 mL).

the microhematocrit (i.e., centrifuged hematocrit) and erythrocyte 
sedimentation rate (ESR).

Sodium citrate is the recommended anticoagulant for coagula-
tion studies. The Clinical and Laboratory Standards Institute (CLSI) 
recommends the use of 3.2% sodium citrate.3 The sample collection 
tube’s stopper is color coded in light blue to indicate the presence of 
sodium citrate. Sodium citrate prevents coagulation by binding cal-
cium in a soluble complex (Chapter  32). The appropriate ratio of 
anticoagulant:blood is 1:9. Discussion of sodium citrate and its use in 
coagulation studies can be found in Chapter 36.

Lithium heparin is the CLSI-recommended salt of heparin to be 
used for laboratory testing.2 The sample collection tube’s stopper is color 
coded in green to indicate the presence of heparin. Heparin’s interaction 
with antithrombin prevents coagulation. The interaction leads to the 
inhibition of thrombin (Chapter 32). The recommended concentration 
for sample collection tubes is 15–30 units heparin/mL blood.

Lithium heparin is specifically recommended for the follow-
ing laboratory tests: ammonia, carboxyhemoglobin, blood gases, 
zinc, and electrolytes (i.e., sodium, potassium, chloride, bicarbonate). 
In hematology, lithium heparin is the appropriate anticoagulant for 
the osmotic fragility test. The use of heparin for routine hematology 
procedures is not appropriate. Heparin can affect the platelets and 
leukocytes, causing them to clump. In addition, heparin causes mor-
phologic distortion of platelets and leukocytes and tends to cause a 
bluish discoloration of the background of blood films stained with a 
Romanowsky stain such as Wright stain.

Contrast the mechanisms of anticoagulation for EDTA and 
heparin.

checkpoint 37-1

Equipment
The equipment needed for blood collection by venipuncture includes 
sample collection tubes, needles, tube holders or syringes, and a tour-
niquet. Lancets are used for capillary puncture. Other miscellaneous 
supplies are described in this section.

sample Collection tubes
Evacuated sample collection tubes are sterile and color coded to indi-
cate the type of anticoagulant present or the lack of anticoagulant 
(Web Figure 37-1, Table 37-1). The Occupational Safety and Health 
Administration (OSHA) recommends the use of plastic sample col-
lection tubes whenever possible. Collection tubes are manufactured 
in a variety of sizes to collect different volumes of sample (1 mL, 3 mL, 
5 mL, etc.). The variety of volumes available minimizes the removal of 
excess amounts of blood. Today’s hematology and chemistry instru-
ments require only small amounts of sample for analysis. The interior 
of the sample collection tube is a vacuum. When a needle pierces the 
stopper, the required amount of blood is drawn from the vein into the 
tube by the vacuum.4 The tube might not fill properly if the vein col-
lapses or if the needle is displaced from the lumen of the vein.
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the tourniquet is released, the needle is withdrawn, and pressure with 
gauze is applied on the venipuncture site. The needle is immediately 
discarded into the biohazard sharps container. Collection tubes con-
taining anticoagulant should be thoroughly but gently mixed to pre-
vent clotting of the sample. Each collection tube should be properly 
labeled with patient’s name, unique identification number, collection 
date and time, and phlebotomist’s initials. Finally, the patient should 
be checked one last time to verify that bleeding has ceased and an 
adhesive bandage is applied to the venipuncture site.

Capillary Puncture
The capillary puncture technique allows a small but adequate amount 
of blood to be obtained for laboratory testing.6 This is especially impor-
tant in the pediatric patient (i.e., infant) who has a lower total blood 
volume than older children and adults. Venipuncture in this patient 
population can result in anemia. The phlebotomist should properly 
identify the patient before proceeding with the capillary puncture tech-
nique. Selection of the capillary puncture site depends on the individu-
al’s age. The side of the heel is used for newborns, and a location slightly 
to the side of center and perpendicular to the fingerprint of the last seg-
ment of the third or fourth finger is chosen for an older child or adult. 
The puncture site should be warm but not edematous. Accumulated 
interstitial fluid in the edematous area contaminates the blood sample. 
Warming the site prior to the capillary puncture increases blood flow, 
primarily arterial, through the site. With the site identified, appropriate 
equipment is assembled, and the site is cleansed with an alcohol pad 
and allowed to air dry. The capillary puncture is made, and the lancet 
is immediately discarded into a biohazard sharps container. The first 
drop of blood is wiped away because it likely contains excess interstitial 
fluid that could result in a diluted blood sample. Subsequent drops of 
blood are collected into the appropriate microcollection tubes. When 
sufficient blood has been collected, gauze is placed on the puncture 
site and slight pressure applied. The microcollection tubes containing 
anticoagulant should be properly mixed to ensure adequate anticoagu-
lation to prevent clot formation. Each microcollection tube should be 
properly labeled with the patient’s name, unique identification number, 
date and time of collection, and phlebotomist’s initials. An adhesive 
bandage is applied to the puncture site.

Phlebotomy Safety
OSHA mandates safety guidelines for phlebotomy. The 1992 Occu-
pational Exposure to Bloodborne Pathogens Standard and its 2001 
revised directive address this issue thoroughly.7–9 These standards 
promote safety through education, good work practices, and use 
of personal protective equipment (PPE) and medical devices that 
minimize exposure risk. Each laboratory should develop an exposure 
control plan to address these issues. Laboratory professionals should 
receive instruction as to the potential for exposure to, the methods 
of preventing exposure to, and the postexposure treatment of blood-
borne pathogens such as hepatitis B virus (HBV), hepatitis C virus 
(HCV), and human immunodeficiency virus (HIV).

For the phlebotomist, the educational program should include prac-
tical experience using PPE and the collection systems available to mini-
mize risk of needle sticks. At a minimum, the phlebotomist’s PPE should 
include gloves and safety glasses to decrease risk of exposure through cuts 

tourniquet
Various tourniquets including latex-free rubber straps and blood pres-
sure cuffs are available. Placement of the tourniquet on the patient’s 
upper arm increases the resistance in venous blood flow, resulting 
in the distension of veins below the tourniquet. The phlebotomist is 
then able to visualize and/or palpate the veins to identify the “good” 
vein. The tourniquet should never be left in place longer than 1 min-
ute prior to phlebotomy because doing so results in discomfort to the 
patient and hemoconcentration of the blood sample.

lancets
Various sterile disposable lancets are available for performing capillary 
puncture. Their design has been improved to minimize the discomfort 
and maximize the quality of the sample. Disposable lancets provide a 
controlled incision depth. The selection of a lancet depends on the 
individual’s age. For example, a lancet with an incision depth of 1.8 mm 
is typically used for neonatal collection to minimize trauma; a device 
with an incision depth of 2.4 mm is appropriate for older children 
and adults.

other equipment
Other equipment required to perform a phlebotomy includes gloves, 
safety glasses, alcohol pads, gauze, adhesive bandages, and biohazard 
sharps containers. Gloves and safety glasses have become important 
protective equipment for the phlebotomist to prevent exposure to 
blood-borne pathogens. Alcohol pads are commonly used to cleanse 
and prepare the phlebotomy site. Gauze with applied pressure is used 
to stop bleeding after the needle has been removed. Adhesive bandages 
are used to protect the venipuncture or capillary puncture site. The 
biohazard sharps container is used for properly disposing of lancets 
and needles to minimize potential puncture wounds.

Venipuncture
The venipuncture phlebotomy technique removes blood from a vein 
for laboratory testing using a sterile needle and an evacuated sample 
collection tube system.4 Prior to performing the venipuncture, the 
phlebotomist must identify the patient. The 2008 National Patient 
Safety Goals implemented by The Joint Commission requires that 
two patient identifiers be used when collecting blood samples.5 For 
example, proper identification can be achieved by comparing the 
patient’s name and unique identification number from his or her 
wrist band to the information written on the requisition form.

Next the phlebotomist assembles the appropriate equipment 
for performing the venipuncture. The vein is selected by placing the 
tourniquet on the patient’s upper arm and inspecting the forearm for 
a prominent vein (see Web Table 37-1 for considerations in selection 
of venipuncture site). The median cubital vein is typically used, but 
the cephalic vein is also appropriate. The vein is cleansed with an alco-
hol pad and allowed to air dry. The venipuncture is accomplished by 
inserting the needle into the vein at a 15° angle to the forearm (Web 
Figure 37-3). A slight release in resistance can be detected when the 
vein is entered. Blood is collected into the appropriate evacuated col-
lection tubes by pushing the tube until the stopper is punctured with 
the short end of the needle (see Web Table 37-2 for the correct collec-
tion sequence of evacuated tubes). The vacuum is released as blood 
enters the collection tube. When blood has been collected in each tube, 
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What is the total magnification when a 10*  objective is 
combined with a 10*  eyepiece?

checkpoint 37-3

in a specimen.11,12 It is a function of the numerical aperture (NA) of the 
lens and the wavelength (l) of the illuminating light. The numerical aper-
ture is a designation of the amount of light entering the objective from 
the microscope field. The NA of the substage condenser should be equal 
to or higher than the NA of an objective; otherwise, interference effects 
occur. Because the illuminating light remains constant in light micros-
copy, the numerical aperture determines the resolving power. That is to 
say, the higher an objective’s NA, the greater is its resolving power.

lens aberrations
An aberration is an optical defect that degrades the quality of an 
image.11,12 Three important types of aberrations are associated with 
the objectives:

1. Chromatic aberrations give rise to color fringes and poor image 
definition. These aberrations result from the inability of the lens 
to bring the different wavelengths of light into focus at a single 
focal point. For example, blue light is brought to a focal point 
closer to the lens as compared with red light.

2. Spherical aberrations give rise to poor image definition and loss 
of contrast. In them, the light is refracted by the lens depending on 
the area (thickness) of the lens it passes through. For example, the 
light passing through the periphery of the lens is refracted more 
than light passing through the center. Therefore, the refracted 
light from the periphery is brought to a shorter focal point than 
the light passing through the center. This aberration becomes 
worse as the lens becomes thicker.

MICrosCoPy: tHe MICrosCoPe
The compound microscope is an essential instrument in the routine 
hematology laboratory. Its proper use and regular preventative main-
tenance are critical to the reliability of the results obtained from its use. 
Therefore, individuals utilizing the microscope need to be knowledge-
able in its basic principles, operation, and preventative maintenance.

Bright-Field Microscopy
Bright-field microscopy is used extensively to examine stained blood 
and bone marrow samples. This section describes its components and 
aberrations that affect the quality of the sample examination.

Principles of the Compound Microscope
Any discussion of the principles of the compound microscope must 
begin with a review of its components, including eyepieces, binocular 
eyepiece tube, objectives located on the revolving nosepiece, micro-
scope stage, condenser, condenser diaphragm, field diaphragm, and 
light source (Figure 37-2 ■). The condenser functions to direct the 
beam of light from the light source onto the sample. As the light rays 
illuminate the sample, they are altered and light is diffracted. The 
sample image is produced by a combination of the diffracted light 
and background light from the light source.10–12

The compound microscope’s magnifying system uses two sets 
of lenses to form an enlarged image.11,12 The first lens system is the 
objective, which projects a primary image plane to a location approxi-
mately 1 cm from the top of the microscope’s body. The distance from 
the objective’s back focal plane to the eyepiece is termed the optical 
tube length (160 mm). The second lens system is the eyepiece located 
above the primary image plane. The total magnification is the product 
of the magnification of the first and second lens systems (objective 
magnification times eyepiece magnification).

The resolving power (resolution) of a lens is its ability to distinguish 
two separate objects located close to one another and reveal the fine detail 

What are three steps a phlebotomist should take to mini-
mize the risk of exposure to blood-borne pathogens when 
performing a venipuncture?

checkpoint 37-2

■  FIgure 37-2 Basic components of the compound 
microscope.
Image courtesy of Nikon Instruments Inc., Melville, NY.

Binoular eyepiece tube
Diopter ring
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Fine focus knob
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  scale
Revolving nosepiece
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Stage clamp screw
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  diaphragm ring
Condenser carrier
Condenser clamp screw

Brightness adjuster
Power switch
Field diaphragm
Condenser focus knob
Arm rest
Power cord

or abrasions on the skin and exposure through mucous membranes of 
the eyes. The revised directives require the evaluation and implemen-
tation of collection systems designed to reduce the risk of needle stick 
injury (Web Figure 37-4). Disposable lancet devices that retract the lancet 
into a protective guard after the capillary puncture has been made mini-
mize the risk of a sharps injury from a lancet. Biohazard sharps containers 
should be readily available for disposal of lancets and needles.

An additional measure to reduce exposure to blood-borne 
pathogens is the use of plastic splashguards on the stoppers of sample 
collection tubes. The splashguards reduce the formation of aerosols 
that are created when the stopper is removed.

The entire exposure control plan for phlebotomy should be 
reviewed annually and changed as new devices become available to 
reduce the risk of sharps injury and as new treatments for blood-borne 
pathogens become available.
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possess a lower refractive index than the surrounding environment 
appear bright.

For proper operation, the annular ring must be centered to the 
phase ring.

Koehler Illumination
Koehler illumination uses a double diaphragm illumination with 
the field diaphragm and the condenser diaphragm. The condenser 
diaphragm determines the resolution, contrast, and depth of field. 
Closing the condenser diaphragm increases the contrast and depth of 
field but decreases the resolution. The field diaphragm determines the 
illuminated area on the sample surface in relation to the microscope’s 
field of view. Koehler illumination adjusts the two diaphragms to give 
uniform illumination of the field of view and optimum contrast and 
resolution of a sample by focusing and centering the light path.10,11

The procedure for Koehler illumination varies slightly depending 
on the microscope manufacturer (see Web Table 37-3). This procedure 
should be performed daily before using the microscope and should be 
repeated for each objective because each objective has a different light 
requirement (higher NA objectives require correspondingly higher 
NA settings on the condenser).

Preventative Maintenance
Each laboratory should establish a regular preventative maintenance 
program. The microscope manufacturer’s instruction manual provides 
a preventative maintenance checklist. Any preventative maintenance 
program should include (1) cleaning the oil immersion lens daily with 
lens tissue and cleaner, (2) dusting optical surfaces (eyepieces, con-
denser, field lens, and filters) using bursts of air or a soft camel’s hair 

3. Field curvature aberrations result in the periphery of the field 
being slightly out of focus when the center is in focus. They are the 
result of the image in the focal plane being slightly curved by the 
objective.

To compensate for these aberrations, specialized lenses are used. 
The achromat lens compensates for chromatic aberrations at two 
colors and spherical aberrations at one color. The apochromat lens 
compensates for chromatic aberrations at three colors and spherical 
aberrations at two colors. The field curvature aberrations can be elimi-
nated with the use of a flat-field (plan) objective lens. A plan apochro-
mat lens is the highest grade, giving exceptional definition, superior 
color reproducibility, and prominent image flatness. This lens is most 
useful in the examination of morphologic detail.

Infinity optical system
Microscopes with the infinity optical system are available from most 
manufacturers. In this system, light that passes through the objec-
tive becomes a flux of parallel light rays.13,14 These light rays do not 
converge to form the primary image until they pass through the tube 
lens (Figure 37-3 ■). In other words, the infinity objective sends the 
primary image to “infinity.” For comparison, the finite objective proj-
ects light rays that converge within the tube length of the microscope 
to create the primary image (Figure 37-3). Two major advantages of 
the infinity optical system are the increased sharpness and clarity of 
the images and the increased flexibility of the microscope system. The 
increased sharpness and clarity result from higher numerical apertures 
and longer working distances (i.e., distance from the objective to the 
surface of the coverslip when the sample is sharply focused).

The infinity space associated with these systems allows for the 
addition of intermediate attachments without loss of optical perfor-
mance such as an epi-fluorescence attachment for the evaluation of 
fluorescent stains.

Phase-Contrast Microscopy
With bright-field microscopy, unstained cells are difficult to examine 
because of the lack of absorption differences between cellular struc-
tures and undetectable variations in the refractive index. Exami-
nation of unstained cells can be accomplished using phase-contrast 
microscopy, which is based on the premise that transparent objects 
(e.g., unstained cells) cause a change in the phase of transmitted light 
(i.e., phase shift) because of the scattering and deflection of light.12,14 
When the transmitted light is shifted by one-quarter wavelength, 
these changes can be visualized as differences in light intensity. The 
two important components of a phase microscope are the annular 
diaphragm, or annular ring, located in the condenser and the phase-
shifting element, or phase ring, located in the objective. The annular 
ring directs light through its open circular area, creating a hollow cone 
of light with a dark center that illuminates the sample (Figure 37-4 ■). 
The phase ring within the objective retards the wavelength of the 
deflected light by one-quarter and absorbs the nondiffracted light. 
This phase shifting occurs in the shaded area (Figure  37-4). As a 
result, light waves become out of phase. Maximum contrast between 
the cell and its surroundings is achieved when light waves are out of 
phase by one-quarter of a wavelength. With phase-contrast micros-
copy, cellular components that possess a higher refractive index than 
the surrounding environment appear dark, whereas components that 

■  FIgure 37-3 Finite objective versus infinity  objective. 
In the finite objective, light rays projected from the objec-
tive converge to form the primary image within the opti-
cal tube. For the infinity objective, light is projected as 
parallel rays from the objective. These rays converge to 
form the primary image only after they pass through the 
tube lens. The infinity space as defined by the distance 
between the objective and the tube lens can vary from 
160 mm to 200 mm.

Primary image

Objective

Specimen

Finite objective Infinity objective

Tube lens
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Minimum length 2.5 cm

gradual transition in thickness from thick to thin

Straight feather edge

Margins narrower than slide

No streaks, waves, or troughs

★ taBle 37-2 Optimal Blood Smear Characteristics

Part I

routIne HeMatology ProCeDures

PerIPHeral BlooD sMear  
PreParatIon
The morphologic evaluation of hematopoietic cells by light micros-
copy requires the preparation of a well-stained blood smear.15–18 The 
accuracy of the morphologic evaluation depends in part on the quality 
of the blood smear.

Manual Method
The two manual methods for preparing blood smears are the cover-
glass smear and the wedge smear. The coverglass smear method pro-
vides a smear with even distribution of the leukocytes. This method’s 
disadvantages are the difficulty in mastering the technique, the fragility 

brush, (3) cleaning external surfaces using a mild liquid soap—avoid the 
use of any organic solvents such as ether, alcohol, or xylene, and (4) peri-
odically inspecting objectives for stubborn smudges or scratches.11,12

■  FIgure 37-4 Phase contrast light pathway. The annular ring within the 
 condenser diaphragm creates a hollow cone of light that illuminates the sample. 
Transmitted light is shifted one-quarter wavelength by the phase-shifting element 
in the objective, creating maximum contrast between a cell and its surroundings.

Eye

Phase ring Deflected
light

Objective Condenser Annular ring Light form
source

Specimen

How does the examination of a sample by phase-contrast 
microscopy differ from that of bright-field microscopy?

checkpoint 37-4

of the coverglass, and the difficulty in staining the coverglass. The wedge 
smear is the method most commonly used in routine laboratory prac-
tice, but it is subject to poor leukocyte distribution with monocytes and 
neutrophils being drawn out of the optimal counting area (or critical 
area) to the feather edge. Although the leukocyte distribution is poor, 
the technique is easily mastered and the smears are less fragile and can 
be stored for extended periods of time. An advantage of the leukocyte 
distribution in a wedge smear is that it allows for the identification of 
abnormal cells that tend to locate on the edges of the smear.

Either EDTA-anticoagulated venous blood or capillary blood is 
acceptable for the preparation of a blood smear (see Web Table 37-4 
for this procedure). An optimal blood smear has the characteristics 
listed in Table 37-2 ★ (see Web Figure 37-5 for examples of properly 
and improperly prepared blood smears). A common problem associ-
ated with blood smears is the failure to dry the blood smear in a timely 
manner. This results in contraction artifacts of the cells, especially with 
increased humidity. In certain physiological conditions including 
anemia, polycythemia, multiple myeloma, and cold agglutinin 
disease, making good blood smears is difficult because of the blood’s 
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The staining properties of Romanowsky stains depend on the 
binding of dyes to chemical structures and the interactions between 
azure B and eosin Y. Acidic groupings of nucleic acids, the proteins of 
the cell nuclei, and immature or reactive cytoplasm binds azure B, the 
purplish basic dye. Eosin Y, the reddish acidic dye, binds to the basic 
groupings of the hemoglobin molecules and the basic proteins within 
certain granules.

PerIPHeral BlooD sMear staInIng
For more than 100 years, Romanowsky-type stains have been 
used in the morphologic classification of hematopoietic cells.19,20 
A Romanowsky-type stained blood smear is extremely important in 
the hematology laboratory because a wealth of information can be 
obtained from the evaluation of a well-stained peripheral blood smear.

The combined action of methylene blue and its oxidation prod-
ucts and eosin Y or eosin B produces the Romanowsky staining effect. 
This yields a purple color to the nuclei of leukocytes and neutrophilic 
granules and reddish orange color to the erythrocytes. The principal 
components responsible for this effect are azure B (a methylene blue 
oxidation product) and eosin Y. The wide variation in purple and red 
shades seen with Romanowsky staining allows for subtle distinctions 
in cellular characteristics.

Problem resolution

Presence of crenated erythrocytes Dry smear quickly and thoroughly

Thin smear resulting from anemia Increase spreader slide angle and increase push speed

Thick smear resulting from polycythemia Decrease spreader slide angle and decrease push speed

Presence of agglutinated erythrocytes associated with cold agglutinin disease Warm blood @ 37°C for 15 minutes before preparing smear

Increased viscosity associated with multiple myeloma Decrease spreader slide angle and decrease push speed

★ taBle 37-3 Resolution of Problems in Preparation of a Blood Smear

A laboratory professional consistently prepares thin blood 
smears resulting in minimal counting area. What would 
you suggest this individual do to improve the quality of 
these blood smears?

checkpoint 37-5

type of evaluation Characteristics

Macroscopic Smear is pinkish purple in color.

Microscopic Blood cells are evenly distributed.

Areas between cells are clear.

Erythrocytes are orange-red.

Neutrophilic granules are pale purple.

Eosinophilic granules are red-orange.

Basophilic granules are purplish black.

Lymphocytes’ cytoplasm is blue.

Leukocytes’ nuclei are purple.

Chromatin and parachromatin are distinct 
within the nucleus.

Precipitated stain is minimal or absent.

★ taBle 37-4 Characteristics of a Properly Stained 
Blood Smear by Macroscopic and Microscopic 
Evaluation

Which component of Wright stain is responsible for stain-
ing hemoglobin within erythrocytes?

checkpoint 37-6

abnormal composition (Table 37-3 ★). The thickness or thinness of 
the blood smear can be regulated by:

•	 Adjusting the amount of blood used to make the drop
•	 Altering the speed with which the drop is smeared
•	 Altering the angle at which the spreader slide is used

Automated Method
Automated methods for preparing blood smears have been devel-
oped for nearly all major hematology instruments on the market 
 (Chapter 39). These methods are based on the wedge smear technique. 
Automated methods that are components of a hematology instrument 
combine blood smear preparation and staining. Advantages of these 
methods include minimal exposure to biohazardous material because 
many are closed-tube systems, increased consistency between blood 
smears, and increased optimal counting area.

A portable semiautomated instrument that is not specific for 
any given hematology instrument is also available. This instrument 
controls the speed and angle of the spreader blade, but the laboratory 
professional controls the size of the blood drop. Overall advantages 
and disadvantages of the automated methods are similar to those of 
the manual wedge smear method.

Examples of Romanowsky stains include Wright, Wright-Giemsa, 
Leishman, May-Grunwald, and Jenner stains. The most commonly 
used are Wright and Wright-Giemsa.

The staining process begins with the methanol fixation step, 
which results in the adherence of cellular proteins to the glass micro-
scope slide, preventing the cells from being washed away during 
subsequent steps (see Web Table 37-5 for this procedure). Additional 
fixation takes place when the blood smear is flooded with Wright stain. 
The actual staining begins with the addition of buffer to the Wright 
stain, resulting in the ionization of the dyes. A properly stained blood 
smear meets the criteria outlined in Table 37-4 ★. Potential causes of 
an improperly stained blood smear are given in Table 37-5 ★.
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Problem Potential Causes

Excessively blue or dark stain Prolonged staining
Inadequate washing

use of a stain and/or buffer with an 
alkalinity that is too high

Thick blood smear

Excessively pink or light stain Insufficient staining
Prolonged washing

use of a stain and/or buffer with an 
acidity that is too low

Presence of precipitate unclean slides
Drying during staining process

Inadequate filtration of stain

★ taBle 37-5 Potential Causes of Improperly Stained 
Blood Smear

abnormality effect on Cell Counts Corrective action

Smudge cells No effect on cell counts Add 1 drop of 22% bovine albumin to 5 drops of blood, mix, and prepare 
blood smear.

Nucleated erythrocytes Falsely elevated leukocyte count Correct leukocyte count for presence of nucleated erythrocytes.

Platelet clumps Falsely decreased platelet count If collected in EDTA, recollect using citrate tube. Platelet count should be 
 multiplied by 1.1 to correct for dilutional effect of liquid citrate.

Platelet satellitism Falsely decreased platelet count use correction for platelet clumps.

Erythrocyte agglutination Falsely decreased erythrocyte count Warm blood at 37°C for 15 minutes and retest.

Rouleaux No effect on cell counts No correction is available

★ taBle 37-6 Abnormalities Detected on Peripheral Blood Smear, Their Effect on Cell Counts, and Corrective 
Procedures to Take

detailed procedure is also provided in this chapter’s Companion 
Resources.

On 100*  magnification (10*  objective), the peripheral 
blood smear is scanned to ensure even distribution of leukocytes 
and observe  immature or abnormal cells, smudge cells, platelet 
clumps, platelet satellitism, and abnormal erythrocyte distribu-
tion patterns such as rouleaux or agglutination (Figure  37-5 ■, 
Table 37-6 ★). The leukocyte estimate is obtained by counting the 
number of leukocytes in each of five fields of view and applying the 
calculation formula (Figure 37-6 ■). The leukocyte estimate should 
correlate with the leukocyte count {25%.

On 1000*  magnification (100*  objective), platelet morphol-
ogy is observed, and a platelet estimate is obtained by counting 
the number of platelets in each of five fields of view and applying 
a calculation formula similar to that used for the leukocyte esti-
mate (Figure 37-7 ■). The platelet estimate should correlate with 
the platelet count {25%. Erythrocyte morphology is evaluated 
by carefully examining erythrocyte size, shape, color, and for the 
presence of inclusions. Normal erythrocytes are described as nor-
mocytic and normochromic, and this appearance correlates with 
normal erythrocyte indices. Any change beyond normal variation 

PerIPHeral BlooD sMear 
exaMInatIon
The examination of a well-stained peripheral blood smear is one 
of the most frequently performed tests in the hematology labo-
ratory.15,21–23 The thorough examination of a peripheral blood 
smear can be used (1) as a screening tool to identify illness, (2) for 
making the definitive diagnosis of certain hematologic and non-
hematologic conditions, and (3) to monitor the patient’s response 
to therapy. The peripheral blood smear evaluation includes an esti-
mation of leukocyte and platelet count, the detection of abnormal 
cells and abnormal erythrocyte distribution, the review of erythro-
cyte and platelet morphology, and a 100-cell leukocyte differential 
(Chapter 10; see Table 10-5 for a summary of this procedure). The 

If the erythrocytes appear bluish gray and the leukocyte 
nuclei are black, how would you correct this problem?

checkpoint 37-7

■  FIgure 37-5 Platelet satellitism (peripheral blood; 
Wright-Giemsa stain; 1000*  original magnification).
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for changes in morphology (e.g., Döhle bodies, hypersegmented 
neutrophils; Table 10-7 ★, Chapters 21 and 22). These changes can 
be the result of an underlying hematologic disorder, the presence of 
excess anticoagulant associated with an underfilled collection tube, 
or the failure to prepare the blood smears within 3 hours of collec-
tion. Typical anticoagulant changes include cytoplasmic vacuoliza-
tion, degranulation, karyorrhexis, karyolysis, and changes in nuclear 
shape.

The leukocyte differential reference intervals for children as well 
as adult males and females can be found in Table B inside the front 
cover.

should be noted because certain variations in the erythrocytes are 
characteristic of specific hematologic disorders. A detailed discus-
sion of possible morphologic changes can be found in  Chapters 10 
and 11.

The leukocyte differential is performed by counting 100 cells 
per slide using the battlement track method for examination (see 
Figure 37-8 ■). Each leukocyte (Chapters 7, 8) encountered must 
be identified and placed in the appropriate category; distorted cells 
are included only if they are clearly identifiable. Nucleated eryth-
rocytes (Chapter 5) are not included within the differential but are 
tabulated separately. The results of the differential are reported in the 
percentage of each type of leukocyte counted. The nucleated eryth-
rocytes are expressed as the number per 100 leukocytes. If 5 or more 
nucleated erythrocytes are observed, the leukocyte count must be 
corrected for their presence because they are included in the auto-
mated leukocyte count (Figure 37-9 ■). Several automated hema-
tology instruments can automatically correct leukocyte count for 
the presence of nucleated erythrocytes because these instruments 
are capable of recognizing and enumerating nucleated erythrocytes 
within a blood sample (Chapter 39). Finally, leukocytes are observed 

In a platelet estimate, 76 platelets were observed in five 
fields on a stained blood smear. Calculate the platelet 
estimate. If the platelet count was 189 * 103/mcL (mL) 
(189 * 109/L), would these results correlate? Assume that 
the sample was collected with EDTA.

checkpoint 37-8

■  FIgure 37-7 Calculation of platelet estimate. This 
formula is based on performing the estimate at 1000*  
magnification. Refer to Figure 37-6 for a discussion of esti-
mation factor.
aTotal number of platelets counted in five fields at 1000*  (100*  objective) 
magnification
bIf EDTA-anticoagulated blood, 1 platelet = 15 * 103/mcL; if capillary 
blood, 1 platelet = 20 * 103/mcL

Total number of platelets counteda

5
×    15 × 103/mcLb 
= Platelets × 103/mcL

Example: If total number of platelets counted = 100,

× 15 × 103/mcL = 300 × 103/mcL
100
5

■  FIgure 37-8 Pathway for the leukocyte differential. 
The differential is performed within the optimal counting 
area where the erythrocytes can be touching but not over-
lapping. As you approach the opposite side of the smear, 
the objective is moved into the body of the smear by one 
field of view. This pattern is followed until 100 leukocytes 
have been identified.

Optimal counting area

One field of view

■  FIgure 37-9 Leukocyte count correction for presence 
of nucleated erythrocytes.
aNumber of nucleated erythrocytes counted per 100 leukocytes at 1000*  
(100*  objective) magnification

20.0 × 103/mcL × 100
100 + 10

= 18.2 × 103/mcL

Leukocyte count × 100
100 + Number of nucleated erythrocytesa  = Corrected leukocyte count

Example: Leukocyte count = 20.0 × 103/mcL
                Nucleated erythrocytes/100 leukocytes = 10

■  FIgure 37-6 Calculation of leukocyte estimate. 
This formula is based on performing the estimate  
at 100*  magnification. The estimation factor varies 
depending on the total magnification used as defined 
by the ocular and objective magnifications. Thus, each 
 laboratory should determine or validate this factor based 
on its microscope.
aTotal number of leukocytes counted in five fields at 100*  (10*  objective) 
magnification
b1 leukocyte = 0.2 * 103/mcL

Total number of leukocytes counteda

5
×    0.2 × 103/mcLb

Example: If total number of leukocytes counted = 150,

× 0.2 × 103/mcL = 6.0 × 103/mcL
150
5

= Leukocytes × 103/mcL
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■  FIgure 37-10 Neubauer hemacytometer counting 
area. The entire counting area is 9 mm2 (3 mm * 3 mm) 
and is divided into nine squares. Each square is 
1 mm2 (1 mm * 1 mm) in area. Using the 10*  objective, 
1 square of the counting area (1 mm2) can be viewed. For 
the manual leukocyte count, the four corner squares are 
counted. The center square is further divided, and the 
R squares are used for erythrocyte counts, whereas the 
entire center square is used for platelet counts.

R R

R

R R

1 mm

3 mm

3 mm

20 (i.e., dilution factor). The volume of blood used is based on the 
number of squares counted, the area of each square, and the depth 
of the solution. For the leukocyte count, the four corner squares 
are counted; each square’s area is 1 mm2, and the depth of the solu-
tion is 0.1 mm; therefore, the volume is 0.4 mm3. Thus, the number 
of leukocytes counted in the four corner squares is multiplied by 
50 (20/0.4) and reported as number of leukocytes per microliter 
(*109/L).

 Reference intervals for leukocyte counts in adults and children 
can be found in Table B on the inside cover. Conditions commonly 
associated with increased or decreased leukocyte counts are shown 
in Table 37-7 ★ (Chapters 7, 8, 21, 22, and 24–28).

Cell enuMeratIon By 
HeMaCytoMeter
Cell counts are performed manually by diluting blood with a dilu-
ent, loading a small amount of the diluted sample on a ruled device 
(hemacytometer), and counting the cells microscopically. The hema-
cytometer consists of two side-by-side identically ruled glass plat-
forms mounted in a glass holder. Each platform contains a ruled 
square measuring 3 * 3 mm (9 mm2) and is subdivided accord-
ing to the improved Neubauer ruling (Figure 37-10 ■). This ruling 
subdivides the ruled square into nine large squares, each measuring 
1 * 1 mm (1 mm2). The four corner squares are used for leukocyte 
counts, and the large center square (1 mm2) is used for platelet and 
erythrocyte counts. This center square is divided into 25 smaller 
squares, each with an area of 0.04 mm2. The five small squares labeled 
R are used in performing the erythrocyte count, whereas the entire 
large center square is used in performing the platelet count.

On either side of the two ruled glass platforms is a raised ridge. 
The coverglass is placed on top of the ridge. The distance between 
the coverglass and the surface of the ruled area (depth) is exactly 
0.1 mm. Thus, the ruled area on each side of the hemacytometer holds 
a volume of 0.9 mm3 (3 * 3 * 0.1).

Manual Leukocyte Count
Whole blood is diluted with an acetate buffer (pH 3) solution con-
taining gentian violet (or 3% acetic acid), which hemolyzes mature 
erythrocytes and stains the leukocyte’s nucleus a light violet-blue 
color to facilitate leukocyte (white blood cell [WBC]) counting (www 
.bioanalytic.de).24 The standard dilution for leukocyte counts is 1/20. 
The detailed procedure for the manual leukocyte count is provided 
in this chapter’s Companion Resources. With proper light adjustment, 
the nuclei of the leukocytes should appear light violet-blue in color. 
The number of leukocytes in the four corner squares are counted 
using the 10*  objective. Potential sources of error in performing 
hemacytometer cell counts are provided in Web Table 37-6.

The number of leukocytes is calculated per microliter (*109/L) 
of blood. To make this determination, the total number of cells 
counted must be corrected for the initial dilution of blood and the 
volume of blood used (Figure 37-11 ■). Because the dilution of 
blood for a leukocyte count is 1/20, the reciprocal of the dilution is 

■  FIgure 37-11 Calculation formula for hemacytometer cell counts.

Example: Total number of cells (one side of hemacytometer) = 200 cells
                Dilution = 1/20
                Number of squares counted = 4
                Area of each square = 1 mm2

                Depth of solution = 0.1 mm

Total nunber of cells counted × Reciprocal of the dilution
Number of squares counted × Area of each square × Depth of the solution

 = Cells/mm3

200 × 20
4 × 1 mm2 × 0.1 mm

= 10,000/mm3 mcL (µL) or 10.0 × 109/L
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Manual Erythrocyte Count
Manual erythrocyte counts are occasionally performed on blood 
and certain body fluids (Chapter 30) and are therefore included in 
this chapter. Whole blood is diluted with improved Hayem’s reagent 
or isotonic saline, which prevents erythrocyte (red blood cell) lysis 
and facilitates erythrocyte counting (www.bioanalytic.de).25 The 
standard dilution for erythrocyte counts is 1/200. For the manual 
erythrocyte count, erythrocytes are counted in five of the smaller 
squares within the large center square (R; Figure 37-10) using the 
high dry objective (40* ). Potential sources of error are listed in Web 
Table 37-6.

The number of erythrocytes is calculated per microliter (*109/L) 
of blood using the calculation formula for hemacytometer cell counts 
(Figure 37-11). The variations are in the reciprocal of the dilution (i.e., 
dilution factor) and the volume. For erythrocyte counts, the reciprocal 
of the dilution is 200, and the volume is 0.04 mm3 (10 squares counted, 
each square’s area = 0.04 mm2; depth = 0.1 mm) when the diluted 
sample from a single reagent vial is placed on both ruled areas of the 
hemacytometer.

The reference intervals for erythrocyte counts in adult males and 
adult females and children can be found in Table A on the inside cover. 

 a. A manual platelet count was performed on an EDTA-
anticoagulated blood sample using the standard 
 dilution. The number of platelets counted from the 
first diluted vial was 125 and from the second diluted 
vial was 131. What is this patient’s platelet count?

 b. What are two possible physiologic causes or mecha-
nisms that could lead to a decrease in this patient’s 
platelet count?

checkpoint 37-9

Increased 
Concentration Decreased Concentration

Erythrocyte Polycythemia Anemia

Myeloproliferative 
neoplasms

Acute leukemia 
Myelodysplastic

Dehydration syndromes

Hemorrhage

Hemolysis

Leukocyte Bacterial infections Viral infections

Inflammation Aplastic anemia

Metabolic intoxication Megaloblastic anemia

Hemolysis Drug-induced leukopenia

Hemorrhage Myelodysplastic syndromes

Tissue necrosis

Strenuous exercise

Anxiety or stress

Acute leukemia

Myeloproliferative 
neoplasms

Platelet Splenectomy

Hemorrhage

Immune  thrombocytopenia

Iron deficiency anemia Aplastic anemia

Myeloproliferative 
neoplasms

Megaloblastic anemia

Myelodysplastic syndromes

Acute leukemia

★ taBle 37-7 Conditions Commonly Associated 
with Changes in Erythrocyte, Leukocyte,  
and  Platelet Concentrations

The reference intervals vary with age as shown. Conditions commonly 
associated with increased or decreased erythrocyte counts are shown 
in Table 37-7 (Chapters 5, 12–20, and 23).

Manual Platelet Count
Whole blood is diluted with a 1% oxalate buffer solution.26 The 
diluent lyses all erythrocytes and disaggregates the platelets. The 
standard dilution for platelet counts is 1/100. The detailed proce-
dure is provided in this chapter’s Companion Resources. Platelets 
are counted in the large center square (1 mm2) using high dry objec-
tive (40* ). With phase contrast microscopy, the platelets appear as 
dark round or oval bodies because of their higher refractive index. 
Potential sources of error for manual platelet counts are given in 
Web Table 37-7.

The number of platelets is calculated per microliter (*109/L) of 
blood using the calculation formula for hemacytometer cell counts 
(Figure 37-11). The variations are in the reciprocal of the dilution fac-
tor and the volume. For platelet counts, the reciprocal of the dilution 
(i.e., dilution factor) is 100 and the volume is 0.2 mm3 (two squares 
counted; each square’s area = 1 mm2; depth = 0.1 mm) when the 
diluted sample from a single reagent vial is placed on both ruled areas 
of the hemacytometer.

The reference interval for platelet counts is 1509400 * 103/
mcL (1509400 * 109/L). Conditions commonly associated with 
increased or decreased platelet counts are shown in Table 37-7 and 
(Chapters 31, 16, 19, 25–27, and 33 ).

HeMogloBIn ConCentratIon
This procedure dilutes whole blood in cyanmethemoglobin (Drab-
kin’s) reagent. The diluting fluid hemolyzes the erythrocytes, releasing 
hemoglobin into the solution. The ferrous ions (Fe++) of the hemo-
globin molecules are oxidized by potassium ferricyanide to ferric ions 
(Fe+++). This oxidation results in the formation of methemoglobin, 
which combines with the cyanide ions (CN-) to form cyanmethemo-
globin, a stable compound that can be quantitated using spectropho-
tometry.27,28 All hemoglobin derivatives except sulfhemoglobin are 
converted to cyanmethemoglobin. The detailed procedure is provided 
in this chapter’s Companion Resources.
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■  FIgure 37-12 Hemoglobin standard calibration curve. 
When using this standard curve, if the absorbance for a 
patient’s hemoglobin determination is 0.250, the hemo-
globin result is 10.0 g/dL.

Hemoglobin concentration (g/dL)

Physiologic Condition Corrective action

Extremely high leukocyte count (750.0 * 103/mcL) Centrifuge hemoglobin mixture and use supernatant to determine 
 hemoglobin concentration.

Presence of hemoglobin S or hemoglobin C use a 1/2 dilution of the hemoglobin mixture with distilled water to 
 determine hemoglobin concentration (multiply hemoglobin by 2).

Presence of lipemia use a patient plasma blank or replace patient’s plasma with isotonic 
saline to  determine hemoglobin concentration.

Presence of abnormal globulins (e.g., those found in multiple myeloma or 
Waldenstrom’s macroglobulinemia)

Increase the alkalinity of the cyanmethemoglobin reagent by adding 
 potassium carbonate, and then repeat hemoglobin determination.

★ taBle 37-8 Physiologic Conditions Leading to Error in Hemoglobin Determination and Corrective  
Actions to Take

A falsely elevated hemoglobin result can be indicated by poor cor-
relation between the patient’s hemoglobin and hematocrit result (i.e., 
hemoglobin * 3 = hematocrit), as is discussed in the next section.

HeMatoCrIt
The hematocrit of a blood sample is the packed cell volume (PCV) 
denoting the percentage of erythrocytes in a known volume of 
whole blood.29,30 The hematocrit is one of the simplest and most 
reproducible laboratory tests and is useful in detecting anemia and 
polycythemia.

In the microhematocrit method, a capillary tube is filled with 
anticoagulated whole blood and centrifuged in a microhemato-
crit centrifuge at 10,000–15,000 g for 5 minutes (see this chapter’s 
 Companion Resources for this detailed procedure). The volume 
occupied by the erythrocytes is expressed as a percentage of the total 
volume (PCV). For potential sources of error for this procedure, refer 
to Web Table 37-8. The reference intervals vary with age and sex as 
shown in Table A on the inside cover.

To ensure the accuracy of the hemoglobin and hematocrit, a 
quick mathematical check of hemoglobin * 3 = hematocrit is 
done. This rule of three is useful in the detection of measurement 
errors or patient sample issues such as the presence of lipemia. The 
rule of three is discussed in Chapter  10, and the potential causes 
of a mismatch between a patient’s hemoglobin and hematocrit are 
described in Chapter 43 (Table 43-8 and Table 43-9).

erytHroCyte InDICes
Wintrobe introduced the erythrocyte indices, mean cell volume 
(MCV), mean cell hemoglobin (MCH), and mean cell hemo-
globin concentration (MCHC) in 1929. These indices are calcu-
lated from the erythrocyte count, hemoglobin concentration, and 
hematocrit (Table 37-9 ★). Reference intervals for the erythrocyte 
indices vary with age as shown in Table A on the inside cover. With 
the advent of automation in hematology, the erythrocyte indices are 
measured and/or calculated from data collected by erythrocyte analy-
sis (Chapter 39). The electrical impedance counters measure the MCV 
by averaging the heights of the voltage pulses. The MCH, MCHC, and 
hematocrit are calculated from the measured values, MCV, hemoglo-
bin, and erythrocyte count. The automated MCV eliminates the prob-
lem of a falsely elevated MCV as the result of trapped plasma between 

When measured spectrophotometrically at 540 nm, the absor-
bance of cyanmethemoglobin follows Beer-Lambert’s law and 
is directly proportional to the concentration of hemoglobin in the 
blood. A reference (standard) curve is prepared using cyanmethe-
moglobin standard solutions of known hemoglobin concentrations 
(Figure 37-12 ■). The hemoglobin concentration (patient or control) 
is read from the reference (standard) curve. The reference intervals 
for hemoglobin vary with age and sex. Conditions associated with 
changes in hemoglobin concentration are broadly divided into those 
associated with decreased levels, the anemias (Chapters 5, 11–20), and 
those associated with increased levels, the polycythemias (Chapters 5 
and 24).

Several physiologic conditions lead to turbidity in the cyanmet-
hemoglobin reagent–patient sample mixture (Table 37-8 ★). Any 
turbidity in the mixture results in falsely elevated values. It is impor-
tant to recognize the falsely elevated result and take the appropriate 
corrective action to obtain the true hemoglobin value (Chapter 43). 
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faster than normal erythrocytes, and microcytes settle more slowly. 
Because of their irregular shape, poikilocytes are unable to form 
rouleaux and settle at a slower rate. The erythrocyte concentration 
directly affects the ESR (i.e., the higher the erythrocyte concentration, 
the lower the ESR). An anemic individual would appear to have an 
increased ESR.

The ESR is used to demonstrate the presence of inflammation 
and/or tissue destruction. It is a nonspecific test indicating tissue 
destruction/inflammation but not specifying the cause (i.e., disease 
state responsible). Refer to Table 37-10 ★ for a number of conditions 
associated with an elevated ESR.33–35

For ESR, the CLSI recommends the Westergren method in 
which EDTA-anticoagulated whole blood is diluted with 0.85% 
NaCl (see this chapter’s Companion Resources for the detailed pro-
cedure). The diluted blood is aspirated into a calibrated Westergren 
pipet, and the cells are allowed to settle for a period of exactly 1 hour 
(Web Figure 37-6) at the end of which the distance in millimeters 
between the meniscus of the plasma and the top of the sedimented 
erythrocyte column is read. Potential sources of error in the modified 

erytHroCyte seDIMentatIon 
rate (esr)
The ESR is a measurement of the rate at which the erythrocytes 
settle from the plasma. The sedimentation process consists of three 
phases. Phase 1 occurs within the first 5–10 minutes and represents 
the aggregation phase when erythrocytes form rouleaux. The second 
phase is the sedimentation phase when erythrocytes aggregate and the 
aggregates fall out of solution. The third phase is the packing phase in 
which the erythrocyte aggregates pack closely together at the bottom 
of the tube. The rate of erythrocyte settling depends on (1) the plasma’s 
protein composition, (2) the erythrocytes’ size and shape, and (3) the 
erythrocyte concentration.31,32 Increasing levels of plasma proteins 
(primarily acute phase reactants such as C-reactive protein, fibrino-
gen, a globulins, or g globulins whose synthesis rises early in inflam-
mation or infection) result in a decrease of the z potential (the overall 
negative charge of the membrane) surrounding the erythrocytes. With 
a lower z potential, the erythrocytes are able to join together in rou-
leaux formation and settle from the plasma at a faster rate. Likewise, 
the erythrocytes’ size and shape affect the rate of fall. Macrocytes settle 

given the following erythrocyte data, what is the expected 
erythrocyte morphology? Hemoglobin = 6.2 g/dL; 
hematocrit = 28%; erythrocyte count = 4.10 * 106/mcL

checkpoint 37-10

Calculation example
reference Interval 
(conventional)

MCVb =
Hct (%)

RBC (*106/mcL)
* 10

42.6
4.88

* 10 = 87 fL
80–100 fL

MCHc =
Hb (g/dL)

RBC (*106/mcL)
* 10 14.2

4.88
* 10 = 29 pg

28–34 pg

MCHCd =
Hb (g/dL)

Hct (%)
* 100 14.2

42.6
* 100 = 33 g/dL

32–36 g/dl

a Reference intervals listed in this table are for the adult population.
bIf hct is expressed in l/l, multiply by 1000 instead of 10.
cIf hb is expressed in g/l, do not multiply by 10.
dIf hct is expressed in l/l, do not multiply by 100; if hct is expressed in l/l and hb in g/l, divide 
results by 10 and do not multiply by 100.

★ taBle 37-9 Erythrocyte Indicesa

the erythrocytes as they are packed during centrifugation in the cen-
trifuged hematocrit sample. Likewise, the MCHC can also be affected 
by increased trapped plasma (e.g., sickle cell anemia). The manually 
calculated MCHC is lower than that obtained from the automated 
instrument. When the hematocrit is corrected for trapped plasma, the 
erythrocyte indices calculated from the centrifuged hematocrit agree 
with those obtained from automated instruments. The erythrocyte 
indices are used in the morphologic classification of anemias, defin-
ing normocytic, microcytic, and macrocytic anemias with the MCV 
(Chapters 10 and 11).

Acute and chronic infections

Acute coronary syndrome

Acute ischemic stroke

Multiple myeloma

Osteomyelitis

Pelvic inflammatory disease

Polymyalgia rheumatica

Pregnancy

Pulmonary tuberculosis

Rheumatic fever

Rheumatoid arthritis

Systemic lupus erythematosus

Subacute bacterial endocarditis

Waldenstrom’s macroglobulinemia

★ taBle 37-10 Conditions Associated with  
an Elevated ESR
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C-reactive protein (CRP) determinations by immunologic 
techniques such as nephelometry or enzyme-linked immunoassays 
have been introduced as a quantitative replacement for the ESR. CRP 
is an acute phase reactant that becomes elevated in the same condi-
tions as the ESR. In fact, studies have demonstrated a rise in CRP 
levels prior to an elevation in the ESR.42 Normal individuals have 
low levels, less than 5 mg/L, of CRP.  With inflammation, CRP levels 
can rise to 20–500 mg/L within 8 hours of the acute inflammatory 
event.43 High-sensitivity CRP assays (hsCRP) detect changes in CRP 
at the lower limit or below the linearity of the standard immuno-
assays for CRP determination. CRP measurements at these low levels 
are used in risk assessment for myocardial infarction and athero-
sclerosis.44–46 Recent studies suggest hsCRP measurements can be 
used as a predictor of active infection in patients with systemic lupus 
erythematosus (SLE) allowing differentiation between active infec-
tion and disease flare.47

CRP and ESR results remain components in the classification 
criteria for rheumatoid arthritis. In the 2010 classification criteria, 
recommended by the American College of Rheumatology (ACR) 
and the European League Against Rheumatism (EULAR), CRP and 
ESR results are used in the acute phase reactant category to evaluate a 
patient’s acute phase response.48 Studies associated with the develop-
ment of a new criteria showed that ESR and CRP results were predic-
tive for various rheumatoid arthritis outcomes including response to 
methotrexate treatment.49,50

retICuloCyte Count
Reticulocytes are immature non-nucleated erythrocytes containing 
residual RNA (i.e., polychromatophilic erythrocytes). In the erythro-
cyte maturation sequence, the reticulocyte spends about 2 days in the 
bone marrow and 1 day in the peripheral blood. As the reticulocyte 
matures, the amount of RNA decreases. The quantitation of reticulo-
cytes present in the peripheral blood provides a method of evaluating 
the bone marrow’s erythropoietic activity. This evaluation is utilized 
in the differential diagnosis of anemias and in monitoring a patient’s 
erythropoietic response to therapy (Chapters 5 and 11).51–54

Using a supravital stain (new methylene blue), residual ribo-
somal RNA is precipitated within the reticulocytes.55 The detailed 
procedure is provided in this chapter’s Companion Resources. A blood 
smear is prepared from the mixture of anticoagulated whole blood 
and supravital stain. The smear is examined microscopically using the 
oil immersion lens (1000*  magnification) fitted with a field-restricted 
ocular (Figure 37-13 ■). An erythrocyte containing two or more par-
ticles of blue-stained material is a reticulocyte (Figure 37-14 ■). The 
number of reticulocytes is expressed as a percentage of the total num-
ber of erythrocytes counted (Web Figure 37-7).

Other erythrocyte inclusions (Pappenheimer bodies, Howell-
Jolly bodies, and Heinz bodies; Chapter  10) can also be stained 
with new methylene blue and must be distinguished from reticulo-
cytes. Heinz bodies and Howell-Jolly bodies are distinguished from 
precipitated reticulum by their shape and staining characteristics. 
Heinz bodies appear as light blue–green inclusions located at the 
periphery of the erythrocyte. Howell-Jolly bodies are usually one 
or two round, deep-purple staining inclusions and are visible on 

Westergren method for ESR are provided in Web Table 37-9. The ref-
erence interval for ESR varies with age and sex. For adult males and 
children, the reference interval is 0–10 mm/hr. The reference interval 
for adult females is 0–20 mm/hr.

Automated methods for determining ESR have been available 
since the 1990s. The principle of measurement for each instrument 
is an adaptation of the manual Westergren ESR method that allows 
determination of ESR in a shorter time period, typically 20–30 minutes. 
The automated methods convert the observed result to “mm/hr” so 
that reported results are in the conventional unit of measurement for 
the Westergren ESR. These methods have been verified to provide 
results comparable to those of the manual Westergren method.36 The 
advantage of automated instruments is that they allow standardiza-
tion of the procedure, increasing accuracy and reproducibility of the 
results.

One example of an automated ESR instrument is the VES-
MATIC CUBE 80™ instrument (Diesse Diagnostica Senese, Milan, 
Italy). It is a closed-tube automated system that determines the ESR 
from whole blood samples in EDTA collection tubes.37–39 The 
 barcode-labeled collection tubes are placed in the instrument’s ana-
lyzer rack of the loader/classifier module. A robotic system aligns 
collection tube’s barcode label to the barcode reader to identify the 
sample and tests to be performed on it. The robotic system places the 
ESR samples in the test tube holder chain and samples are moved to 
the analytical module. Within the analytical module, the sample is 
mixed 15 times at a rotation of 120°. After the sample is mixed, it is 
transported to the reader point 1 for the “initial” optical reading. The 
chain movement within the analytical module allows the erythrocytes 
within the sample to settle for a 20-minute time period. At the end 
of this time period, the sample has reached the reader point 2 and 
the “final” optical reading is taken. The “initial” reading measures the 
initial height of the blood sample using a light emitting diode-based 
optical system, and the “final” reading measures the point between the 
erythrocyte layer and the plasma layer. The decrease in the height of 
the erythrocyte column is determined and used to mathematically 
derive the ESR in millimeters per hour.

The ESR-Auto Plus® instrument (Streck, Inc., Omaha, NE) is a 
random access instrument with 10 ESR tube positions.40,41 The addi-
tion of the ESR barcode scanner integrates this instrument with a 
laboratory information system and creates a “walk-away” instrument. 
The instrument uses a special narrow bore vacuum tube containing 
3.2% sodium citrate. When filled properly, blood is drawn to the 60 
mm mark {  5 mm. Alternatively, an EDTA-anticoagulated sample 
can be used. In this case, the proper amount of blood is transferred 
from the EDTA sample to the ESR vacuum tube. The vacuum tubes 
are thoroughly mixed using the ESR-657 mixer or manual mixing 
technique prior to placing them in the instrument. The vacuum tubes 
are held in a vertical position at ambient temperature. The instrument 
takes two measurements using infrared light, an “initial” reading at 
zero time to determine the fill level in the tube and a “final” reading 
after 30 minutes that reflects the erythrocyte sedimentation level. A 
mathematical formula is applied to the observed result to determine 
the ESR in millimeters per hour. Using this method, the measure-
ment can be taken at 30 minutes because the majority of samples 
reach the “packing” phase of the erythrocyte sedimentation process 
by this time.
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and the reticulocyte production index can be used to avoid these 
interpretation errors. These calculations are discussed in Chap-
ters 10 and 11.

Automation is becoming a more popular method for determin-
ing the reticulocyte count. The new generation of automated hematol-
ogy instruments is capable of performing absolute reticulocyte counts 
and other useful parameters. A thorough discussion can be found in 
Chapter 39.

Romanowsky stains. Pappenheimer bodies are indistinguishable 
from reticulum of reticulocytes. If Pappenheimer bodies are sus-
pected, a Prussian blue iron stain (Chapter 38) should be performed 
to verify their presence. Reticulum does not stain with the Prussian 
blue iron stain.

Misinterpretations can occur when only the percentage of 
reticulocytes present in the peripheral blood is reported because the 
reticulocyte percentage is a relative number and depends on the total 
number of erythrocytes present in the peripheral blood. If the total 
erythrocyte count is decreased, the reticulocyte percentage does not 
accurately reflect the bone marrow’s production of new erythro-
cytes. The absolute reticulocyte count, corrected reticulocyte count, 

■  FIgure 37-13 Miller disk. The number of reticulocytes 
in square A divided by the total number of RBCs counted 
in square B times 9 (to correct for the difference between 
the area of the two squares) times 100 equals the reticu-
locyte count as a percentage. See Web Figure 37-7 for 
example.
A = reticulocyte counting area; B = erythrocyte counting area (area of the 
B square is one-ninth the area of the A square) 

Miller disk

Field of view

A

B

■  FIgure 37-14 Reticulocytes identified by new methy-
lene blue stain. The reticulocytes are the cells (arrows) 
containing bluish purple particulate inclusions (1000*  
original magnification).

Morphologic evaluation of a Wright-stained peripheral 
blood smear reveals the presence of Pappenheimer 
bodies. How does this affect a reticulocyte count to be 
performed on the same blood sample? How would you 
confirm the presence of Pappenheimer bodies?

checkpoint 37-11

soluBIlIty test For HeMogloBIn s
The solubility test is the most commonly used screening test for the 
presence of hemoglobin S (Chapters 6 and 13). It is based on the rela-
tive insolubility of hemoglobin S when combined with a reducing 
agent (sodium dithionite or sodium hydrosulfite).56 Anticoagulated 
whole blood is mixed with a lysing agent (saponin) and reducing agent. 
This solution releases the hemoglobin from the erythrocytes and 
reduces it. If HbS is present, it forms crystals and gives a turbid appear-
ance to the solution (Figure 37-15 ■). A transparent solution is seen 
with other hemoglobins that are more soluble in the reducing agent 
(see this chapter’s Companion Resources for the detailed procedure).

The solubility test does not differentiate hemoglobin S disease 
from hemoglobin S trait. A hemoglobin electrophoresis procedure 
should be performed to differentiate these two states. In addition, 
several abnormal hemoglobin variants can cause sickling and give 

■  FIgure 37-15 Sodium dithionite tube test. Negative 
results are indicated by the clear solution where the black 
lines on the reader scale are visible through the test solu-
tion (right). Positive results are shown as a turbid solution 
where the reader scale is not visible through the test solu-
tion (left).
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■  FIgure 37-16 Electrophoretic mobilities of hemoglo-
bins on cellulose acetate at pH 8.6.
A, A2, D, G, S, F, C, E = hemoglobin variants  
Courtesy of Helena Laboratories, Beaumont, TX.

Application point

Carbonic anhydrase

1. A, A2, S, D, or G

■  FIgure 37-17 Electrophoretic mobilities of hemo-
globins on citrate agar at pH 6.2, showing separation of 
hemoglobins S and C from other hemoglobins.
A, A2, S, F, C, D, E, G = hemoglobin variants

C S A
 A2
D
E
G

F

8. AS

7. AS

6. AA2

5. AS

4. AFSC Control

3. AFSA2 Control

2. Homozygous S

1. SC

mobility as HbS and HbC. HbD and HbG have the same mobility 
as HbS whereas HbE and HbOArab have the same mobility as HbC. 
Thus, additional tests must be used to confirm the presence of these 
abnormal hemoglobin variants. The solubility test can be used to con-
firm HbS, and citrate agar electrophoresis can be used to confirm the 
presence of HbS and HbC.

Citrate agar electrophoresis at pH 6.2 separates HbA, -F, -S, -C 
into distinct bands (Figure 37-17 ■). Because no other hemoglobin 
variants travel with HbS and HbC on citrate agar, it is used to con-
firm their presence.60 It is also useful in the differentiation of other 
hemoglobin variants that travel with HbS and HbC on alkaline hemo-
globin electrophoresis; these hemoglobin variants (HbD, HbG, HbE, 
and HbOArab) have the same mobility as HbA on citrate agar. Rare 

a positive solubility test. These variants include HbC Harlem, HbS 
Travis, and HbC Ziguinchor. High-pressure liquid chromatogra-
phy or isoelectric focusing is used to differentiate these variants 
from HbS.

Part II

reFlex HeMatology ProCeDures
Reflex tests can be performed when a screening test reveals abnormal 
results. Some laboratories create algorithms or flow charts to help the 
physician determine which reflex tests should be ordered based on the 
abnormal screening test(s). The reflex tests help to identify the hema-
tologic abnormality or other pathology and to determine a diagnosis 
as well as treatment.

HeMogloBIn eleCtroPHoresIs
Electrophoresis is the movement of charged molecules in an elec-
tric field. Use of this procedure can detect and preliminarily iden-
tify hemoglobinopathies and thalassemias (Chapters 13 and 14).57 
In hemoglobin electrophoresis, hemoglobin A (adult hemoglobin) 
takes on a net negative charge at an alkaline pH and moves the farthest 
toward the anode (positive electrode). Many abnormal hemoglobin 
variants have altered charges because of single amino acid substi-
tutions within their globin chains (Chapter 13). This change in the 
degree of the negative charge allows for the separation of the majority 
of abnormal hemoglobin variants from hemoglobin A at an alkaline 
pH.58,59 The electrophoretic patterns and hemoglobin percentages of 
the unknown (patient) samples are compared with those of the con-
trol samples; one control contains HbA, -F, -S, and -C, and the other 
control contains HbA and HbA2.

In the hemoglobin electrophoresis procedure, EDTA- 
anticoagulated whole blood is centrifuged to obtain packed erythro-
cytes. The erythrocytes are washed, and a hemolysate is obtained by 
lysing them with a hemolysate reagent (e.g., 0.005 M EDTA, 0.175% 
saponin, and 0.07% potassium cyanide). The hemolysate (i.e., patient 
and controls) is applied to an agarose gel, which is then placed in 
the electrophoresis chamber. An alkaline buffer, pH 8.6, permits the 
flow of electrons from the cathode to the anode within the chamber, 
alters the charge of the hemoglobin molecules based on their amino 
acid composition, and allows for the migration and separation of the 
hemoglobin molecules based on the strength of their negative charge. 
The hemoglobin molecules are allowed to electrophorese (migrate) 
for 25 minutes. Following the electrophoresis, the agarose gel is stained 
with acid blue, an anionic dye, destained to remove excess dye, and 
dried. The hemoglobin gel can be examined visually to determine each 
sample’s hemoglobin electrophoretic pattern or with a densitometer 
using 595 nm filter to determine the percentage of hemoglobin pres-
ent in each band or region. Newer hemoglobin/protein electropho-
resis systems use a flat-bed scanner and specific computer program 
to determine the percentage of hemoglobin present in each band or 
region and generate the sample’s electrophoretic pattern.

Alkaline hemoglobin electrophoresis allows for the separation 
of HbA, -F, -S, and -C into distinct bands (Figure 37-16 ■). However, 
other abnormal hemoglobin variants have the same electrophoretic 
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For the quantitation of these hemoglobins, this fully automated 
instrument requires a separate cation-exchange column, specific 
sodium phosphate buffers, and elution program (i.e., Beta-Thal Short 
program). Within the instrument, a portion of EDTA-anticoagulated 
blood sample is hemolyzed and diluted and then injected into the 
cation exchange column. The hemoglobins are separated using a 
gradient of sodium phosphate buffers of increasing ionic strength 
for a 6.5-minute elution. The eluted hemoglobins pass through a 
flow cell where the absorbance is measured at 415 nm with correc-
tion at 690 nm. The eluted hemoglobin is identified by its retention 
time. For example, the retention time of HbA2 is 3.3–3.9 minutes. 
The concentration of the eluted hemoglobin is determined from its 
absorbance measurement.

The Sebia CAPILLARYS™ 2 instrument is a fully automated 
system that separates hemoglobin by capillary electrophoresis and 
quantitates each hemoglobin based on its absorbance reading by 
spectrophotometry.65,66 Thus, the concentration of HbA2 can be 
determined. In capillary electrophoresis, separation of hemoglobins 
including HbA2, HbF,  HbS,  and other hemoglobin variants within a 
given sample is achieved by introducing a hemolysate derived from 
the packed erythrocytes of the EDTA-anticoagulated sample to an 
alkaline buffer (pH 9.4) that is running through a narrow-bored 
capillary under high voltage. As the hemoglobins leave the capillary, 
the absorbance reading of each separated hemoglobin is determined 
at 415 nm. These data are used to generate a hemoglobin electro-
phoresis pattern for the sample and determine the concentration 
of each hemoglobin including HbA2 as a percentage of the total 
hemoglobin.

aCID elutIon For HeMogloBIn F
The acid elution test for fetal hemoglobin (HbF) can be used in the 
differentiation of hereditary persistence of fetal hemoglobin (HPFH) 
from other conditions associated with high levels of HbF (Chapters 13 
and 14). HPFH is characterized by an even or uniform distribution of 
HbF within the erythrocytes, whereas other conditions with high HbF 
levels are characterized by an uneven or nonuniform distribution of 
HbF within the erythrocytes. Conditions such as b thalassemia minor, 
b thalassemia major, sickle cell anemia, hereditary spherocytosis, and 
aplastic anemia are associated with high levels of HbF but nonuni-
form distribution. This test can also be used to detect the presence of 
fetal cells in the maternal circulation (fetal–maternal bleed) during 
problem pregnancies.

In an acid solution, all hemoglobins except hemoglobin F 
(fetal hemoglobin) are eluted from the erythrocytes.67 Blood 
smears are fixed in 80% ethanol and then incubated in the elu-
tion buffer, citrate-phosphate (pH 3.3). The slide is stained with 
acid hematoxylin and counterstained with eosin. The slide is 
observed microscopically using the oil immersion lens to deter-
mine the distribution of HbF within the erythrocytes and the 
percentage of HbF-containing erythrocytes. Erythrocytes con-
taining fetal hemoglobin stain bright pink or red with the eosin B 
stain (Figure 37-18 ■). The remaining erythrocytes appear as pale 
ghosts. Intermediate erythrocytes (pink colored but not intense) 
are sometimes seen. The acid hematoxylin stains the leukocyte’s 
nuclei a faint gray-purple for differentiation.

abnormal hemoglobin variants can be positively identified with DNA 
analysis of the globin genes (Chapter 42).

QuantItatIon oF HeMogloBIn a2
HbA2 is a normal adult hemoglobin present in small amounts (up 
to 3.5%). Increased amounts of HbA2 are characteristic of b thalas-
semia minor. Therefore, the quantitation of HbA2 is useful in mak-
ing a presumptive diagnosis. Slight increases in HbA2 concentration 
also have been noted in persons with HbS trait, HbS disease, unstable 
hemoglobin variants, or megaloblastic anemia. Decreased HbA2 con-
centrations can be seen in iron-deficiency anemia and a thalassemia.

HbA2 can be quantitated with anion exchange column chro-
matography. The anion exchange resin is a preparation of cellulose 
covalently coupled to small positively charged molecules. Thus, the 
anion exchange resin attracts negatively charged molecules. Hemo-
globins, like other proteins, contain positive and negative charges 
because of the ionizing properties of their component amino acids. 
In the anion exchange chromatography of HbA2, the ionic strength 
of the buffer and the pH levels are controlled to cause different hemo-
globins to possess different net negative charges.61 These negatively 
charged proteins are attracted to the positively charged cellulose and 
bind accordingly. Following binding, the hemoglobins are removed 
selectively from the resin by altering the pH or ionic strength of the 
elution buffer. Due to the solubility of HbA2 in the elution buffer, 
HbA2 is eluted from the resin as the elution buffer moves through 
the column. The resin retains the other normal, and most abnormal, 
hemoglobins. The percentage of HbA2 is determined by comparing 
the absorbance of the HbA2 fraction to the absorbance of the total 
hemoglobin fraction at 415 nm using a spectrophotometer. The refer-
ence interval for HbA2 is 1.8–3.5%.

Values between 3.5–8% are considered indicative of b thal-
assemia trait (Chapter 14). Values above 8% indicate the presence 
of additional hemoglobin variants such as S, C, E, O, D, and S-G 
hybrid, which elute with HbA2 (Chapter 13). HbA2 cannot be dif-
ferentiated from several abnormal hemoglobin variants such as 
hemoglobins C, E, and O, which have a net electrical charge similar 
to HbA2 at pH 8.6. If abnormal hemoglobin variants are suspected, 
other hemoglobin electrophoretic techniques or DNA analysis of 
globin chains should be performed to confirm their presence. HbA2 
levels can be normal when iron-deficiency anemia coexists with  
b@thalassemia minor. In this situation, HbA2 levels must be consid-
ered with family history, laboratory data including serum ferritin, 
serum iron, total iron-binding capacity, red cell morphology, Hb, 
Hct, and MCV.

Other techniques can be used to quantitate HbA2, including 
high-pressure liquid chromatography and capillary  electrophoresis. 
The Bio-Rad VARIANT™ II hemoglobin instrument measures 
HbA1C levels for glycemic control in diabetic patients and can be 
used to quantitate HbA2, HbF, and certain hemoglobin variants.62–64 

What is the basis for hemoglobin separation in the hemo-
globin electrophoresis procedures?

checkpoint 37-12

M37_MCKE6011_03_SE_C37.indd   801 30/07/14   7:13 pm



802 seCtIoN VIII   •   hematology proCedures

■  FIgure 37-18 Acid elution test for determination 
of hemoglobin F. Erythrocytes containing hemoglobin F 
appear as bright pink staining cells. The light staining cells 
are erythrocytes that contain adult hemoglobins.

What are the advantages of using flow cytometry to quan-
titate HbF?

checkpoint 37-13

HbF—such as mature erythrocytes, polychromatophilic erythro-
cytes or reticulocytes, and nucleated erythrocytes—can be made, 
which can be useful in evaluating certain hematologic diseases (e.g., 
b@thalassemia).69

QuantItatIon oF HeMogloBIn F
Hemoglobin F is the predominant hemoglobin in the fetus and new-
born but makes up less than 2% of adults’ total hemoglobin. Hemo-
globin F can be found in increased amounts in some types of anemia 
such as thalassemia.

Alkali Denaturation
HbF resists denaturation by strong alkali solutions, but other hemo-
globins are not resistant. The addition of a strong alkali solution 
(1.27 M NaOH) to a hemolysate containing a known concentration 
of hemoglobin results in hemoglobin denaturation.68 Adding a satu-
rated solution of ammonium sulfate stops the denaturation process. 
Ammonium sulfate lowers the pH of the reaction mixture and pre-
cipitates all denatured hemoglobins. After filtration, the concentra-
tion of the remaining alkali-resistant hemoglobin is determined. The 
alkali-resistant hemoglobin is expressed as a percentage of the total 
hemoglobin concentration. The cyanmethemoglobin method deter-
mines the hemoglobin concentrations (alkali resistant and total). 
The general reference interval for an adult is less than 2%.

Other Methods
In the clinical laboratory, HbF is typically determined by high-
pressure liquid chromatography as discussed previously with 
HbA2 quantitation or by flow cytometry. In flow cytometry, the 
cells are permeabilized to allow entry of the fluorescent- conjugated 
monoclonal antibody directed against HbF into the cell for recog-
nition of HbF.  The advantage of flow cytometry is that an increased 
number of cells (∼10,000) are evaluated, thus improving the result’s 
accuracy. In addition, flow cytometry allows the determination 
of HbF concentration within individual cells, and with the addi-
tion of thiazole orange, the differentiation of cells containing 

Heat DenaturatIon test 
For unstaBle HeMogloBIn
Unstable hemoglobins are hemoglobin variants that result from a 
variety of amino acid substitutions or deletions affecting the hemo-
globin molecule’s intramolecular interactions (Chapter 13). These 
hemoglobin variants are susceptible to spontaneous denaturation 
resulting in Heinz body formation and erythrocyte hemolysis. In 
the laboratory, blood samples can be manipulated so that unstable 
hemoglobins become insoluble and form flocculent precipitate at 
higher temperatures (50°C), whereas normal hemoglobin remains 
soluble.70,71 The cyanmethemoglobin method is used to determine 
the hemoglobin concentrations for heated and unheated fractions. 
The concentration of unstable hemoglobin is expressed as a percent-
age of the total hemoglobin concentration (unheated fraction). Low 
concentrations of unstable hemoglobin result in false negative results.

Unstable hemoglobins can cause congenital nonspherocytic 
hemolytic anemias (Chapter  13). Examples of unstable hemoglo-
bins are hemoglobin Koln, hemoglobin Hammersmith, hemoglobin 
Zurich, hemoglobin Seattle, and hemoglobin Bristol. A positive heat 
denaturation test should be confirmed by other test methods that 
identify unstable hemoglobins, such as tests for erythrocyte inclu-
sions and the isopropanol precipitation test. The specific unstable 
hemoglobin is identified by DNA sequence analysis to determine the 
hemoglobin mutation followed by HPLC and tandem mass spectrom-
etry analysis to confirm the specific amino acid substitution.

HeInz BoDy staIn
Heinz bodies represent denatured hemoglobin inclusions. These 
inclusions are usually round or oval, appear refractile, and tend 
to locate adjacent to the erythrocyte membrane. Heinz bodies are 
visible only on supravital-stained smears and are not visible on 
Wright-stained smears. Heinz bodies can be present in glucose-
6-phosphate dehydrogenase deficiency and related enzyme dis-
orders when the individual is exposed to oxidizing agents such as 
primaquine or sulfanilamide (Chapter 18). In addition, they can be 
found in individuals with unstable hemoglobins or thalassemias. 
Heinz bodies are occasionally found in senescent erythrocytes of 
normal individuals.

A specific dye for Heinz bodies is brilliant green.72 To visualize 
Heinz bodies, EDTA-anticoagulated whole blood is first mixed with 
0.5% neutral red. The mixture is counterstained with 0.5% brilliant 
green. Several thick smears are prepared from the final mixture. The 
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by plotting the percentage of hemolysis for each solution against its 
concentration, and the results are compared with a normal control. In 
normal individuals, an almost symmetrical sigmoid-shaped curve is 
obtained (Web Figure 37-8). Normal erythrocytes begin to hemolyze 
around 0.50% sodium chloride (NaCl) concentration, and hemolysis is 
complete at 0.30% NaCl. The normal values for osmotic fragility with 
each sodium concentration are given in Table I in the inside book cover.

In the osmotic fragility test, spherocytes with a decreased sur-
face-area-to-volume ratio have a limited ability to expand in hypo-
tonic solutions. They lyse at higher concentrations of sodium chloride 
than normal biconcave erythrocytes and are said to have an increased 
osmotic fragility.74 Target cells or sickle cells have a large surface-area-
to-volume ratio. This increased surface-area-to-volume ratio trans-
lates into an increased ability to expand in hypotonic solutions. These 
cells lyse at lower concentrations of sodium chloride than normal cells 
and are said to have a decreased osmotic fragility.

An increased osmotic fragility is associated with hemolytic 
anemias in which spherocytes are present, for example, hereditary 
spherocytosis (Chapter 17). Conditions associated with a decreased 
osmotic fragility include thalassemia, sickle cell anemia, and those 
conditions in which target cells are observed. Figure 37-19 ■ 

smears are observed microscopically for the presence of Heinz  bodies. 
Heinz bodies stain green, reticulocytes and Howell-Jolly bodies stain a 
deep red, and erythrocytes stain light red. The percentage of erythro-
cytes containing Heinz bodies can be determined by counting the num-
ber of erythrocytes containing Heinz bodies within 500 erythrocytes.

The specificity of the brilliant green dye for Heinz bodies elimi-
nates problems that arise with the use of other supravital stains such 
as methyl violet or crystal violet. With these other supravital stains, 
Howell-Jolly bodies, basophilic stippling, and reticulum stain the same 
as Heinz bodies, often leading to difficulties in interpreting the stain.

osMotIC FragIlIty test
In the osmotic fragility test, anticoagulated whole blood is added to 
increasingly hypotonic solutions of buffered sodium chloride (0.85–
0.00%), and the solutions incubate for 20 minutes at room tempera-
ture.73 The amount of hemolysis at each concentration is determined 
by measuring the absorbance of the supernatants spectrophotomet-
rically (see this chapter’s Companion Resources for the detailed pro-
cedure and Web Table 37-10). An osmotic fragility graph is prepared 

■  FIgure 37-19 The osmotic fragility test demonstrates the increased osmotic lysis of spherocytes in a 
hypotonic medium compared with normal erythrocytes.
Clear supernatant = no hemolysis; pinkish supernatant = partial hemolysis; red supernatant = complete hemolysis
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Incubation set tube 1 tube 2 tube 3 Incubation Protocol

A Patient’s serum Patient’s serum — S 30 minutes in melting ice bath followed by

— Normal serum Normal serum 60 minutes at 37°C

50% group O cells 50% group O cells 50% group O cells

B Patient’s serum Patient’s serum — S 90 minutes in melting ice bath

— Normal serum Normal serum

50% group O cells 50% group O cells 50% group O cells

C Patient’s serum Patient’s serum — S 90 minutes @ 37°C

— Normal serum Normal serum

50% group O cells 50% group O cells 50% group O cells

paroxysmal cold hemoglobinuria (pCh) is indicated if hemolysis occurs in tubes a1 and/or a2 and remaining tubes have no hemolysis. tubes a3, B3, and C3 
represent controls for normal serum complement source and should not demonstrate hemolysis. Tubes B1 and B2 represent controls for the presence of cold-
reacting antibodies, and tubes C1 and C2 represent controls for the presence of warm-reacting antibodies. Including these controls to eliminate possible false 
positive interpretations is important.

★ taBle 37-11 Schematic Outline of Donath-Landsteiner Test Procedure for Detecting PCH

depicts the increased osmotic lysis of spherocytes in a hypotonic 
medium.

An incubated osmotic fragility test is performed to identify 
patients with mild hereditary spherocytosis in which the standard 
osmotic fragility test is normal. In this test, patient and control blood 
samples incubate at 37°C under sterile conditions for 24 hours Then, 
the osmotic fragility test is performed on those samples. A significantly 
increased osmotic fragility after incubation is characteristic of heredi-
tary spherocytosis.

DonatH-lanDsteIner test 
For ParoxysMal ColD 
HeMogloBInurIa (PCH)
The Donath-Landsteiner test is a screening test for PCH,75 which is 
characterized by the presence of the Donath-Landsteiner antibody, 
a biphasic antibody with anti-P specificity (Chapter 19). This IgG 
antibody is capable of activating complement resulting in hemolysis. 
The Donath-Landsteiner test should be performed when an individ-
ual presents with hemoglobinuria and a positive direct antiglobulin 
test due to presence of complement (C3) only with no evidence of 
autoantibody activity in the serum. In this procedure, a series of test 
tubes is set up to detect the biphasic nature of complement activation 
(Table 37-11 ★). Normal serum serves as a source of complement 
because individuals with PCH can express low levels of  complement. 
The 50% suspension of group O erythrocytes with P antigen serves as 
the antibody receptor. Following the appropriate incubation schedule, 
the tubes are centrifuged and observed for hemolysis. If anti-P present 
in the patient’s serum, it binds to the erythrocyte’s P antigen during the 
incubation time in the melting ice bath. During the second incubation 

A patient’s osmotic fragility test shows beginning hemoly-
sis at 0.60% NaCl and complete hemolysis at 0.50% NaCl. 
How should these results be interpreted?

checkpoint 37-14

time at 37°C, the antibody dissociates from the erythrocytes, and 
complement is activated, leading to hemolysis. Therefore, the test 
is considered positive for PCH if tubes A1 and/or A2 demonstrate 
hemolysis and the remaining tubes have none. Proper sample collec-
tion and processing are essential to this test’s outcome. The patient’s 
blood should be allowed to clot at 37°C and the serum separated at 
this temperature to avoid cold autoabsorption and loss of antibody 
prior to testing.

erytHroPoIetIn
Erythropoietin (EPO) levels are determined by enzyme-linked immu-
nosorbent assay (ELISA). This procedure uses microtiter plate wells 
coated with a monoclonal mouse antihuman antibody directed against 
EPO.76 This antibody represents the capture antibody because it binds 
EPO from the serum, either patient, control, or standard. Following 
a washing step, the wells are incubated with a polyclonal rabbit anti-
EPO that is enzyme-labeled with horseradish peroxidase. This second 
antibody binds to the initial antigen–antibody complex. Hence, EPO 
is sandwiched between two specific antibodies (Web Figure 37-9). 
A substrate specific for the enzyme label (i.e., tetramethylbenzidine) 
is added to the microtiter plate wells, and a colorimetric reaction 
occurs. The absorbance of each microtiter well is determined using 
a microtiter plate reader, an adaptation of a spectrophotometer. The 
amount of absorbance measured in a given microtiter well is directly 
proportional to the concentration of EPO in the sample. The control 
and patient results are determined from a reference (standard) curve 
that is prepared using known concentrations of EPO. The general ref-
erence interval for serum EPO is 3.3–16.6 mIU/mL.

Measurement of EPO levels is useful in diagnosing certain ane-
mias and polycythemia.77 For example, secondary polycythemias 
such as chronic obstructive pulmonary disease or cyanotic heart dis-
ease are associated with elevated levels of EPO, whereas the myelo-
proliferative disorder polycythemia vera is associated with normal to 
low EPO levels (Chapter 24). Decreased levels of EPO are observed in 
anemia of renal failure, anemia of chronic disease (also called anemia 
of chronic inflammation), and anemia of hypothyroidism (Chap-
ters 12 and 16).
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Therefore, MPO is useful in differentiating acute myelogenous leuke-
mia (AML) from acute lymphocytic leukemia (ALL) and subgrouping 
of the AMLs (Table 37-12 ★; Web Table 37-11). A positive reaction is 
seen in myeloblasts, and weak staining is rarely seen in monoblasts. 
Leukemic blasts that are negative for MPO can represent lympho-
blasts, AML (minimally differentiated), monoblasts, erythroblasts, 
and megakaryoblasts, or undifferentiated leukemia.80 The presence 
of many mature neutrophils with negative MPO staining can indicate 
an MPO deficiency.

Sudan Black B
Sudan black B (SBB) is a diazo dye that stains phospholipids, neutral 
fats, and sterols.81 Cellular components containing lipids stain brown-
black (Figure 37-21 ■). SBB stains phospholipids in membranes of 
primary and secondary granules of the granulocytic series. Auer rods 
have a rich phospholipid membrane that the SBB stain identifies; its 
results parallel those seen with the MPO stain in myeloblasts and 
monoblasts (Table 37-12; Web Table 37-11). Lymphoblasts do not 
stain with SBB (rare cases are weakly positive). It is useful when fresh 
samples are not available for the MPO stain and in unusual cases when 
myeloblasts have an acquired deficiency of MPO. Therefore, SBB is 

soluBle transFerrIn reCePtor
Soluble transferrin receptor (sTfR) represents a truncated form of the 
membrane transferrin receptor that is normally found on the surface 
of cells that require iron. An ELISA procedure determines sTfR levels. 
This procedure uses microtiter plate wells coated with a monoclonal 
antihuman antibody directed against sTfR.78 This antibody represents 
the capture antibody because it binds sTfR from the serum from either 
patient, control, or standard. Following a washing step, the wells are 
incubated with a second monoclonal anti-sTfR that is enzyme labeled 
with horseradish peroxidase. This second antibody binds to the initial 
antigen–antibody complex. Hence, sTfR is sandwiched between two 
specific antibodies (see Web Figure 37-9 for comparison). A substrate 
specific for the enzyme label is added to the microtiter plate wells, and 
a colorimetric reaction occurs. The absorbance of each microtiter well 
is determined using a microtiter plate reader; the amount of absor-
bance measured in a given microtiter well is directly proportional 
to the concentration of sTfR in the sample. The control and patient 
results are determined from a reference (standard) curve that is pre-
pared using known concentrations of sTfR. The general reference 
interval for serum sTfR is 8.7–28.1 nmol/L.

Measurement of sTfR levels is useful in differentiating the diag-
nosis of iron-deficiency anemia from anemia of chronic inflamma-
tion because sTfR levels are elevated in iron-deficiency anemia but are 
normal in anemia of chronic inflammation (Chapter 12).

A patient was recently diagnosed with a hypochromic, 
microcytic anemia. Additional laboratory testing revealed 
epo 1.5 mIu/ml and stfr 15.8 nmol/l. Which anemia is 
consistent with these results?

checkpoint 37-15

CytoCHeMICal staIns
Our expanding knowledge of neoplastic disorders,routine use of 
immunophenotyping by flow cytometry, and molecular testing to 
identify specific genetic mutations have largely replaced the need for 
cytochemical stains for classifying these disorders. However, there 
remain instances in which the results of cytochemical stains provide 
useful adjunct information for classifying neoplastic disorders. These 
cytochemical stains are discussed in this section.

Myeloperoxidase
Myeloperoxidase (MPO) is an enzyme capable of catalyzing the oxi-
dation of substances by hydrogen peroxide. Fresh smears are used to 
ensure optimal reactivity of the enzyme. The methods using 3,3-diami-
nobenzidine as the color reagent with Giemsa counterstain or using 
3-amino-9-ethylcarbazole provide satisfactory results.79 This enzyme 
is present in primary granules of neutrophils, eosinophils, and mono-
cytes. An insoluble dark brown reaction product identifies the sites of 
MPO activity (Figure 37-20 ■). MPO is the most sensitive and spe-
cific stain for granulocytes, which stain intensely. Monocytes stain less 
intensely than neutrophils. Lymphocytes do not exhibit MPO activity. 

■  FIgure 37-20 Blasts of AML showing a positive 
myeloperoxidase stain (brown-black color in cytoplasm) 
(bone marrow; MPO stain; 1000*  magnification).

■  FIgure 37-21 Blasts of AML showing a positive Sudan 
black B stain (brown-black color in cytoplasm) (bone mar-
row; SBB stain; 1000*  magnification).
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subgroup
Myeloperoxidase 
or sudan Black B Chloroacetate (specific) esterase nonspecific esterase

AML-minimally differentiated Negative Negative Negative

AML-without maturation Positive Positive Negative

AML-with maturation Positive Positive Negative

AML-with t(15;17) or APL Positive Positive Negative

AML-myelomonocytic Positive Positive Positivea

aml-monoblastic/monocytic Negative Negative Positivea

Acute erythroid leukemia Positiveb Negative Positive or negative
AML-megakaryoblastic Negative Negative Strongly positive when acetate is used as a substrate

APL = acute promyelocytic leukemia
aMonocytic component is positive, and the staining can be inhibited by sodium fluoride incubation. About 20% of AML-monoblastic can be negative for non-
specific esterase.
bMyeloblasts in AML-erythroid are positive.

★ taBle 37-12 Cytochemical Features of Acute Myelogenous Leukemia (AML) Subgroups

■  FIgure 37-22 Blasts of AML showing a positive spe-
cific esterase stain (red-magenta color in cytoplasm) (bone 
marrow; specific esterase stain; 500*  magnification).

rarely are positive for chloroacetate esterase. The naphthol AS-D 
chloroacetate is less sensitive than MPO and SBB, but positive results 
parallel those seen with the MPO and SBB stains. Therefore, it is use-
ful in differentiating AML from ALL (Table 37-12; Web Table 37-11). 
A combination of chloroacetate esterase and cyanide-resistant peroxi-
dase stains is also helpful in diagnosing acute eosinophilic leukemia, 
which is characteristically negative for chloroacetate esterase and posi-
tive for cyanide-resistant peroxidase.80

A@Naphthyl Esterase (Nonspecific Esterase)
a@Naphthyl esterase activity is found primarily in monocytes and 
macrophages using either a@naphthyl acetate or a@naphthyl butyrate 
as substrate. a@Naphthyl acetate esterase (ANAE) activity is also pres-
ent in plasma cells, megakaryocytes, hairy cells, and T lymphocytes 
(dotlike pattern). Similarly, a@naphthyl butyrate esterase activity is 
also present in megakaryocytes (but less intense than ANAE activity) 
and helper T lymphocytes. The sites of enzyme activity show black 
granulation and are detected by incubating the sample in a@naphthyl 
acetate or butyrate at an alkaline pH (Figure 37-23 ■). The esterase 
activity causes enzymatic hydrolysis of ester linkages to occur and lib-
erates free naphthol compounds. The liberated naphthol immediately 
couples with a diazonium salt (e.g., fast blue RR), forming an insoluble, 
visible pigment at the site of enzyme activity.83

Granulocytes are usually negative but can show occasional 
 activity. In addition, enzyme activity can be detected in the eryth-
roblasts of erythroleukemia and focally in lymphoblasts of ALL. 
a@Naphthyl butyrate exhibits strong activity in the monocytic cells 
(e.g., monoblasts, promonocytes, monocytes) but very weak or absent 
activity in granulocytes, megakaryocytes, and lymphocytes. The com-
bined method for a@naphthyl butyrate esterase and chloroacetate 
esterase provides an objective means for demonstrating monocytes 
and granulocytes simultaneously in cytologic preparations and, thus, 
is useful for differentiating myeloblasts from monoblasts.84,85

a@Naphthyl esterase is useful in diagnosing acute myelo-
monocytic and acute monocytic leukemias (Table  37-12; Web 
Table  37-11).86 To differentiate monocytes from other cells that 
occasionally show positivity, sodium fluoride can be added to the 

useful in differentiating AML from ALL. Because of its fat solubil-
ity, SBB also can stain marrow fat and some cytoplasmic vacuoles of 
Burkitt lymphoma cells.82

Chloroacetate Esterase
Several cytochemical methods are available for specific esterase on 
smears. Chloroacetate esterase (also called specific esterase) activity 
is detected by incubating the sample in naphthol AS-D chloroacetate 
at an acid pH.83 The esterase activity causes enzymatic hydrolysis of 
ester linkages and liberates free naphthol compounds. The liberated 
naphthol immediately couples with a diazonium salt (e.g., fast red vio-
let) forming an insoluble, visible pigment at the site of enzyme activity 
(Figure 37-22 ■). Naphthol AS-D chloroacetate is considered specific 
for the granulocytic series and is present in mast cells. The sites of 
enzyme activity show bright red granulation when fast red violet is 
used. Enzyme activity is weak or absent in monocytes and lympho-
cytes. Neoplastic eosinophils of acute myelomonoblastic leukemia 
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stained with periodic acid-Schiff (PAS). However, the early myeloid 
cells, the erythroid cells, and many of the lymphoid cells are negative 
with PAS. Therefore, PAS positivity in these cells can indicate abnor-
mal glycogen metabolism and can be diagnostically important. The 
use of this stain in diagnosing acute leukemias is summarized in Web 
Table 37-11.

Leukocyte Alkaline Phosphatase
The determination of leukocyte alkaline phosphatase (LAP) 
activity can be used to differentiate chronic myelogenous leukemia 
from leukemoid reaction/reactive neutrophilia.88,89 In this procedure 
freshly prepared peripheral blood smears obtained from finger stick 
capillary blood or samples anticoagulated with heparin are dried for 
at least 1 hour prior to fixation in 60% citrate buffered acetone.88 Fixed 
slides can be stored overnight in the freezer. The smears are incubated 
in naphthol AS-MX phosphate at an alkaline pH. The liberated naph-
thol immediately couples with a diazonium salt (e.g., fast blue RR), 
forming brown to black particles in the cytoplasm of the cells at the 
enzyme sites (Figure 37-25 ■). After counterstaining, the smears are 
evaluated microscopically. Because this enzyme is found within the 
secondary granules of maturing granulocytes, 100 segmented neu-
trophils/bands are counted, and each cell is graded using a scale of 
094+  according to the appearance and intensity of the precipitated 
dye (Table 37-13 ★). The number of cells counted in each grade is 
multiplied by that grade, and the products are summed to obtain a 
total LAP score (Table 37-14 ★). Improperly stored smears and those 
prepared from blood anticoagulated with EDTA can give falsely low 
LAP scores. The range of normal scores is 13–130, although this could 
vary slightly in each laboratory.  The range of possible values is 0–400. 
A score higher than 160 is generally considered increased and lower 
than 13 is considered decreased. The LAP scores can be increased in 
leukemoid reaction (infection, inflammation), polycythemia vera, 
pregnancy, newborns, stress, oral contraceptives, and medications 
(steroids, estrogen, lithium, growth factors). In secondary erythro-
cytosis, idiopathic myelofibrosis, and essential thrombocytosis, the 
enzyme activity is usually normal. LAP scores can be decreased in 
chronic myelocytic leukemia (CML), paroxysmal nocturnal hemoglo-
binuria, immune thrombocytopenia and sometimes  myelodysplasia. 

incubation mixture to inactivate the monocytic enzyme. This is 
referred to as the fluoride inhibition test in which two incubation 
mixtures are prepared, one without fluoride and the other with it. 
Slides are incubated in the incubation mixtures, and the staining pat-
terns of the two slides are compared. The slide stained in the incuba-
tion mixture containing fluoride shows an inhibition of staining in 
monocytes but not in other cell lines.

Periodic Acid-Schiff
Periodic acid oxidizes 1,2-glycol groups to dialdehydes. These alde-
hyde groups combine with Schiff ’s reagent to produce a magenta prod-
uct (Figure 37-24 ■). The stainable compound in the blood cells is 
primarily glycogen. Cellular components containing polysaccharides, 
mucopolysaccharides, and glycoproteins possess the 1,2-glycol groups 
and will be stained.87 Mature granulocytes (the intensity of staining 
increases with maturity), platelets, megakaryocytes, and monocytes are 

■  FIgure 37-23 Blasts of acute monoblastic leuke-
mia showing a positive nonspecific esterase (NSE) stain 
(black granulation) (bone marrow; NSE stain; 1000*  
magnification).

■  FIgure 37-24 PAS stain showing positive reaction 
(red-purple cytoplasm) of erythroblasts in acute erythroid 
leukemia (bone marrow; PAS stain; 400*  magnification).

■  FIgure 37-25 LAP stain showing neutrophil with a 
score of 3+ . Note strong dark colored granulation (periph-
eral blood; LAP stain; 1000*  magnification).
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Cell rating amount Intensity of staining

0 None None

1+ 650% Faint

2+ 50–75% Moderate

3+ 75–100% Strong

4+ 100% Intense

★ taBle 37-13 Leukocyte Alkaline Phosphatase: Cell 
Rating and Staining Characteristics

Cell rating number of Cells Counted laP score

0 45 0

1+ 30 30

2+ 15 30

3+ 5 15

4+ 5 20

Total LAP score 95

★ taBle 37-14 Example of a LAP Score Calculation

A pathology resident is evaluating the peripheral blood 
smear of a 40-year-old female. The resident suspects CML. 
To confirm this suspicion, the resident ordered an LAP 
score. Do you think that the LAP score will be helpful in 
making the correct diagnosis?

checkpoint 37-16

A 30-year-old male presented to the emergency room 
complaining of fatigue, weakness, and gum bleeding. 
The CBC showed anemia, thrombocytopenia, and a WBC 
of 30 * 103/mcL. The peripheral blood smear revealed 
numerous intermediate to large blasts with fine nuclear 
chromatin and abundant cytoplasm. The bone marrow 
biopsy contained 60% blasts. Careful inspection detected 
no Auer rods. Several cytochemical stains were then per-
formed. The blasts failed to stain with myeloperoxidase, 
SBB, and specific esterase; however, the majority of blasts 
reacted intensely with a@naphthyl esterase. Incubation 
with sodium fluoride inhibited the staining seen with 
a@naphthyl esterase. What type of leukemia do you think 
this patient has?

checkpoint 37-17

inhibition (Figure 37-26 ■). Therefore, hairy cell leukemia is said to 
be strongly tartrate-resistant acid phosphatase (TRAP) positive. 
Weak to moderate TRAP positivity occurs in activated lymphocytes 
and Sézary cells, a few cases of chronic lymphocytic leukemia, and 
prolymphocytic leukemia. Mast cells are also TRAP positive, and the 
morphology of abnormal mast cells on tissue sections is similar to 
that of hairy cell leukemia. Therefore, toluidine blue stain is helpful in 
distinguishing mast cells (positive) from hairy cells (negative).

The LAP score for CML patients in blast crisis or with concurrent 
infections can be increased.

■  FIgure 37-26 TRAP stain showing a positive reaction 
of hairy cell (arrow) with acid phosphatase that is resistant 
to tartrate inhibition (reddish granulation) (peripheral 
blood; TRAP stain; 1000*  magnification).

Acid Phosphatase and Tartrate-
Resistant Acid Phosphatase (TRAP)
Acid phosphatase activity is detected by incubating the sample in 
naphthol AS-BI phosphoric acid.90–94 Enzyme activity liberates 
naphthol AS-BI. The liberated naphthol immediately couples with a 
diazonium salt (e.g., fast garnet), forming an insoluble, visible pigment 
at the site of enzyme activity. Acid phosphatase activity is present in 
most normal leukocytes appearing as purplish, dark red intracellular 
granules distributed throughout the cytoplasm. A focal polarized acid 
phosphatase activity pattern is characteristically seen in T-cell ALL.

Seven acid phosphatase isoenzymes (0, 1, 2, 3, 3b, 4, and 5) are 
present in leukocytes. These isoenzymes are cell specific with neu-
trophils containing isoenzymes 2 and 4, lymphocytes and platelets 
isoenzyme 3, blasts isoenzyme 3b, and hairy cells isoenzyme 5. All 
but isoenzyme 5 are sensitive to tartrate inhibition. The hairy cells 
of hairy cell leukemia exhibit acid phosphatase activity but can be 
differentiated from other leukocytes using tartrate inhibition.93,94 
Tartrate inhibits the acid phosphatase activity within normal leuko-
cytes, whereas enzyme activity within hairy cells is resistant to tartrate 

Terminal Deoxynucleotidyl Transferase
Terminal deoxynucleotidyl transferase (TdT) is an intranuclear DNA 
polymerase responsible for the template-independent addition of 
deoxyribonucleotides to the 3′@hydroxyl terminus of oligonucle-
otide primers during immunoglobulin and T-cell receptor gene rear-
rangements. TdT is normally present in thymus lymphocytes, pre-B 
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thiosulfate. The section is counterstained with nuclear fast red and 
examined microscopically. The reticulin fibers appear black. This 
silver staining method is used to examine reticulin fibers that form 
the framework of the bone marrow. In a hypercellular marrow, the 
reticulin becomes more prominent, but its structural framework is 
preserved. Reticulin in myelofibrosis is markedly increased and the 
structural framework is distorted (Figure 37-27 ■).

In the Masson’s trichrome stain, deparaffinized bone marrow 
trephine sections or frozen trephine sections are stained with Wei-
gert’s iron hematoxylin working solution and then incubated in the 
following solutions: Biebrich scarlet-acid fuchsin, phosphomolybdic 
acid, and aniline blue. The slides are examined microscopically; col-
lagen fibers appear blue, nuclei black, and the background red. The 
trichrome stain is used to evaluate collagenous fibrosis within the 
bone marrow. Normally, collagenous fibrosis is focal and  perivascular. 
Increased staining can be observed in myelofibrosis and indicates sig-
nificant fibrosis (Figure 37-28 ■).

lymphocytes (hematogones), and 1–3% of normal bone marrow cells 
(blasts). It is not normally present in peripheral blood lymphocytes 
or lymph node lymphocytes. Because TdT is primarily found in lym-
phoid precursors, its detection is useful in distinguishing ALL from 
malignant lymphoma.95,96 However, a positive TdT result in an acute 
leukemia should be interpreted with caution because TdT has been 
observed in up to 20% of AMLs and specifically in 790% of AML-
minimally differentiated cases. The detection of TdT-positive cells 
within a sample is most often determined by immunophenotyping 
with flow cytometry and fluorescent-tagged monoclonal antibodies 
directed against TdT.  The indirect immunofluorescence technique is 
another method used to detect TdT-positive cells.  This method can 
be advantageous in diagnosing certain neoplasms as the TdT-positive 
cells are observed within the context of the tissue’s architecture (i.e., 
bone marrow or lymph node biopsy).

In the indirect immunofluorescence technique for detection of 
TdT, rabbit anti-calf TdT is applied to the sample (e.g., bone marrow 
aspirate smear).97 If the cells’ nuclei contain TdT, this antibody binds 
to it, creating an antibody–antigen complex. Excess anti-calf TdT 
is washed away. A secondary antibody, fluorescein isothio cyanate-
conjugated goat anti-rabbit IgG antiserum, is used to identify the 
antibody–antigen complex. The nucleus of cells containing TdT 
fluoresce.

A pathologist is reviewing the slides from the pleural fluid 
of a 50-year-old male who has hepatosplenomegaly and 
minimal lymphadenopathy. It is not clear whether the 
mononuclear cells are mature lymphoma cells or leukemic 
blasts. There is not enough material for flow cytometry 
to do immunophenotyping, but there is enough to make 
a few extra cytospin smears. Which stain do you think 
would be useful in this case?

checkpoint 37-18

■  FIgure 37-28 Bone marrow biopsy stained with Mas-
son’s trichrome stain showing collagenous fibrosis (fibers 
are stained light blue) in a patient with myelofibrosis (bone 
marrow; paraffin section, Masson’s Trichrome stain, 400*  
magnification)

■  FIgure 37-27 Bone marrow biopsy stained with 
reticulin stain showing fibrosis (black fibers) in a patient 
with myelofibrosis (bone marrow; paraffin section, reticulin 
stain; 200*  magnification).

Toluidine Blue
Toluidine blue is a basic dye that reacts with acid mucopolysaccha-
rides to form red to purple metachromatic granules. Bone marrow tre-
phine sections are stained with 0.1% toluidine blue in ethanol and then 
examined microscopically. A positive reaction is specific for basophils 
and mast cells. This stain is useful in diagnosing mast cell disease and 
rare cases of AML with basophilic differentiation.85,98,99 Because acid 
mucopolysaccharides can be decreased or absent in neoplastic disor-
ders, a negative reaction does not rule out a neoplasm of these cells.

Reticulin Stain and Masson’s Trichrome Stain
The reticulin and trichrome stains are used to evaluate the presence 
and extent of fibrosis within the bone marrow. In the Gomori methe-
namine silver staining method, deparaffinized bone marrow trephine 
sections are incubated in the following solutions: 0.5% periodic acid, 
methenamine silver working solution (contains methenamine, sil-
ver nitrate, and sodium borate), 0.2% gold chloride, and 3% sodium 
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Summary
This chapter reviewed the routine and reflex tests performed 
within the hematology laboratory. The accuracy and reliability 
of the results depend on the laboratory professional’s knowl-
edge of each procedure, which is necessary to understand the 
appropriate use, troubleshoot potential sources of error, iden-
tify other problems in performing the test, and understand the 
meaning of test results. Although the majority of the routine 

hematology tests are performed by automated instrumentation, 
the basic principles, applications, and potential sources of error 
hold true for the automated adaptation of each procedure. The 
results obtained from the routine and reflex test procedures are 
utilized in diagnosing, prognosing, and therapeutic monitoring 
a variety of disorders including anemias, leukemias, infections, 
and inherited leukocyte disorders.

Review Questions
Level i

 1. What is the appropriate sequence to fill sample collection 
tubes according to the color of each top? (Objective 6)

 A. red, lavender, blue, green

 B. lavender, blue, red, green

 C. blue, red, green, lavender

 D. red, blue, lavender, green

 2. The function of a microscope’s condenser is to: (Objective 8)

 A. magnify the light beam before striking the sample

 B. collect the diffracted light from the sample

 C. direct the light beam onto the sample

 D. project diffracted light to the objective

 3. A manual leukocyte count was performed on an EDTA-
anticoagulated sample. The sample was diluted 1/20, and 
a total of 165 leukocytes were counted in the four cor-
ner squares of the hemacytometer. What is the leukocyte 
count? (Objective 19)

 A. 1.3 * 103/mcL

 B. 3.3 * 103/mcL

 C. 4.1 * 103/mcL

 D. 8.3 * 103/mcL

 4. Any turbidity in a peripheral blood sample results in a 
falsely elevated hemoglobin determination. Which of the 
following is a potential source of turbidity? (Objective 19)

 A. lipemia

 B. leukocyte count = 18.0 * 109/L

 C. increased levels of carboxyhemoglobin

 D. presence of hemoglobin F

 5. Which of the following is not a condition associated with 
an elevated ESR? (Objective 19)

 A. rheumatoid arthritis

 B. polycythemia vera

 C. multiple myeloma

 D. osteomyelitis

 6. Which of the following is observed if a purple top collec-
tion tube is underfilled? (Objective 6)

 A. falsely elevated erythrocyte count

 B. falsely decreased microhematocrit

 C. falsely elevated platelet count

 D. falsely decreased hemoglobin

 7. In performing a reticulocyte count, the laboratory profes-
sional observes suspicious light bluish-green bodies at the 
periphery of some erythrocytes. What is the appropriate 
course of action? (Objective 19)

 A. These bodies are aggregated reticulum, and eryth-
rocytes containing them should be tabulated as 
reticulocytes.

 B. These bodies contain iron and should be confirmed 
using the Prussian blue stain.

 C. These bodies are aggregated DNA, and erythro-
cytes containing them should not be tabulated as 
reticulocytes.

 D. These bodies are denatured hemoglobin, and eryth-
rocytes containing them should not be tabulated as 
reticulocytes.
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 8. The laboratory is experiencing problems with the air con-
ditioning system and is unusually warm. The effect of this 
temperature change on the ESRs performed during this 
time period is that they: (Objective 19)

 A. will be falsely elevated because higher temperature 
promotes sedimentation

 B. will be falsely decreased because erythrocytes will 
have a higher z potential

 C. will be unaffected because erythrocyte sedimentation 
does not depend on temperature

 D. will be falsely elevated because erythrocytes will 
become swollen

 9. When examining an acid elution test for hemoglobin F, 
the laboratory professional observed uniformly stained 
erythrocytes on the control slide (mixture of adult eryth-
rocytes and cord cells) and on the patient’s slide. What is 
the source of this error? (Objective 19)

 A. fixative

 B. stain

 C. elution buffer

 D. counterstain

 10. Alkaline hemoglobin electrophoresis reveals a band of 
hemoglobin with HbC mobility. Citrate agar electrophore-
sis does not show an HbC band. The most likely explana-
tion is that the: (Objective 19)

 A. abnormal hemoglobin can be HbE or HbOArab

 B. citrate agar electrophoresis result is erroneous

 C. abnormal hemoglobin can be hbg or hbd

 D. alkaline hemoglobin electrophoresis is not reliable

Level ii

 1. A laboratory professional experiences difficulty identifying 
platelets using phase microscopy. What should be done to 
improve this? (Objective 2)

 A. lower the condenser to increase the depth of field

 B. align the annulus with the phase-shifting element

 C. perform Koehler illumination with the 100*  objective

 D. decrease the brightness dial to increase resolution

 2. An EDTA-anticoagulated blood sample was diluted 1/100 
for a manual platelet count. A total of 526 platelets were 
counted in the center square on one side of the hemacy-
tometer. Which of the following clinical conditions is asso-
ciated with this result? (Objective 7)

 A. immune thrombocytopenia

 B. megaloblastic anemia

 C. acute leukemia

 D. iron-deficiency anemia

 3. If the solubility test for hemoglobin S is positive, the appro-
priate reflex test is: (Objective 6)

 A. alkaline hemoglobin electrophoresis

 B. hemoglobin A2 by column chromatography

 C. isoelectric focusing with polyacrylamide gel

 D. hemoglobin F determination by acid elution

 4. While evaluating the erythrocyte morphology on a Wright-
stained peripheral blood smear, the laboratory professional 
observed many crenated erythrocytes. What corrective 
action will minimize the presence of these cells? (Objective 4)

 A. Allow the sample to stabilize for at least 4 hours and 
then prepare the blood smear.

 B. Dry the blood smear quickly after its preparation.

 C. Increase the spreader speed to prepare the blood smear.

 D. No corrective action is available.

 5. A laboratory professional noted that a patient’s plate-
let count was significantly decreased. In examining the 
patient’s blood smear, platelets appeared to adhere to the 
neutrophils. How would you obtain an accurate platelet 
count? (Objective 4)

 A. Recollect the sample in citrate and reanalyze the 
platelet count.

 B. Allow the sample to set at 25°C for 5 hours and reana-
lyze the platelet count.

 C. Warm the sample at 37°C for 15 minutes and reana-
lyze the platelet count.

 D. No corrective action is available.

 6. Which screening test can be used if a diagnosis of PCH is 
suspected? (Objective 6)

 A. alkaline hemoglobin electrophoresis

 B. Donath-Landsteiner test

 C. Coomb’s denaturation test

 D. acid elution test

 7. A patient had the following results:

RBC 2.90 * 106/mcL MCV 76 fL
Hb 6.2 g/dL MCH 21 pg
Hct 22.0% MCHC 28 g/dL
Serum iron 45 mcg/dL
sTfR 28.5 nmol/L

With what type of anemia are these results associated? 
(Objective 7)

 A. iron-deficiency anemia

 B. b thalassemia minor

 C. anemia of chronic disease

 D. sideroblastic anemia
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 10. A patient’s CBC and peripheral blood smear examination 
suggests a diagnosis of CML. The physician orders an LAP 
score to be performed on the current hematology sample 
(lavender top tube). What should the laboratory profes-
sional tell the physician? (Objective 6)

 A. The current hematology sample is acceptable, and the 
procedure will be completed today.

 B. The current hematology sample is unacceptable 
because it would result in a falsely decreased LAP 
score. A new sample must be collected using heparin.

 C. The current hematology sample is unacceptable 
because it would result in a falsely elevated LAP 
score. A blood smear should be obtained by capillary 
puncture.

 D. The current hematology sample is acceptable; how-
ever, the LAP score needs to be corrected for the dilu-
tional effect of the anticoagulant.

 8. In performing a reticulocyte count, the laboratory profes-
sional observes erythrocyte inclusions suggesting dena-
tured hemoglobin. What is the best stain to confirm the 
identity of these inclusions? (Objective 6)

 A. crystal violet stain

 B. Wright’s stain

 C. brilliant green stain

 D. methyl violet stain

 9. You are performing several cytochemical stains on a bone 
marrow sample from a patient recently diagnosed with 
acute leukemia. You are examining the MPO slide, and 
the blasts are negative. However, the reagent is nearing 
its expiration date, and you question whether the stain 
worked properly. Which cells found in the bone marrow 
normally express myeloperoxidase and could be used to 
assess the stain’s integrity? (Objective 6)

 A. neutrophils

 B. red cell precursors

 C. megakaryocytes

 D. lymphocytes

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the sites for obtaining bone marrow samples.
 2. List indications for the need to perform bone marrow studies.
 3. Explain the difference between core biopsy and bone marrow aspirate 

and the use of each.
 4. Describe how to perform a bone marrow differential count.
 5. Define myeloid-to-erythroid (M:E) ratio and explain what can cause 

an increase or decrease in the ratio.
 6. Give the expected bone marrow cellularity for infants, adults, 

and older adults.
 7. Describe how to estimate bone marrow cellularity and iron stores 

and to interpret results.
 8. Explain the role of the hematology laboratory in bone marrow 

evaluation.
 9. List the reasons that special stains are used on bone marrow 

specimens.

Objectives—Level II
Upon completion of this unit of study, the student should be able to:
 1. Differentiate benign lymphoid aggregates and malignant lymphoma.
 2. Evaluate the bone marrow specimen and select the appropriate 

 specimens for ancillary studies.
 3. Perform a bone marrow differential count and calculate and interpret 

the myeloid-to-erythroid (M:E) ratio.
 4. Estimate and interpret bone marrow cellularity.
 5. Correlate results of marrow iron stores with various diseases.
 6. Describe the role of the clinical laboratory professional in the bone 

marrow procedure.
 7. Identify key features of a bone marrow report.
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OvErviEw
Bone marrow examination can be necessary to diagnose, make a 
prognosis, and/or evaluate therapeutic response for a variety of 
hematologic and nonhematologic problems. The clinical laboratory 
professional is responsible for preparing the specimen and perform-
ing the preliminary examination of the bone marrow sample. This 
chapter discusses the indications for performing a bone marrow pro-
cedure as well as the preparation and evaluation of a bone marrow 
specimen. Emphasis is on processing and preparing the specimen for 
morphologic study. The evaluation and interpretation of bone mar-
row findings are discussed. Specimen requirements and indications 
for ancillary studies also are included. The content of the bone marrow 
report is described.

Key Terms
Dry tap
Granulomatous
Hematogone

We will refer to this case study throughout the chapter.

Robert, a 32-year-old male, visited his primary care phy-
sician with complaints of weakness and fatigue. He had 
been in good health until 2 months ago when he noted 
he was becoming increasingly tired after usual daily work 
activity. Physical examination reveals no lymphadenopathy, 
hepatomegaly, or splenomegaly. CBC shows the following:

With these results, consider additional tests that should 
be done and a possible diagnosis.

CAsE stuDY

RBC 3.0 * 1012/L (3.0 * 106/mcL)
Hb 90 g/L (9 g/L)
Hct 0.27 L/L (27%)
WBC 2.0 * 109/L (2.0 * 103/mcL)
Platelet count 30 * 109/L (30 * 103/mcL)

intrODuCtiOn
Hematopoiesis begins in the yolk sac as early as 19 days gestation. At 
about the third month of fetal life, the liver becomes the chief site of 
hematopoiesis. (To a lesser extent, hematopoiesis occurs in the spleen, 
kidney, thymus, and lymph nodes.) In the third trimester, after birth, 
and throughout adult life, the bone marrow is the primary source of 
hematopoiesis (Chapters 3, 4).

Bone marrow, the hematopoietic compartment of bone, is a 
highly vascularized loose connective tissue located between the 
 trabeculae of spongy bone. It has a volume of 30–50 mL/kg of body 
weight. The marrow is composed of two major compartments, hema-
topoietic and vascular. The hematopoietic compartment includes both 
hematopoietic cells and stromal cells (supporting cells). It is composed 
of hematopoietically active red marrow (erythroid and myeloid cells) 
and hematopoietically inactive yellow marrow. The yellow  marrow 
occupies the central cavity and is composed of adipocytes. The 
 vascular compartment of the bone marrow is composed of the nutrient 
artery, vein, arterioles, and sinuses (Figure 3-3).

inDiCAtiOns fOr BOnE mArrOw  
EvAluAtiOn
A primary objective of a bone marrow examination is to assess the 
quantity and development of hematopoietic cells. Bone marrow evalu-
ation is necessary for diagnosing, managing, making prognoses, and 
following up a variety of hematologic and nonhematologic disorders 
(Table 38-1 ★). Because the cells in the peripheral blood often reflect 
changes in the bone marrow, the bone marrow should always be evalu-
ated in conjunction with the results of the peripheral blood count and 
smear review1 (Chapter 10).Thrombocytopenia, coagulation factor 
deficiency, or anticoagulant therapy are not contraindications for the 
bone marrow procedure. However, a bone marrow biopsy should not 
be performed when a bone marrow procedure will not be useful in 
diagnosing or evaluating the patient’s condition.

Background Basics
The information in this chapter builds on concepts from previous 
chapters. To maximize your learning experience, you should review 
these concepts before beginning this chapter:

level i
• review the development and differentiation of hematopoietic 

cells. (Chapter 4)
• describe the structure and function of the bone marrow. 

(Chapter 3)
• describe normal erythropoiesis and leukopoiesis. 

( Chapters 4, 5, 7–9)

level ii
• Identify the changes in hematopoiesis that lead to bone marrow 

hyperplasia or hypoplasia. (Chapter 3)

Immunohistochemical stain
Ring sideroblast
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BOnE mArrOw PrOCEDurE
Sites of hematopoiesis differ by age. At birth, hematopoietic red mar-
row fills all bone cavities. With age, adipose tissue (fat) replaces hema-
topoietic tissue in some bones. By adolescence, hematopoietic marrow 
is only in centrally located bones including the skull, scapulae, ribs, 
sternum, clavicles, vertebrae, and the proximal ends of the long bones 
of the arms and legs. In certain disease states when there is a chronic 
increased demand for blood cells (e.g., thalassemia, sickle cell anemia), 
red marrow in the adult can extend into the long bones. Cellularity 
within red marrow decreases with age. At birth, red marrow is about 
90% cellular and decreases to about 50% cellularity in an elderly adult. 
This change in sites of hematopoiesis and cellularity has implications 

Purpose Condition

Primary diagnosis of hematopoietic and  lymphoid malignancies Acute leukemias

Chronic myeloproliferative disorders

Chronic lymphoproliferative disorders

Myelodysplastic syndromes

Hodgkin’s and non-Hodgkin’s lymphomas

Plasma cell neoplasms

Staging of lymphoid malignancies and solid tumors Lymphomas

Post-treatment follow-up After chemotherapy and radiation therapy for neoplasms

After stem cell transplant

Detection of infection and/or source of fever of unknown origin Mycobacterium and fungal infections

Granulomas

Unknown infectious agents using cultures and special stains

Hemophagocytic syndrome

Primary diagnosis of systemic diseases metabolic disorders (e.g., gaucher’s disease)

Systemic mastocytosis

Miscellaneous Evaluation of storage iron

Evaluation of unexplained cytopenias

★ tABlE 38-1 Conditions for Which a Bone Marrow Evaluation Is Indicated

Review of the peripheral blood smear confirms the pres-
ence of thrombocytopenia. Red cells are normochromic 
and normocytic with no increase in polychromatophilic 
erythrocytes. A few teardrop cells are present. White 
blood cells show a left shift but no toxic granulation or 
Döhle bodies. No circulating blasts are seen.

Robert denies any history of alcohol abuse. The test 
for HIV is negative, and he is not on any medications. 
Vitamin B12 and folic acid levels are normal.

1. Is a bone marrow evaluation indicated in this patient? 
Why or why not?

CAsE stuDY (continued from page 816)
for where to sample the bone marrow and how to interpret cellularity. 
Most marrow specimens are taken from the posterior superior iliac 
crest after adolescence (Figure 38-1 ■), although the sternum and 
anterior iliac crest are occasionally used in adult patients. The antero-
medial surface of the tibia is sometimes used in children 62 years of 
age. The spines of the lumbar vertebral bodies L1 and L2  occasionally 
are used in older children. The composition of marrow obtained from 
different sites has been shown to be similar (i.e., the proportion of 
 different cells at different sites is similar).

A bone marrow aspirate removes marrow fluid and cells from the 
marrow cavity of an appropriate source (see above). A bone marrow 
biopsy removes a plug of tissue containing bone and associated  marrow, 
preserving (if done correctly) the three-dimensional architecture of 
the tissue. The bone marrow aspirates and biopsies are obtained using 
 disposable needles that are modifications of the needle first introduced 
by Jamshidi.2 A sterile technique is always used. The skin over the biopsy 
site is first cleaned with a disinfectant solution, and then 1–2% lidocaine 
(local anesthetic) is infiltrated into the skin, subcutaneous tissue, and 
periosteum. Some patients require additional sedation with intrave-
nous or intramuscular medications. A small skin incision is made with 
a blade to facilitate needle penetration. It is recommended to perform 
the biopsy first and then the aspiration to avoid distorting the marrow 
architecture in the biopsy specimen. However, because the aspirate 
can clot if the biopsy is done first, some institutions prefer performing 
the aspirate first. If the aspiration is done first, it is recommended that 
the biopsy be performed at a different site on the periosteal surface.3 
In adults, a trephine core biopsy commonly uses an 11-gauge cutting 
needle to obtain a core of marrow tissue. This is followed by aspiration 
of about 2 mL of marrow using an 18-gauge needle.
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BOnE mArrOw PrOCEssing 
fOr ExAminAtiOn
A laboratory professional with experience in bone marrow prepa-
ration accompanies the physician, who performs the bone marrow 
aspirate and biopsy. The laboratory professional is responsible for 
assessing and processing the specimen so that it can be examined.

Bone Marrow Aspirate Smears, Particle 
Preparation, and Clot Sections
One of the laboratory professional’s responsibilities is to determine the 
adequacy of samples. Approximately 1.0–1.5 mL of aspirate is needed 
to evaluate bone marrow morphology. Although each laboratory has 
its own preferences for processing the aspirate, a commonly used pro-
cedure is described here. Depending on the clinical setting, additional 
aspirate can be obtained for cytogenetics, flow cytometry, molecular 
studies, and cultures.

A small amount (about 0.5 mL) of the aspirate is placed on 
a glass slide and examined to determine whether bone marrow is 
present in the sample (sometimes it is blood rather than marrow). 
The presence of particles consisting of fat, granules, and/or small 
pieces of bone in the aspirate sample that are visible on the slide is 
evidence that the bone marrow cavity was entered and that marrow 
was effectively aspirated.3 The laboratory professional immediately 
communicates the adequacy of the bone marrow aspirate to the 
physician. Bone marrow occasionally cannot be aspirated, result-
ing in a dry tap. This can be caused by inadequate technique or, 
more commonly, alterations in the bone marrow architecture such as 
extensive fibrosis (e.g., hairy cell leukemia, primary myelofibrosis) or 
very increased cellularity (e.g., leukemia). In these cases, bone mar-
row biopsy is especially important.

Direct smears of bone marrow aspirate are prepared at the 
 bedside using a technique similar to that for preparing peripheral 
blood smears.4 Organization of supplies and speed in making these 
smears is essential because the aspirate clots quickly. Bone marrow 
particle crush smears can be prepared by pouring a small amount of 
marrow aspirate onto a watch glass. Using a glass pipette, the  marrow 
particles are transferred onto several glass slides. A second slide is 
placed gently on top of the slide with the drop containing the  particles. 
The top slide is pulled apart to evenly distribute the marrow particles. 
Some laboratories mix a portion of the marrow aspirate with ethyl-
enediaminetetraacetic acid (EDTA). This anticoagulated marrow is 
placed in a Wintrobe tube and centrifuged. The marrow is separated 
into four layers: fat and perivascular cells, plasma, buffy coat (contain-
ing myeloid cells), and red cells. The ratio between the fat/perivascular 
and the erythroid/myeloid layers reflects the overall marrow cellu-
larity. Concentrate smears can be prepared from the buffy coat. The 
direct, concentrate, and particle crush smears are stained with Wright’s 
stain. The clinical laboratory professional usually prepares several 
additional aspirate smears for special stains that can be necessary for 
classifying the acute leukemias and myelodysplastic syndromes and 
evaluating storage iron. The remaining bone marrow particles can be 
used for histologic evaluation.

For histologic evaluation, tissue particles admixed with blood 
can be left to clot and then fixed in 10% buffered formalin or 
B-5 (a fixative containing mercury) and processed for histologic 

Complications of bone marrow biopsy and aspiration are rare, 
especially when performed by experienced practitioners. The most 
common complications are pain, localized bleeding, and wound infec-
tion. Most patients experience some discomfort during the aspiration 
procedure even with adequate infiltration of local anesthetic. If not 
carefully performed, it is possible to go through the entire thickness of 
the bone and damage the underlying tissues. This risk is higher with a 
sternal aspiration. After the biopsy procedure, the patient is advised to 
lie on the biopsy site. The site should be reevaluated in 15–30 minutes 
for any bleeding or oozing. In thrombocytopenic patients, applying 
pressure at the biopsy site and having the patients lie on their back for 
20–30 minutes can control local bleeding  Correcting severe coagu-
lation factor deficiencies before the procedure is indicated in hemo-
philiacs because they can experience intense local bleeding.

A 25-year-old male was recently diagnosed with acute 
lymphocytic leukemia (ALL) and received chemotherapy. 
It is 21 days after the chemotherapy. A bone marrow 
biopsy has been scheduled to determine whether residual 
leukemia is present. His platelet count is 10 * 109/L. 
Does this patient have a significant risk of bleeding? Is it 
necessary to cancel the procedure until the platelet count 
is 750 * 109/L (50 * 103/mcL)?

CheCkpoint 38-1

■  figurE 38-1 Sites used for aspiration and biopsy 
of bone marrow.

Sternum

Anterior
superior

iliac crest
Posterior
superior
iliac crest

Spinal
processes
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surface of tibia
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destroyed due to squashing or stripping of their cytoplasm by fibrin 
threads should be avoided. These areas are characterized by the pres-
ence of bare nuclei.

Bone marrow cellularity is determined by estimating the  percent 
of bone marrow space occupied by hematopoietic tissue. The refer-
ence range decreases with age; infants have the highest cellularity 
(90%) and older adults the lowest. While scanning for cellularity, the 
number and the distribution of the megakaryocytes are usually noted. 
Megakaryocytes are usually adjacent to a spicule, a fragment of spongy 
bone along which hematopoietic cells cluster and mature. An optimal 
aspirate has some spicules present, and most particles should contain 
at least one megakaryocyte. Direct smears should contain 5–10 mega-
karyocytes in the readable portion of the slide, and concentrate smears 
should contain numerous megakaryocytes.3

After the initial scan at 100*  magnification, the details of 
nuclear and cytoplasmic maturation are evaluated at higher magni-
fication (500*  or 1000* ). Evaluation of maturation is an important 
step when reviewing the marrow aspirate. Abnormal maturation can 
be seen in any of the three cell lineages. For example, abnormal mat-
uration is a diagnostic criterion in the myelodysplastic syndromes 
(MDS). Abnormalities of the red cell precursors in MDS include 
multinucleation and nuclear/cytoplasmic asynchrony (nuclear mat-
uration is delayed compared to cytoplasmic maturation). Myeloid 
precursors can show abnormal granule development, and mega-
karyocytes can reveal hypolobulation of the nucleus. Abnormali-
ties in bone marrow that are characteristic of a specific pathology 
are discussed in Chapters 11–20 (anemias) and 23–28 (neoplastic 
disorders).

Bone marrow Differential Count
A 500–1000 cell differential (a 500-cell differential can be performed 
on each of two slides) is usually performed by an experienced clini-
cal laboratory professional or pathologist using 1000*  magnification 
on the direct smear or the crush particle preparation (the morphol-
ogy is better preserved on these preparations).3 The concentrate and/
or touch imprint is a useful source when the bone marrow is very 
hypocellular or an aspirate could not be obtained (dry tap); however, 

sectioning (clot  sections). However, better results are obtained if the 
blood and particles are placed in an EDTA tube and mixed before 
clotting begins. The blood and particles are filtered through histowrap 
filter paper, and the concentrated particles on the paper are fixed in 
10% buffered formalin. In the histology laboratory, the particles left on 
paper are collected and embedded in paraffin for further processing 
(particle preparation).5 Sections are made of the paraffin-embedded 
clot section or particle preparation and stained with hematoxylin and 
eosin (H&E).

Touch Imprints and Core Biopsy
Immediately after obtaining the bone marrow core biopsy, touch 
imprints of the biopsy can be made by gently touching or rolling the 
tissue several times on 2–4 glass slides. Some cells from the core speci-
men stick to the slide. Some of these slides are stained with Wright’s 
stain, and the rest can be used for special stains in case a good aspirate 
is not available. After making the touch preparations, the core biopsy 
specimen is immediately immersed in 10% buffered formalin fixa-
tive. The fixed trephine core biopsy undergoes histologic processing 
including decalcifying, dehydrating, embedding in paraffin blocks, 
sectioning of 2- to 3@mcM (mm) thickness, and histologic staining 
with H&E. Some laboratories prefer to fix bone marrow particles, 
clot, and core biopsy in B-5 first followed by 10% buffered formalin 
fixative. Although samples fixed in B-5 fixative have better morpho-
logic sections than 10% formalin, B-5 fixative contains mercury and is 
environmentally unfriendly, and its disposal is difficult.

Trephine core biopsies are performed for primary diagnosis as 
well as for disease staging purposes. When performed for clinical stag-
ing of lymphoma, multiple myeloma, and carcinoma, bilateral biopsies 
are recommended.

mOrPhOlOgiC intErPrEtAtiOn 
Of BOnE mArrOw
The morphologic review of bone marrow includes cytologic assess-
ment of hematopoietic cells on the aspirate smear as well as histologic 
assessment of the clot, particle preparation, touch imprint, and core 
biopsy. Review of these preparations provides a wealth of information 
about hematopoiesis, including an estimation of cellularity, details of 
cell morphology, estimation of the quantity of iron and its distribution, 
and presence of abnormal cells such as tumor cells. It is good practice 
to review the complete blood count (CBC) data and the correspond-
ing peripheral blood smear in conjunction with the bone marrow.1 
The number and appearance of the blood cells guide the morphologist 
to a differential diagnosis.

Bone Marrow Aspirate
Cellular morphology is best appreciated on well-stained aspirate 
smears. Thus, the aspirate smear is used to evaluate the number, 
 morphology, and maturation process of erythroid and myeloid 
 precursors and megakaryocytes (Figure 38-2 ■).

The bone marrow aspirate smears are scanned at 100*  magnifi-
cation to determine cellularity and to select a suitable area for exam-
ining and performing the differential count. Optimal areas are where 
the cells are spread out and intact. Areas where the marrow cells are 

■  figurE 38-2 Bone marrow aspirate smear showing 
normal maturing trilineage hematopoiesis (bone marrow, 
Wright-Giemsa stain, 200*  magnification).
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introduce  significant variation in the differential count on different 
samples from the same patient.

Megakaryocytes are not included in the differential count but are 
evaluated by scanning the smear at 100* . Megakaryocytes are not 
evenly distributed in the marrow and on the aspirate smear are typi-
cally adjacent to a spicule.

Cells not normally found in the peripheral blood, including 
 macrophages, mast cells, osteoblasts, and osteoclasts, can be found in 
the bone marrow. However, these cells are not part of the bone marrow 
differential count. (These cells are described in Chapter 3.)

myeloid to Erythroid ratio
When adequate numbers of cells are counted (500–1000) and dif-
ferentiated, the percentage of each category is calculated. The ratio 
between all granulocytes and their precursors and all nucleated red 
cell precursors represents the myeloid:erythroid ratio (M:E ratio). This 
parameter can be used to indicate significant changes in the cellular-
ity of the myeloid and erythroid cells. The M:E ratio should always be 
interpreted in context with the overall cellularity. For instance, a low 
M:E ratio can indicate erythroid hyperplasia or myeloid hypoplasia. 
If it is known, however, that the bone marrow cellularity is increased, 
a low M:E ratio indicates erythroid hyperplasia or ineffective erythro-
poiesis. On the other hand, if the bone marrow cellularity is decreased, 
a low M:E ratio indicates myeloid hypoplasia.

The reference range for the M:E ratio differs, depending on 
whether the segmented neutrophils are included in the counts. If 
they are considered a part of the bone marrow storage pool but 
not included in the count, the M:E reference range is 1.5:1–3:1. If 
 segmented neutrophils are included in the count, the M:E reference 
range is 2:1–4:1.

The granulocytic tissue occupies two to four times more marrow 
space than the erythrocytic precursors because of the shorter survival 
of the granulocytes in the circulation (i.e., neutrophils, 6–10 hours ver-
sus erythrocytes, 120 days). Changes in the survival time of granulo-
cytes and erythrocytes are reflected in changes in the M:E ratio. The 
M:E ratio in hemolytic anemias can be decreased due to erythroid 
hyperplasia. Normal, increased, or decreased M:E ratios are associ-
ated with certain disease entities. For example, patients with chronic 
myelogenous leukemia usually have an increased ratio; in contrast, 
patients with MDS usually have a decreased ratio.

the morphology is not as good as on direct smears and crush particle 
preparations. Overall marrow cellularity can be estimated on the par-
ticle preparation. The greatest mass of the adult marrow is composed 
of granulopoietic and erythropoietic precursors. For the purpose of 
the differential count, these hematopoietic cells are enumerated within 
different categories according to their stage of maturation.

Because the bone marrow composition changes with age, know-
ing the patient’s age when evaluating bone marrow specimens is 
important. In infants during the first month after birth, dramatic alter-
ations occur in the distribution of the different marrow components. 
Myeloid precursors are usually increased at birth followed (within a 
few weeks) by a predominance of lymphoid cells. These lymphoid 
cells are called hematogones and represent normal immature B cells6 
(Fi gure 38-3 ■). Differentiating hematogones from lymphoblasts is 
difficult, both morphologically and phenotypically. Hematogones 
show some immature features such as fine to smudged chromatin 
and a high nuclear-cytoplasmic ratio, but the morphology is vari-
able, reflecting the hematogoines maturation to mature lymphocytes. 
In young children, lymphocytes can represent about one-third of 
 marrow cellularity, which decreases gradually after puberty.

Bone marrow is not as uniformly homogeneous as blood. 
During the bone marrow procedure, the needle can be placed in an 
area that has clusters of erythroid or lymphoid cells. In adult bone 
marrow, lymphocytes are usually present as interstitial infiltrates 
and sometimes form lymphoid follicles, which are collections or 
aggregations of lymphocytes. These lymphocytes can be malignant 
or benign (see the section “Benign Lymphoid Aggregates versus 
Malignant Lymphoma”). Depending on the placement of the bone 
marrow needle, the cells in the follicle can be aspirated. This can give 
an estimate of markedly increased lymphocytes in the marrow and 

■  figurE 38-3 A bone marrow aspirate smear from a 
21-year-old woman following chemotherapy for acute 
lymphoblastic leukemia (ALL). Hematogones typically dis-
play homogenous chromatin with a smudged appearance, 
indistinct nucleoli, and scant cytoplasm (arrows). Many 
hematogones are indistinguishable from ALL blasts, but 
the morphology of hematogones is variable, reflecting the 
maturation of the hematogones toward mature lympho-
cytes (Wright stain, 1000*  magnification).

A 60-year-old male complained to his local physician of 
abdominal fullness. The CBC showed an elevated leuko-
cyte count with absolute neutrophilia and basophilia. The 
peripheral blood smear revealed numerous myelocytes. 
A bone marrow biopsy was performed. The bone marrow 
differential was reported as follows: blasts 1%, myelocytes 
35%, metamyelocytes 20%, bands 10%, segmented neu-
trophils 20%, eosinophils 1%, basophils 3%, pronormo-
blasts 1%, basophilic normoblasts 3%, polychromatophilic 
normoblasts 2%, orthochromatic normoblasts 4%, lym-
phocytes 0%, and monocytes 0%. What is the M:E ratio?

CheCkpoint 38-2
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markers. Immunohistochemical stains use labeled antibodies to iden-
tify  specific markers (antigens) on cells. Thus, a precise diagnosis of the 
origin of a tumor can be made without elaborate, expensive, and more 
invasive techniques. Immunophenotyping by flow cytometry can be 
performed only on fresh unfixed bone marrow samples (aspirate or 
core biopsy); however, immunophenotyping by immunohistochem-
istry is performed on fixed, paraffin-embedded samples.

Molecular studies can be done on marrow specimens to aid in 
diagnosing and managing some diseases. Polymerase chain reaction 
(PCR) can be performed on fresh samples and paraffin-embedded 
formalin fixed marrow biopsies. PCR technology can be used to detect 
B-cell or T-cell gene rearrangements, various leukemias, and minimal 
residual disease and to diagnose infectious diseases (Chapter 42).

A disadvantage of the bone marrow biopsy is that it loses fine 
cellular details in processing; therefore, it is of little value in diagnosing 
leukemias and some refractory anemias. In these situations, the touch 
preparation from the biopsy could supply the missing morphologic 
details.

Bone marrow Cellularity
The overall bone marrow cellularity is estimated by comparing the 
amount of hematopoietic tissue with the amount of adipose (fat) 
 tissue. Fat appears as a clear space in the marrow sample. An easy 
way to determine the normal expected cellularity range in an adult 
is to subtract the patient’s age from 100%{10%. For example, a nor-
mal 70-year-old adult has an overall cellularity between 20% and 
40%. Variation in cellularity within the bone marrow can occur. The 
subcortical and paratrabecular areas are more hypocellular than the 
deeper medullary area, and variability occurs in cellularity within 
the sample itself. For these reasons, estimated cellularity is based on 
an average percentage. If both hypercellular and hypocellular areas 
are present within the medullary area it should be described in the 
report because the average cellularity can be difficult to estimate.

Although cellularity can be estimated on aspirate smears, 
clot sections, and particle preparations, the bone marrow biopsy 
is the optimal sample for this purpose and is typically evaluated at 
10*   magnification. After considering the patient’s age, bone marrow 
cellularity is reported as decreased (less than the expected number of 
hematopoietic cells), normal, or increased (more than the expected 
number of cells). With experience, reproducible and reliable results 
can be achieved when evaluating marrow cellularity (Figure 38-5 ■).

Benign Lymphoid Aggregates versus 
Malignant Lymphoma
Reactive lymphoid aggregates can be seen in the bone marrow biopsy 
of elderly individuals. When one sees these aggregates, distinguish-
ing between reactive (benign) versus lymphoma (malignancy) 
becomes important. Features suggestive of benign aggregates are 
nonparatrabecular, single, small, well-defined, polymorphic popu-
lations of lymphocytes (small and large lymphocytes) with plasma 
cells at the periphery and presence of blood vessels within the aggre-
gate (Figure 38-6 ■). In contrast, lymphoid aggregates in lymphoma 
are typically ill defined, small to large and composed of mono-
morphic cells. The malignant aggregates can be paratrabecular or 
interstial, and can be diffuse or patchy (Figure 38-7 ■). If in doubt, 

Touch Imprints
When the bone marrow is a dry tap secondary to underlying fibrosis 
(e.g., myelofibrosis, hairy cell leukemia) or when the marrow aspirate 
lacks spicules and is hemodiluted, the touch imprints of the bone mar-
row biopsy can be the only source for studying the sample’s cellular 
detail and maturation sequence. Sometimes the touch preparations 
contain enough cells for performing a differential count and cyto-
chemical stains (Figure 38-4 ■).

Bone Marrow Particle Preparation 
and Clot and Core Biopsy
The advantage of the bone marrow biopsy is that it represents a large 
sample of marrow and bone structures in their natural relationship. 
Some marrow particles obtained during the aspiration procedure 
and the biopsy specimen can be processed for histologic examination. 
An adequate bone marrow core biopsy should be 71 cm in adults. 
Clot and particle preparation sections should contain fragments of 
recognizable bone marrow tissue.

In addition to routine hematoxylin and eosin stains, various other 
stains also can be used. An iron stain can be performed to evaluate 
storage iron; however, because of decalcification, the core biopsy 
might not be good for studying iron in marrow. Aspirate smears, 
particle preparations, or clot sections should be used to evaluate iron 
stores. Reticulin and trichrome stains are used to evaluate the presence 
of fibrosis. Identification of a granuloma (a chronic inflammatory 
reaction in which the predominant cell type is an activated macro-
phage with an epithelial-like appearance) can assist in the diagnosis 
of granulomatous diseases including infectious diseases. Other condi-
tions associated with granulomas include lymphoma and malignan-
cies. Many drugs have been implicated in the genesis of granulomas.7 
Acid-fast organisms and fungi in granulomatous diseases can be 
detected quickly with specific stains offering great advantages in 
diagnosing these infections. When metastatic tumors and lympho-
mas are found in the bone marrow, immunohistochemical stains 
can be used on histologic sections to demonstrate specific tumor 

■  figurE 38-4 Touch imprint from a case with ALL 
showing many lymphoblasts. Marrow was inaspirable and 
therefore was not available for the morphologic review. 
Cytochemical stains were performed on these imprints, 
and blasts were negative for all stains. (BM touch imprints, 
Wright-Giemsa stain, 500*  magnification).
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■  figurE 38-5 These bone marrow biopsies are from 40-year-old patients. Shown are 
(a) hypocellular marrow, (b) normocellular marrow, and (c) hypercellular marrow (bone marrow; 
paraffin section, hematoxylin-eosin stain; 100*  magnification).

a b

c

■  figurE 38-6 Bone marrow biopsy showing a well-
circumscribed lymphoid aggregate indicating a benign 
lymphoid aggregate (bone marrow; paraffin section, 
hematoxylin-eosin stain; 100*  magnification).

■  figurE 38-7 Bone marrow biopsy showing two paratra-
becular lymphoid infiltrates suggesting involvement of marrow 
by a follicle center cell lymphoma (Bone marrow; paraffin 
section, hematoxylin-eosin stain; 100*  magnification).
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Evaluating and grading iron stores is subjective; thus, for 
 consistency and precision, some guidelines should be followed such 
as increased storage when clumps of iron are easily seen at 100*  
magnification; a few specks of iron found after looking at sev-
eral microscopic fields at 500*  or 1000*  magnification indicate 
decreased iron storage. When no stainable iron is detected in the 
bone marrow smear or tissue sections, iron is depleted or absent. 
Iron is also stored as intracellular ferritin. All developing normo-
blasts and reticulocytes contain some dispersed ferritin but it may 
not stain with Prussian blue. Small amounts of ferritin enter the 
blood and can be measured as serum ferritin (Chapter  12). The 
amount of circulating ferritin usually parallels the concentration of 
storage iron in the body. Nonspecific increases are associated with 
chronic infection and inflammation, liver disease, and malignancy. 
Thus, serum ferritin is not as accurate an indicator of iron suffi-
ciency as hemosiderin in the presence of these conditions.

use of Bone marrow iron Evaluation
Evaluating marrow iron stores is essential in diagnosing certain ane-
mias, especially in refractory and dyserythropoietic anemias. When 
the morphologic characteristics of iron particles in the histiocytes and 
red cell precursors are an important diagnostic consideration (i.e., the 
presence of ringed sideroblasts), an iron stain can be performed on 
a particle smear. If the overall distribution of the amount of iron is 
of clinical importance (iron deficiency anemia, anemia of chronic 
diseases), histologic sections of bone marrow particles and marrow 
clotted particles are stained for iron.

The determination of bone marrow storage iron is useful in 
classifying anemias associated with defective hemoglobin  synthesis. 
Storage iron is markedly decreased or absent in iron-deficiency 
anemia (Chapter 12). When storage iron is present in the bone mar-
row, anemia cannot be a result of iron deficiency unless the patient 
has been transfused with red cells or treated with iron supplements. 
Iron stores are normal or increased in anemia of chronic disease and 
thalassemias. Iron stores are also increased in sideroblastic anemia. 
The presence of ring sideroblasts is used in making the diagnosis 
of sideroblastic anemia and myelodysplastic syndromes. Ring sid-
eroblasts are defined as erythrocyte precursors that contain at least 
five iron-containing particles, encircling one-third or more of the 
nucleus. This iron is located within the mitochondria that surround 
the nucleus. Ring sideroblasts can also be seen in myeloproliferative 
disorders, megaloblastic anemia, alcoholism, postchemotherapy, and 
some toxic exposures.

immunohistochemical stains and/or PCR can be performed on the 
marrow biopsy specimen to differentiate between benign lymphoid 
aggregates and lymphoma. The presence of an aberrant phenotype or 
clonal B or T cells would favor the diagnosis of lymphoma involving 
the bone marrow.

Bone Marrow Iron Stores
Iron is stored as ferritin (iron complexed with apoferritin protein) and 
hemosiderin in histiocytes (marrow macrophages) and erythroblasts. 
The storage iron in the bone marrow that can be visualized without 
specific iron stains is in the form of hemosiderin. On Wright-Giemsa-
stained smears, hemosiderin appears as brownish blue granules, whereas 
it is golden yellow on unstained smears. To precisely evaluate intracel-
lular storage iron, slides are usually stained with a Prussian blue stain.

Prussian Blue stain for iron
The Prussian blue stain provides the most direct means for assessing 
body iron stores. It is designed to demonstrate the presence of hemo-
siderin in histiocytes, erythroblasts (sideroblasts), and/or erythro-
cytes (siderocytes). EDTA chelation should be used to decalcify the 
bone marrow biopsies if iron studies are being performed. Rapid 
acid decalcifying solutions extract iron; therefore, these specimens 
must not be used.

In the Prussian blue staining procedure, a weak acid solution 
frees the iron from the loose protein bonds present in the hemosid-
erin molecule. This free iron combines with potassium ferrocyanide to 
produce ferric ferrocyanide. Free iron appears greenish-blue.

Histiocytes contain marrow iron that is usually seen as fine cyto-
plasmic granules. Sideroblasts are marrow erythroid precursors that 
contain iron specks (Figure 38-8 ■). Storage iron can be reported as 
absent, decreased, adequate, or increased. Some institutions give a 
numerical value of 0–4 (2 representing adequate iron stores in an adult).

■  figurE 38-8 Bone marrow clot section stained with 
Prussian blue. The bluish granules indicate the presence of 
iron (bone marrow; clot section, Prussian blue stain; 400*  
magnification).

A pathologist is evaluating a bone marrow biopsy from 
a patient suspected of having a myelodysplastic syn-
drome. Evaluation of the peripheral blood reveals both 
hypochromic and normochromic red cells. The bone mar-
row aspirate shows dysplastic (abnormal cell develop-
ment) changes in the red cell precursors. The pathologist 
ordered an iron stain on the particle crush preparation. 
Why is the iron stain useful in this case?

CheCkpoint 38-3
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sPECiAl stuDiEs On BOnE mArrOw
In most cases, a thorough examination of a well-stained bone 
 marrow aspirate smear and core biopsy provides enough informa-
tion to diagnose hematopoietic disorders. However, several ancil-
lary studies can provide additional information that help support 
or  confirm the diagnosis. These studies can also provide prognostic 
information and, in some cases, can predict response to therapy. The 
most commonly used ancillary studies are flow cytometry, conven-
tional cytogenetics, fluorescent in situ hybridization (FISH), molec-
ular genetic studies, and cytochemical stains (Chapters 37, 40–42). 
Triaging the bone marrow samples for these tests depends on what 
clinical answer is being considered and thus can vary case by case. A 
guideline in Table 38-2 ★ can be modified in any lab, depending on 
the need and/or protocols.

Flow Cytometry
Flow cytometry allows the simultaneous analysis of multiple charac-
teristics of cells in suspension as they pass through a laser light beam 
(Chapter 40). The size and internal complexity of the cells can be 
estimated, and with the use of fluorochrome-labeled antibodies, the 
presence of specific cell markers can be determined. Flow cytometry 
has a wide range of uses in evaluating hematologic disorders and is 
commonly used to establish the presence of clonality, diagnose and 
classify malignant lymphomas and leukemias, and detect minimal 
residual disease after chemotherapy. The immunophenotyping of 
peripheral blood, bone marrow, lymph node (and other) tissues, 

and body fluids is performed only on fresh samples (Table 38-3 ★) 
(Chapter 40).

Cytogenetics
Chromosome analysis is frequently used in the study of hematopoi-
etic disorders because certain malignancies have characteristic chro-
mosomal alterations (Chapter 41).  In addition, the presence of some 
specific chromosomal abnormalities has prognostic implications. 
Chromosome analysis is routinely used in the primary diagnosis of 
acute leukemias, malignant lymphomas, MDS, and myeloprolifera-
tive neoplasms (MPNs). Because lymphoma cells are more difficult to 
grow, adequate clinical history needs to be provided when the sample 
is sent to the cytogenetics laboratory to allow the cytogenetic tech-
nologist to make procedural adjustments. Analysis is performed on 
fresh samples (Table 38-3). More recent techniques such as FISH have 
allowed specific cytogenetic questions to be answered more quickly.

Molecular Genetics
Although molecular genetic techniques were initially used in research 
laboratories, they are now performed in clinical laboratories. For 
hematolymphoid disorders, PCR has emerged as the leading adjunc-
tive technology. The PCR method is used to demonstrate cell clonality 
and lineage and to identify specific genetic rearrangements. Addition-
ally, PCR can be used to detect minimal residual disease (Chapter 42). 
Fresh and frozen samples are preferable for PCR; however, samples 
fixed in formalin or embedded in paraffin are acceptable (Table 38-3).

Diagnosis/history flow Cytometry Cytogenetics/fish molecular studies

Acute leukemia (new, follow-up or after stem cell 
transplant)

yes yes Maybea

After stem cell transplant—chimerism studies can 
be performed by PCR

CLL yes yes No

Chronic myeloproliferative neoplasms No yes yes (JAK-2 mutation)

 Polycythemia vera

 Essential thrombocythemia

 Chronic idiopathic myelofibrosis

 CML Nob yes yes (BCR/ABL1 mutation)

CMML yes yes Noc

Myelodysplasia Nob yes No

Multiple myeloma No yes No

Hodgkin’s lymphoma No No No

Non-Hodgkin’s lymphoma yes Maybed Maybed

aMolecular studies are usually not needed (depends upon the subtype of acute leukemia) because most genetic abnormalities seen in acute leukemias can be 
detected by cytogenetics/FISH. However, the distinction between p210 and p190 chimeric protein in all with t(9;22) is made by molecular analysis. Storing cell 
pellet with the possibility of doing the assay if needed is a good idea if there is uncertainty about submitting for molecular studies.
bIf blasts are increased or CML in blast crisis is suspected, send for flow cytometry.
cSome cases of Cmml could need molecular or FISH studies (for example, if there is suspicion of t(5;12) and the cytogenetics are normal).
dWhen suspecting certain lymphomas (for example, Mantle cell, Burkitt/Burkitt-like versus large cell lymphomas or anaplastic large cell lymphoma), send the sample 
for cytogenetics and/or FISH. when suspecting follicle center cell lymphoma, send it to molecular lab for PCr or FISH for Bcl-2 rearrangement.
This table can be modified in any lab, depending on the need and/or protocols.

PCR = polymerase chain reaction; CLL = chronic lymphocytic leukemia; CML = chronic myelogenous leukemia; BCR/ABL1 = fusion gene located in the Philadelphia 
(Ph) chromosome (#22);  JAK@2 = Janus kinase 2; CMML = chronic myelomonocytic leukemia; FISH = fluorescence in situ hybridization; ALL = acute lymphocytic 
leukemia.

★ tABlE 38-2 Triaging Bone Marrow Samples for Ancillary Studies
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smear is preferred for the myeloperoxidase (MPO) stain ( Chapter 37). 
(Many laboratories no longer do cytochemical stains but identify cells 
using flow cytometry.)

BOnE mArrOw rEPOrt
The bone marrow report must contain all relevant information and 
optimally is composed of two components: clinical information 
and morphologic interpretation. The clinician should provide the 
patient’s biographic data, clinical differential diagnosis, and relevant 
 therapeutic information. The morphology and interpretation by the 
pathologist and laboratory professional must include site of sampling 
(e.g., sternum), types of sample obtained, differential counts from both 
peripheral blood and bone marrow, and morphologic abnormalities in 
any cell lineages in the patient’s peripheral blood or bone marrow. The 
results must be interpreted in conjunction with any additional studies 
(special stains, flow cytometry, cytogenetics, molecular studies). If the 
additional studies are significant in establishing the diagnosis but are 
unavailable when the bone marrow report is written, an addendum 
report should mention the significance of these studies. The compari-
son of the current marrow specimen to the previous tissue samples 
(marrow or other nonmarrow biopsies) is essential in some situations.

Finally, the pathologist should render a diagnostic interpretation 
within a reasonable period of time. For example, if 50% blasts were 
present in the blood or the bone marrow, it is reasonable to call the 
clinician about the preliminary diagnosis of acute leukemia. However, 
the final diagnosis can be made only after the special stains and flow 
cytometry studies have been completed. Comments, if needed, should 
be concise and relevant to the case and can include a recommendation 
for additional tests and a possible differential diagnosis.

Cytochemical Stains
In hematology, cytochemistry refers to staining cells in vitro to 
allow microscopic examination of the cells’ chemical composition. 
Cells of different lineages have different cytochemical composi-
tions. The staining process does not significantly alter cell morphol-
ogy. Cytochemical stains are usually performed on specimens from 
patients who have a neoplasm of hematopoietic cells. These stains help 
differentiate the lineage of immature cells so that an accurate diagnosis 
of the neoplasm type can be made. (Staining procedures and results for 
cell lineages are described in Chapter 37; see Table 37-12.)

Smears are usually made from peripheral blood and bone 
 marrow. Although the bone marrow aspirate is usually used to make 
smears for cytochemical stains, the touch imprints from the biopsy 
can be used if the aspirate is insufficient. The smears are incubated 
with substrates that react with specific cellular constituents (organelle- 
associated enzymes, carbohydrates, and proteins). If the specific con-
stituent is present in the cell, its reaction with the substrate is confirmed 
by the formation of a colored product within the cell. The stained 
slides are evaluated with an ordinary light microscope. Most stains 
can be performed on air-dried smears. All cytochemical stains should 
be performed on recently prepared slides. Some cellular constituents 
are sensitive to heat, light, storage, and processing technique. If stains 
cannot be performed in a timely fashion, the unstained smears can 
be protected from light and stored in a refrigerator. However, a fresh 

specimen flow Cytometry Cytogenetics molecular studies

Blood 5 mL in EDTA, heparin sodium, or ACD 5 mL preferably in heparin sodium 1–3 mL in EDTA

Bone marrow 1 mL in EDTA, heparin sodium, or ACD 1–3 ml preferably in heparin sodium; 
bone marrow preferable over blood

1–3 mL in EDTA (preferable over heparin)

Fluids As much as possible, anticoagulated 
if  contaminated with blood

As much as possible, anticoagulated 
if contaminated with blood

5–10 mL

Tissue 0.5 cm2 fresh in transport media or saline 1 cm2 fresh in transport media 395 mm2 fresh or frozen; fixed specimens 
good for PCR analysis

All specimens: 
transport and 
storage

Should be kept at room temperature and  analyzed 
within 24 hours; up to 72 hours is acceptable in 
some cases; should be refrigerated if analysis 
will not occur within 24 hours; frozen or fixed 
 specimens unacceptable

Should be kept at RT and transported 
to the laboratory within 24 hours; 
 frozen or fixed samples unacceptable

If not analyzed within 24 hours, should 
be refrigerated (2–8°C) for up to 1 week; 
 samples frozen at -20°C or -70°C should 
be stored for 2 weeks or 2 years, respectively

ACD = acid citrate dextrose; EDTA = ethylenediaminetetraacetic acid; RT = room temperature

★ tABlE 38-3 Specimen Requirements for Special Studies on Bone Marrow

A bone marrow procedure was performed. The mar-
row was difficult to aspirate, but the physician was able 
to obtain some hemodiluted marrow. Bilateral marrow 
biopsy was also performed. Review of the aspirate smears 
showed a very hemodiluted sample, but the pathologist 
was able to see an increased number of blasts. There 
was not enough aspirate sample to do flow cytometry or 
cytogenetic testing and cytochemical stains.

2. How should the marrow evaluation proceed?

CAsE stuDY (continued from page 817)

Processing bone marrow biopsy usually is done overnight.

3. Can a diagnosis be made from tests on the aspirate 
rather than waiting for the biopsy slides?

CAsE stuDY 
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Summary
The bone marrow is the primary site of blood cell production 
after birth. Evaluation of bone marrow is indicated in the diag-
nosis, management, and follow-up of a variety of hematopoi-
etic disorders including some anemias and malignancies. Bone 
marrow specimens include aspirates and biopsy. The marrow is 
processed and evaluated in the laboratory.

Differentiation and classification of hematologic neo-
plasms depend on accurate identification of the malignant 
cells. Because the lineage of the cells is difficult to differentiate 

using only morphologic characteristics, immunophenotyping by 
flow cytometry and/or immunohistochemistry (and cytochemical 
stains) are used to help identify the lineage. Cytogenetic analy-
sis is commonly used in diagnosis because certain malignan-
cies have characteristic chromosomal abnormalities. Molecular 
analysis can be used to demonstrate clonality, cell lineage, and 
genetic abnormalities. It also is useful in diagnosing and evalu-
ating minimal residual disease.

Review Questions
Level i

 1. What is the site for bone marrow collection in children 
under 2 years of age? (Objective 1)

 A. spleen

 B. sternum

 C. tibia

 D. lumbar vertebral bodies

 2. Which of the following indicates that a bone marrow 
biopsy should be performed? (Objective 2)

 A. 20-year-old male with suspected leukemia

 B. 60-year-old female diagnosed with megaloblastic anemia

 C. 30-year-old male diagnosed with HIV

 D. 20-year-old pregnant woman diagnosed with iron-
deficiency anemia

 3. What site is most commonly used in adults for bone 
 marrow biopsies? (Objective 1)

 A. sternum

 B. posterior iliac crest

 C. anterior iliac crest

 D. tibia

 4. The marrow specimen that is best for preserving the archi-
tecture of the bone marrow is: (Objective 3)

 A. aspirate

 B. clot section

 C. particle smear

 D. biopsy

 5. Which of the following is the best specimen for evaluat-
ing the morphology of the hematopoietic precursors? 
 (Objectives 3, 4)

 A. bone marrow aspirate

 B. clot preparation

 C. iliac crest biopsy

 D. touch imprint

 6. Which of the following diseases is more likely to have a 
decreased M:E ratio? (Objective 5)

 A. chronic blood loss

 B. granulocytic leukemia

 C. lymphocytic leukemia

 D. chronic infection

 7. What is the expected overall cellularity in a bone marrow 
biopsy of a normal 50-year-old male? (Objective 6)

 A. 80% { 10%

 B. 100% { 10%

 C. 50% { 10%

 D. 30% { 10%

 8. Which of the following stains is used to evaluate the pres-
ence of storage iron? (Objective 7)

 A. Wright-Giemsa

 B. Prussian blue

 C. PAS

 D. reticulin
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 5. A pathologist is evaluating a bone marrow biopsy from 
a patient recently diagnosed with lymphoma. The bone 
marrow evaluation should include investigation for which 
of the following? (Objective 1)

 A. malignant lymphoid aggregate

 B. granulomatous lesions

 C. iron stores

 D. presence of parasites

 6. A pathologist is evaluating a bone marrow biopsy in a 
patient recently diagnosed with Hodgkin lymphoma. 
Inadvertently, the lab performed an iron stain on a particle 
crush preparation. The pathologist saw a few ring sidero-
blasts but did not see any dysplastic changes suggesting 
myelodysplastic syndrome. In which of the following condi-
tions might ring sideroblasts appear? (Objective 5)

 A. iron-deficiency anemia

 B. thalassemia

 C. alcoholism

 D. Hodgkin’s disease

 7. A clinical laboratory professional evaluating the bone  marrow 
particle preparation of a patient suspected of  having acute 
leukemia identifies a large number of undifferentiated blasts. 
What ancillary test should be done? (Objective 2)

 A. molecular diagnostics

 B. cytochemical stains

 C. fluorescent in situ hybridization

 D. HIV testing

 8. A physician performs a bone marrow biopsy and aspirate 
on a 65-year-old male. The cellularity is estimated at 80%, 
and the M:E ratio is 0.5:1. The correct description of this 
marrow is: (Objectives 3, 4)

 A. hypercellular with a decreased M:E ratio

 B. hypercellular with an increased M:E ratio

 C. hypocellular with a decreased M:E ratio

 D. hypocellular with an increased M:E ratio

 9. Why would special stains be performed on a bone marrow 
specimen? (Objective 9)

 A. to differentiate leukemias

 B. to determine the M:E ratio

 C. to estimate bone marrow cellularity

 D. to identify hematogones

 10. The clinical laboratory professional’s role in bone marrow 
evaluation is to: (Objective 8)

 A. make direct bone marrow smears

 B. perform the bone marrow aspirate procedure

 C. administer the anesthetic before the procedure

 D. determine the appropriate therapy

Level ii

 1. Which of the following is characteristic of a benign lymphoid 
aggregate? (Objective 1)

 A. The patient has a history of lymphoma.

 B. It is composed predominantly of polymorphic 
lymphocytes.

 C. It is large with ill-defined borders.

 D. It is paratrabecular and lacks plasma cells at the periphery.

 2. A hypercellular bone marrow M:E ratio is 10:1. This indicates: 
(Objective 3)

 A. decreased erythropoiesis

 B. increased erythropoiesis

 C. increased leukopoiesis

 D. decreased leukopoiesis

 3. The following is the differential obtained from a patient 
with a diagnosis of AML: blasts 65%, myelocytes 4%, 
metamyelocytes 4%, bands 1%, segmented neutrophils 
8%, pronormoblasts 2%, basophilic normoblasts 3%, 
 polychromatic normoblasts 3%, orthochromatic normo-
blasts 3%, lymphocytes 4%, and monocytes 3%. What is 
the M:E ratio? (Objective 3)

 A. 10:1

 B. 5.4:1

 C. 7.4:1

 D. 1:7.4

 4. When evaluating bone marrow biopsy for estimating 
the marrow cellularity, which ratio is being estimated? 
(Objective 4)

 A. hematopoietic cells to fat

 B. hematopoietic cells to bony trabeculae

 C. hematopoietic cells to vessels

 D. granulocytes to fat
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 10. A 20-year-old patient presented with severe headache. 
A lumbar puncture performed showed a marked increase 
in atypical mononuclear cells. The differential diagnosis 
is acute leukemia or malignant lymphoma. Which of the 
 following would be most helpful in distinguishing the two 
diagnoses? (Objective 2)

 A. molecular diagnostic tests

 B. flow cytometry

 C. cytogenetics tests

 D. cytochemical stains

 9. A physician performing a bone marrow biopsy on a patient 
with a possible diagnosis of acute leukemia is unable to 
obtain any aspirate but did obtain two core biopsies. What 
is the best way for the clinical laboratory professional to 
use the material obtained? (Objectives 2, 6)

 A. Place both core biopsies in formalin and process one 
immediately; save the other for ancillary tests.

 B. Place one core biopsy in formalin and freeze the second 
one at -70°C.

 C. Place one core biopsy in formalin after making touch 
imprints; put the second in saline.

 D. Place both core biopsies in saline; freeze one at 0°C 
and process the other immediately.

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Cite the electrical impedance principle of cell counting, and identify the 

instruments that use this technology.
 2. Describe the use of radio frequency in cell counting, and identify the 

instruments that use this technology.
 3. State the principles of light scatter used in cell counting, and identify 

the instruments that use this technology.
 4. List the reported parameters for each blood cell–counting instrument.
 5. Categorize cell parameters as directly measured and derived from a 

histogram, scattergram or cytogram, or calculation.
 6. Describe the principle of reticulocyte count enumeration by automated 

blood cell–counting instruments.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare and contrast the methods of analysis for the described 

 histograms, scatterplots, scattergrams, and cytograms, and interpret 
the results.

 2. Describe and interpret the automated reticulocyte parameters.

Key Terms
Aperture
Cellular hemoglobin concentration 

mean (CHCM)
Cluster analysis
Coincidence
Continuous flow analysis
Contour gating
Hemoglobin distribution width (HDW)
Histogram

Hydrodynamic focusing
Isovolumetric sphering
Mean platelet volume (MPV)
Reagent blank
Reticulated platelet
Scatterplot
Threshold limit
Viscosity

M39_MCKE6011_03_SE_C39.indd   829 31/07/14   9:22 pm



830 SECTION VIII   •   HEmaTOlOgy PrOCEdurES

forward scatter and side scatter that photodetectors detect. The degree 
of forward scatter is a measurement of cell size, and the degree of 
side scatter is a measurement of cell complexity or granularity.2 The 
Siemens Healthcare instruments use this principle for all blood cell 
counts, and newer models manufactured by Sysmex Corporation and 
Abbott Diagnostics use this principle for leukocyte enumeration and 
differentials.

The automated reticulocyte count has essentially replaced the 
manual reticulocyte count for evaluating the bone marrow’s erythro-
poietic activity. Among the hematology instruments, the method of 
reticulocyte enumeration varies and is discussed for each instrument. 
These automated methods determine additional reticulocyte param-
eters including reticulocyte hemoglobin concentration (CHr™ or Ret 
He), reticulocyte mean cell volume (MCVr), and immature reticu-
locyte fraction (IRF). The reticulocyte hemoglobin concentration is 
determined by directly measuring the reticulocyte’s hemoglobin by 
light-scattering characteristics. The reticulocyte mean cell volume is 
derived from the reticulocyte cytogram and reflects the average size 
of the reticulocyte population. The immature reticulocyte fraction, or 
high-intensity ratio, reflects reticulocytes with an increased amount of 
ribonucleic acid (RNA) or early immature reticulocytes. The presence 
of increased numbers of immature reticulocytes can be an indicator 
of an erythropoietic response. The reticulocyte hemoglobin concen-
tration is an assessment of iron incorporation into hemoglobin and 
reflects functional availability of iron to the erythron. Thus, these new 
parameters can be useful in (1) measuring bone marrow engraftment 
following transplant, (2) determining bone marrow response to iron 
or erythropoietin therapy, (3) recognizing the potential cause for poor 
response to erythropoietin therapy, and (4) diagnosing iron-deficient 
states in infants and adolescents.3–7

Automated body fluid analysis is a feature that newer automated 
hematology instruments offer. Depending on the instrument, total 
nucleated cell (TNC) counts, leukocyte counts (WBC), erythrocyte 
counts (red blood cell [RBC]), and partial leukocyte differential counts 
are determined by the same technologies as whole-blood cell counts 
and leukocyte differentials. The potential advantages of automated 
body fluid analysis include improved turnaround time, increased 
precision, and decreased interoperator variability.8 To achieve reli-
able body fluid cell counts, the automated hematology instruments 
must be able to enumerate cells at a much lower reportable range 
(e.g., WBC 0.0 * 103/mcL [mL]) compared to blood cell enumera-
tion. Improvements to blood cell enumeration methods allow better 

Overview
Automation is firmly established within the hematology laboratory. 
This chapter reviews the fundamental principles of the hematology 
instruments and describes examples of instrumentation that are 
currently used. The basic principles of operation are discussed, and 
samples of normal test results are displayed for each instrument.

intrOduCtiOn
The evolution of instrumentation in hematology began in the mid-
1950s. Until that time, laboratory professionals performed manual 
hemacytometer blood cell counts, spun hematocrits, spectrophoto-
metrically determined hemoglobins, and microscopic blood smear 
evaluations. With the advent of the first automated blood cell– 
counting instrument, manual hemacytometer blood cell counts for 
erythrocyte and leukocyte enumeration were replaced. In general, 
automated blood cell–counting instruments provide data with 
increased reliability, precision, and accuracy.

AutOMAted BlOOd Cell–COunting  
instruMents
With the many advances in hematology instrumentation, automa-
tion currently encompasses the primary testing in the hematology 
laboratory. Automated instruments can perform a complete blood 
count (CBC), including a five-part leukocyte differential and abso-
lute reticulocyte count as well as certain body fluid cell counts (e.g., 
cerebrospinal fluid white blood cell [WBC] count). A number of 
principles for cell counting and differential analysis have been used 
in the past. The two major principles of blood cell counting currently 
used by the hematology instruments are impedance and optical light 
scattering.

The impedance principle of blood cell counting is based on the 
increased resistance that occurs when a blood cell with poor conduc-
tivity passes through an electrical field. The number of pulses indicates 
the blood cell count and the amplitude (i.e., height) of each pulse is 
proportional to the volume of the cell.1 Examples of instruments using 
this principle are offered by Beckman Coulter, Inc., Sysmex Corpora-
tion, and Abbott Diagnostics.

The optical light-scattering principle of blood cell counting is 
based on light-scattering measurements obtained as a single blood 
cell passes through a beam of light (optical or laser). Blood cells create 

Background Basics
• describe the peripheral blood smear examination process and 

correlate peripheral blood smear findings with complete blood 
counts (CBCs). (Chapters 10, 37)

• describe and state the principle of the manual reticulocyte 
count procedure. (Chapter 37)

level ii
• Summarize the diagnostic use of the reticulocyte count in evaluat-

ing hematologic disorders and monitoring various therapies such as 
iron replacement and bone marrow transplant. (Chapters 11, 12, 29)

The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before beginning this unit of study:

level i
• State the principles of cell enumeration by hemacytometer. 

(Chapter 37)
• State the principle of the cyanmethemoglobin method for 

hemoglobin determination. (Chapter 37)
• Calculate the erythrocyte indices. (Chapters 10, 37)
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discrimination of cells, resulting in lower reportable ranges (linearity). 
Thus, body fluid analysis is now available on certain automated hema-
tology instruments. The specific parameters and body fluids that can 
be evaluated are discussed with the instrument.

This chapter reviews the basic operating principles of several 
hematology instruments that are seen in the field. Other instruments 
use a combination of these principles.

36 fL are counted as erythrocytes (RBCs). Because three apertures are 
located within the dilution chamber, three RBC counts are obtained. 
These counts are compared and evaluated by the instrument’s data 
analysis system. If there is agreement, the reported RBC count repre-
sents the average of the counts from the three apertures.

An RBC histogram (size distribution curve) is created based on 
cell volume and relative cell number (Figure 39-2 ■). The RBC histo-
gram allows the visualization of changes in size within the erythrocyte 

What is the basis of the impedance principle for cell 
counting?

CheCkpoint 39-1

■  Figure 39-1 Coulter principle. Increased electrical 
resistance, or impedance, occurs when the poorly conduc-
tive blood cell passes through the aperture.
Pierre R. Seminar and Case Studies: The Automated Differential. Hialeah, 
FL: Coulter Electronics, Inc.; 1985. Reprinted with permission

Coulter principle

Impedance Instruments
Of the seven instruments that use the impedance principle in cell 
counting, three are Beckman-Coulter instruments, three are Sysmex 
instruments, and one is an Abbott Diagnostics instrument. All also use 
some variance of optical light scattering for leukocyte differentials and 
reticulocyte enumeration.

Coulter® lh series
The LH 750 (introduced in 2003) and the LH 780 (introduced in 2006) 
provide a CBC, five-part leukocyte differential, and reticulocyte count 
from a single blood sample aspiration. When the LH SlideMaker and 
LH SlideStainer are added to the workstation, Wright-stained periph-
eral smears are prepared and labeled from the same sample, decreas-
ing the number of times the sample is handled and the potential for 
introducing random errors.

Instruments in the LH series use the basic principles of blood 
cell enumeration, reticulocyte enumeration, and determination of the 
five-part leukocyte differential that were hallmarks of earlier  Coulter® 
models such as the Gen • S and STKS instruments.9–15 The LH 750 
and LH 780 provide several additional parameters that are advanta-
geous for the differentiation of normal individuals from individuals 
with certain disease states. These parameters include the nucleated red 
blood cell (NRBC) count (as a percentage) and corrected WBC count 
that were introduced with the LH 750 instrument and the red cell dis-
tribution width-standard deviation (RDW-SD), which was introduced 
with the LH 780 instrument.

For these instruments, CBC analysis begins with the aspira-
tion of the ethylenediaminetetraacetic acid (EDTA) anticoagulated 
blood sample by a closed tube system. The aspirated blood sample is 
divided into four aliquots. The first aliquot is delivered to the RBC/
platelet dilution chamber where blood cells are diluted in an electri-
cally conductive diluent. Within the dilution chamber is an external 
electrode and three apertures, each of which has an internal electrode 
( Figure 39-1 ■). As individual blood cells pass through an aperture, 
there is an increase in resistance (i.e., pulse height) between the exter-
nal and internal electrodes that is proportional to the cell volume. 
A steady stream of diluent flows behind each aperture, preventing cells 
from reentering the aperture. Threshold limits are established for 
enumerating cells based on cell volume. Particles (cells) of more than 

■  Figure 39-2 Histogram, or size distribution curve, 
allows the visualization of the blood cell population based 
on the relative cell number and its volume (in fL).
Significant Advances in Hematology. Hialeah, FL: Coulter Electronics, 
Inc.; 1983. Reprinted with permission.
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standard deviation (SD) and MCV (RDW = 1 SD/MCV * 100%). 
Thus, a false RDW-CV can be observed in certain situations 
( Chapter 10). For example, if both the SD and MCV are elevated, the 
RDW-CV can appear normal when anisocytosis is actually present 
or if the SD is normal but the MCV is decreased, the RDW-CV can 
appear increased when in fact there is no anisocytosis. Because the 
MCV does not affect the RDW-SD, it is potentially a better indicator 
of the degree of anisocytosis within a given erythrocyte population. 
The RDW-SD can be used with other test results in differentiating iron 
deficiency anemia from heterozygous β thalassemia because a normal 
RDW-SD is more closely associated with heterozygous β thalassemia 
and an increased RDW-SD is associated with iron deficiency.17 The 
RDW-SD is reported in fL; its reference interval is 39–47 fL in adults, 
whereas the RDW-CV’s reference interval is 12.0–14.6%.

The calculated RBC parameters are the hematocrit 
(Hct), which is calculated from the MCV and the RBC count 
(Hct = MCV * RBC); the mean cell hemoglobin (MCH), which is 
calculated from the RBC count and hemoglobin concentration; and 
the mean cell hemoglobin concentration (MCHC), which is calculated 
from the hemoglobin concentration and hematocrit (Chapters 10 
and 37). The hemoglobin concentration is obtained from the WBC/
hemoglobin dilution chamber.

The platelet count is also obtained from the RBC/platelet dilution 
chamber. Particles between 2 and 20 fL are counted as platelets, and a 
raw platelet histogram is obtained (Figure 39-5 ■). This histogram is 
evaluated to determine whether it is a log normal curve. The raw platelet 
histogram is electronically smoothed and extrapolated over 0–70 fL. The 
platelet count is derived from the extrapolated histogram. An additional 
parameter obtained from the platelet histogram is the mean platelet 
volume (MPV), which is analogous to the erythrocyte MCV.

The second aliquot is delivered to the WBC/hemoglobin dilu-
tion chamber where the leukocyte (WBC) count and hemoglobin 
determinations are made. The WBC count is directly measured by 
electrical impedance from the leukocyte dilution after a lytic agent 
is added to the dilution. The lytic agent serves to lyse the eryth-
rocytes, convert released hemoglobin to cyanmethemoglobin, and 
shrink the leukocyte cell membrane and cytoplasm. Therefore, the 
WBC count represents a measure of the cell volume rather than 

population. For example, a shift to the left of the erythrocyte popula-
tion correlates with microcytic erythrocytes, and the appearance of 
two separate peaks correlates with a dual population of erythrocytes 
(e.g., mixture of microcytic erythrocytes and normocytic erythro-
cytes). This information can be useful in diagnosing certain eryth-
rocyte disorders.

The erythrocyte data obtained from the RBC/platelet dilution 
include the RBC count by direct measurement and mean cell volume 
(MCV), red cell distribution width (RDW)–coefficient of variation 
(CV) (i.e., RDW or RDW-CV), and RDW–standard deviation (RDW-
SD), which are derived from the RBC histogram ( Figure  39-3 ■). 
The RDW-SD is determined from the RBC histogram by calculating 
the width in femtoliters (fL) of the RBC population at the 20% height 
level on the histogram when the peak height is considered 100%16 
( Figure 39-4 ■). Both the RDW-CV and RDW-SD reflect the degree 
of anisocytosis within the erythrocyte population. The RDW-SD dif-
fers from the RDW-CV in that it directly measures the erythrocyte 
population; the RDW-CV bases its calculation on the population’s 

■  Figure 39-3 Red blood cell (RBC) histogram and count. The shaded area represents those cells used 
in the red cell distribution width (RDW) (i.e., RDW–coefficient of variation) calculation. The excluded cells 
can represent large platelets, platelet clumps, or electrical interference on the left and RBC doublets, 
RBC triplets, RBC agglutinates, or aperture artifacts on the right.
Significant Advances in Hematology. Hialeah, FL: Coulter Electronics, Inc.; 1983. Reprinted with permission.
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■  Figure 39-4 Calculation of red cell distribution 
width (RDW)–standard deviation (RDW-SD). The RDW-
SD represents the width of the erythrocyte population 
at the 20% height level on the red blood cell histogram 
and is reported in fL. For example, if ChannelL is 70 
fL and ChannelR is 111 fL, the RDW-SD is 41 fL (i.e., 
111 - 70 = 41).
RDW@SD = red cell distribution width–standard deviation

Red Cell Distribution Parameters—(1) RDW-SD (2) RDW (CV), Technical  Bulletin 
9617. Brea, CA: Beckman-Coulter®; 2007. Reprinted with permission
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native cell size as it passes through the aperture. Particles larger than 
35 fL are counted as leukocytes. Similar to the RBC count, WBC 
counts are obtained from three apertures in the WBC/hemoglo-
bin dilution chamber, and the data analysis system compares and 
evaluates them. The reported WBC count represents an average of 
the three counts.

The WBC histogram represents the size distribution curve for 
the leukocyte data and allows visualization of subpopulations of 
cells based on their relative sizes. The WBC histogram is the basis of 
the three-part differential identifying lymphocytes as cells between 
35 and 90 fL, mononuclear cells as cells between 90 and 160 fL, and 
granulocytes as cells between 160 and 450 fL (Figure 39-6 ■). The 
instrument’s data analysis system examines the WBC histogram for 
the presence of interferences within one or more of the leukocyte 
populations and, using a system of region flags, alerts the laboratory 
professional to suspected abnormalities (Table 39-1 ★). The reason for 
a region flag can be found by carefully examining the peripheral blood 
smear. For example, presence of nucleated erythrocytes or clumped 
platelets is associated with a region 1 flag.

The hemoglobin concentration is determined by measuring the 
absorbance of cyanmethemoglobin in the WBC/hemoglobin cham-
ber at 525 nm. Using Beer’s law, this absorbance reading is proportional 
to the concentration of hemoglobin. Additionally, this instrument uses 

■  Figure 39-5 Normal platelet histogram. The jagged 
line represents the raw data collected from 2–20 fL. The 
smooth line represents the extrapolated histogram from 
0–70 fL.

■  Figure 39-6 White blood cell (WBC) histogram and count. In a normal patient, the lymphocyte region 
represents lymphocytes, the mononuclear region represents monocytes, and the granulocyte region repre-
sents neutrophils, eosinophils, and basophils.
Significant Advances in Hematology. Hialeah, FL: Coulter Electronics, Inc.; 1983. Reprinted with permission.
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Why is lytic agent added to the leukocyte dilution?

CheCkpoint 39-2

a reagent blank at the beginning of each operating cycle to negate the 
effect of the reagent alone on the sample’s absorbance reading.

A third sample aliquot is delivered to the orbital mixing chamber. 
Within this chamber, blood is mixed by gentle agitation with a heated 
lysing reagent to remove the erythrocytes while leaving the leukocytes 
in their near native state. A second stabilizing reagent is added to stop 
the lytic reaction and preserve the integrity of the leukocytes. This 
dilution is sent to the volume-conductivity-scatter (VCS) flow cell to 
determine the five-part leukocyte differential. The cells pass through 
the flow cell singly by hydrodynamic focusing (Chapter 40). As 
each cell passes through the flow cell, three separate measurements 
are taken simultaneously: cell volume, cell conductivity, and cell’s 
light scatter characteristics. Impedance determines cell volume; high-
frequency electromagnetic probe determines cell conductivity, which 
evaluates internal physical and chemical constituents; and a helium-
neon laser determines light scatter characteristics such as cell surface, 
shape, and reflectivity. The instrument’s internal system monitors 
and adjusts reaction characteristics and the data analysis of the VCS-
derived characteristics to differentiate the leukocyte cell types.

The Intellikinetics™ application monitors and reacts to changes 
in the external environment (e.g., changes in ambient room temper-
ature). With this application, the LH instruments are able to main-
tain consistent reaction conditions and eliminate cellular analysis 
problems because of inconsistent location of cells within three-
dimensional space. Data analysis is achieved through the use of the 
AccuGate™ algorithm. The different leukocytes within a sample are 
identified and classified by contour gating that is individualized for 
each sample (Figure 39-7 ■). The advantage of contour gating over 
traditional linear gating is its ability to differentiate overlapping cell 
populations (e.g., monocytes from reactive lymphocytes).

If NRBCs are detected during the analysis of a CBC and differ-
ential, the number of NRBCs (i.e., NRBC%) is determined. Enumera-
tion of NRBCs begins with their detection on the WBC scatterplot 
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In the heated reticulocyte dilution chamber, the fourth ali-
quot is mixed with new methylene blue reagent. The residual RNA 
is precipitated within the reticulocytes. The stained sample is then 
mixed with an acidic, hypotonic solution that (1) elutes hemoglo-
bin from the erythrocytes but permits precipitated RNA to remain 
and (2) spheres the erythrocytes. This sample is then sent to the 
VCS flow cell for analysis. The light scatter data generated by flow 
cytometric examination of sphered erythrocytes and reticulocytes 
are more reproducible than are data generated from nonsphered 
erythrocytes and reticulocytes. The sphering of mature erythrocytes 
and reticulocytes eliminates the error inherent in flow cytometric 
examination of irregularly shaped erythrocytes. Contour gating of 
the VCS-derived characteristics is used to classify reticulocytes ver-
sus mature erythrocytes and to identify the immature reticulocyte 
fraction (Web Figure 39-1; Chapter 11). The reticulocyte param-
eters obtained by this analysis include absolute reticulocyte count, 
reticulocyte percentage, immature reticulocyte fraction, and mean 
reticulocyte volume (i.e., MCVr).

The computer system compiles all data obtained from the instru-
ment’s analysis. For the cell counts, the instrument’s computer corrects 
the counts for coincidence (two or more cells passing through the 
aperture at the same time) and compares the counts for replication 
(e.g., compares the triplicate RBC counts). If two or three of the counts 
do not agree, the count (i.e., RBC count) is not reported but recorded 
as “vote-out.” If there is agreement, the reported count represents the 
average of the counts. The instrument’s computer also evaluates the 
data to detect abnormalities and determines the reported parameters 
(see Web Table 39-1 for the reported parameters). The reported results 
and selected histograms/scatterplots can be displayed on the com-
puter screen, printed to a hard copy (Figure 39-9 ■), or transferred to 
the laboratory information system (LIS). If abnormalities are detected, 
suspect flags (software-generated flags) or user-defined flags (defini-
tive flags) alert the laboratory professional who uses this information 
to correlate CBC data with peripheral blood morphology to improve 
the identification and confirmation of abnormalities.

generated by VCS technology18 (Figure 39-8 ■). If nucleated red 
blood cells are suspected based on their characteristic signature, the 
computer system examines the WBC histogram generated by imped-
ance for the presence of cells to the left of the lymphocyte population. 
If both plots indicate that NRBCs could be present, the computer 
system evaluates the combined information to rule out giant plate-
lets or small lymphocytes. If all data analyses point to the presence 
of NRBCs, the number of NRBCs per 100 leukocytes (NRBC%) is 
derived from data collected by VCS technology and the application of 
an algorithm to the WBC count. The absolute NRBC count (NRBC#) 
represents the total number of nucleated red blood cells in the blood 
sample and is calculated from the NRBC% and the total WBC count 
(i.e., NRBC# = NRBC% * WBC count). Because increased num-
bers of NRBCs falsely increase the total WBC count, it is corrected for 
their presence, and the corrected WBC count is reported.

Region Flag Affected Position Possible Abnormalities

r1 lymphocyte population does not begin at baseline (∼35 fl) Nucleated erythrocytes, large platelets, clumped platelets, or 
intracellular parasites (e.g., malaria)

r2 No valley between lymphocyte and mononuclear populations 
(∼90 fl)

reactive lymphocytes, blast cells

r3 No valley between mononuclear and granulocyte populations 
(∼160 fl)

Eosinophilia, basophilia, presence of immature neutrophils

r4 granulocyte population does not return to baseline (∼450 fl) granulocytosis

rm Interference detected in multiple positions

Other impedance-based instruments providing three-part leukocyte differentials use a flagging system similar to the Coulter® instruments.

★ TAble 39-1 Coulter® WBC Histogram Region Flags

■  FiguRe 39-7 White blood cell (WBC) scatterplot.WBC 
scatterplot graphs volume versus light scatter and reveals 
the locations of four leukocyte populations in two- 
dimensional space. The basophil population is located 
behind the lymphocytes but in three-dimensional space 
is clearly delineated.

Explain how the Coulter® lH 780 determines the five-part 
leukocyte differential.

CheCkpoint 39-3
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■  Figure 39-8 Coulter® LH 750 white blood cell (WBC) scatterplot and WBC histo-
gram depiction of the presence of nucleated erythrocytes. On the WBC scatterplot, 
detection of cells between the lymphocyte population and red blood cell ghosts 
suggests nucleated erythrocytes, which are suspected if there is a population of cells 
to the left of the lymphocyte population on the WBC histogram. The nucleated red 
blood cell percentage is determined if both observations are made and other poten-
tial interferences are ruled out (e.g., giant platelets).

■  Figure 39-9 Coulter® LH 750 report from a normal individual.
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Beckman-Coulter unicel® dxh 800
The Unicel® DxH 800 instrument determines the CBC using the 
same impedance methods as discussed with the Coulter® LH series 
instruments.19 The system manager processes the data obtained 
from these measurements to generate the CBC parameters and 
WBC, RBC, and platelet histograms. Improvements have been made 
in the leukocyte differential, nucleated red blood cell determina-
tion, and reticulocyte enumeration. All three determinations occur 
in the VCSn module (next generation of VCS technology). The 
blood sample is delivered by the sample aspiration module (SAM) 
and dispensed directly to the specific mix chamber (e.g., Diff mix 
chamber). The appropriate  temperature-controlled reagents (e.g., 
Erythrolyse and Stabilyse for Diff ) are added to the mix chamber 
where sample and reagent mixing occurs. Following sample prepara-
tion, the prepared sample is delivered to the multitransducer mod-
ule (MTM) for flow cell analysis. For the WBC differential, the DxH 
800 instrument acquires data by evaluating each leukocyte in its 
near native state using three independent assessments: cell volume, 
cell conductivity, and cell light scatter. Cell volume and cell con-
ductivity (i.e., radiofrequency opacity) are determined by the same 
 methods as the Coulter® LH series uses. The difference is in the detec-
tion of light scatter. Within the MTM, multiple sensors are arranged 
around the flow cell to collect three measures of light scatter: lower 
median angle light scatter (LMALS), upper median angle light scatter 
(UMALS), and low-angle light scatter (LALS)19–21 ( Figure 39-10 ■). 
An additional sensor located in the laser path measures axial light loss 
(AL2), that is, the amount of light removed because of absorption and 
light scatter. The fifth light scatter measure, median angle light scat-
ter (MALS), is the sum of the UMALS and LMALS. MALS, LMALS, 
and UMALS detect the cell’s granularity and membrane topography. 
AL2 evaluates the cellular transparency, and LALS is used as a cellular 
complexity index.20,21 The system manager evaluates raw data from 
the flow cell analysis and applies an advanced algorithm to the data to 
separate and identify the leukocyte populations, as well as common 

cellular interferences (e.g., large platelets), and calculates the frequency 
of cells within each population. Two 2-dimensional dataplots that 
show the five leukocyte populations—lymphocytes (LYs), monocytes 
(MOs), neutrophils (NEs), eosinophils (EOs), and basophils (BAs)—
are generated. The Diff 1 dataplot is  created by plotting volume on the 
y-axis and rotated median angle light scatter (RMALS) on the x-axis 
and clearly reveals the five  leukocyte populations. The Diff 2 dataplot 
is created by  plotting volume on the y-axis and opacity (OP) on the 
x-axis (Figu re 39-11 ■). A 3-dimensional dataplot is also generated 
that classifies cells by volume, RMALS, and opacity. The system man-
ager evaluates the data collected by the VCSn module to determine the 
percentage of each leukocyte (e.g., lymphocyte). The absolute count for 
each leukocyte is calculated based on its percentage and WBC count.

NRBCs are enumerated in the VCSn module. In the NRBC mix 
chamber, the blood sample is diluted with DxH Diluent and DxH Cell 
Lyse is added. The lyse reagent removes the non-nucleated red blood 
cells but keeps the NRBCs, leukocytes, platelets, and any cellular debris 
intact. Using flow cell analysis, each cell is evaluated for the characteris-
tics of volume, conductivity, and light scatter. The specific light scatter 
measurements used to determine NRBCs are AL2 and LALS.19,20 The 
AL2 measurement observed with the nucleus of an NRBC is clearly 
different from that observed with a leukocyte (e.g., lymphocyte). 
The system manager applies a dedicated algorithm to these raw data 

■  Figure 39-10 Light scatter measurements from the 
Unicel® DxH 800 flow cell. The upper median angle light 
scatter (UMALS) and lower median angle light  scatter 
(LMALS) detect the cell’s granularity and membrane 
topography. The axial light loss (AL2) evaluates cellular 
transparency and the low-angle light scatter (LALS) is used 
as a cellular complexity index.
Advancements in Technology: WBC Differential Methodology, Technical 
 Bulletin 9403. Brea, CA: Beckman-Coulter®; 2009, Reprinted with permission

UMALS (20–43°)

UMALS (20–43°)

LMALS (9–19°)

LMALS (9–19°)

AL2 (0–0.5°)

LALS (~5.1°)~

LALS (~5.1°)~

■  Figure 39-11 Unicel® DxH 800 white blood cell 
 differential dataplots. Diff 1 dataplot graphs volume 
 versus rotated median angle light scatter (RMALS) and 
Diff 2 dataplot graphs volume versus opacity (OP). These 
dataplots reveal five leukocyte populations in two- 
dimensional space.
Advancements in Technology: WBC Differential Methodology, Technical 
 Bulletin 9403. Brea, CA: Beckman-Coulter®; 2009, Reprinted with permission

Diff 1: Volume vs RMALS

Diff 2: Volume vs OP

Neutrophil
Lymphocyte
Monocyte
Eosinophil
Basophils
Non-White Cells
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to detect and isolate NRBCs from leukocytes, platelets, and cellular 
debris. Two 2-dimensional dataplots are created: the NRBC1 and the 
NRBC2. The NRBC1 dataplot depicts rotated low-angle light scatter 
(RLALS) on the y-axis and AL2 on the x-axis, whereas NRBC2 data-
plot depicts rotated upper median angle light scatter (RUMALS) on 
the y-axis and AL2 on the x-axis (Figure 39-12 ■). The NRBC% is 
determined from the data collected by the VCSn module and analyzed 
by the system manager. The NRBC# is calculated. Because NRBCs 
interfere with the WBC enumeration by impedance, the WBC is 
corrected for their presence. In addition, if large platelets or platelet 
clumps are detected during this evaluation, the appropriate flag alerts 
the laboratory professional.

In the reticulocyte mix chamber, the blood sample is mixed 
with new methylene blue, which precipitates the residual RNA in 
the reticulocytes. Then, reticulocyte-clearing reagent is added. 
This reagent stabilizes the dye-reticulum complex and spheres the 
erythrocytes and reticulocytes, similar to the method the Coulter® 
LH series uses. The MTM evaluates each cell for cell volume, cell 
conductivity, and five light scatter characteristics. Using these data, 
the system manager applies an advanced algorithm to discriminate 
reticulocytes from mature erythrocytes. The system manager gen-
erates 2-dimensional dataplots (RETIC1 and RETIC2) that reveal 
mature red cells and reticulocyte populations. The RETIC1 dataplot 
depicts cell volume (y-axis) versus linear light scatter (LLS) on the 
x-axis, whereas the RETIC2 dataplot depicts cell volume (y-axis) 
versus OP on the x-axis (Figure 39-13 ■). The reticulocyte percent-
age (RETIC%) is determined from the data collected in the VCSn 
module and analyzed by the system manager. The calculated param-
eters include absolute reticulocyte count (RETIC% * RBC count), 
IRF, and mean reticulocyte volume (MRV).

The system manager evaluates all data collected for the CBC, 
leukocyte differential, and NRBC determinations, including the his-
tograms and dataplots that are generated, and determines whether 
an interference is present. The CBC parameters are corrected for 
those interferences that are clearly identified. For example, the 
WBC is corrected for the presence of NRBCs but the WBC histo-
gram will not be flagged. On the other hand, if the WBC is elevated 
(711 * 103/mcL), the hemoglobin will be corrected and if the 
WBC exceeds 140 * 103/mcL, the RBC will also be corrected.22 The 
reported results and selected histograms/scatterplots can be displayed 

■  Figure 39-12 Unicel® DxH 800 nucleated red blood 
cell (NRBC) dataplots. NRBC 1 dataplot graphs rotated 
low-angle light scatter (RLALS) versus axial light loss (AL2) 
and NRBC 2 dataplot graphs rotated upper median angle 
light scatter (RUMALS) versus AL2. These dataplots clearly 
delineate the nucleated erythrocyte population from the 
leukocyte population.
Advancements in Technology: NRBC Enumeration, Technical Bulletin 9404. 
Brea, CA: Beckman-Coulter®; 2009, Reprinted with permission

NRBC 1: RLALS vs AL2

NRBC 2: RUMALS vs AL2

Other
NRBC
WBC

■  Figure 39-13 Unicel® DxH 800 Reticulocyte dataplots. RETIC 1 dataplot 
graphs volume versus linear light scatter (LLS) and RETIC 2 dataplot graphs 
volume  versus opacity (OP). These dataplots provide delineation of reticulo-
cytes from mature  erythrocytes and platelets.
Advancements in Technology: Reticulocyte Methodology, Technical Bulletin 9405. Brea, CA: 
Beckman- Coulter®; 2009, Reprinted with permission

Volume vs. LUMALS Volume vs. OP

RBC
Reticulocytes
WBC
Platelets

on the computer screen, printed to a hard copy, or transferred to the 
laboratory information system (LIS) (Web Table 39-1). If abnormali-
ties are detected, the DxH 800 uses suspect, system, and definitive flags 
to alert the laboratory professional. New flagging algorithms applied 
during data analysis decrease the number of false flags, minimizing 
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pulse heights of the individual erythrocytes within the erythrocyte 
population. The pulse height of an individual erythrocyte is directly 
proportional to its volume.

The RBC and platelet counts are determined from the generated 
data by using automatic discriminators, similar to threshold limits used 
by the Coulter® instruments. The RBC count represents the number 
of cells that fall between a lower discriminator (25–75 fL) and an upper 
discriminator (200–250 fL). The data analysis system  examines the 
raw data collected for a given blood sample’s RBC count and then 
sets the specific lower and upper discriminator for determination of 
the reported RBC count. Likewise, the platelet count represents the 
number of cells that fall between a lower discriminator (2–6 fL) and 
an upper discriminator (12–30 fL). A fixed discriminator at 12 fL is 
also included in determining the platelet count to evaluate whether 
potential interferences exist that can result in an erroneous platelet 
count (e.g., presence of erythrocyte fragments). This platelet count 
is compared to the platelet count determined from the reticulocyte 
(RET) channel.

Other parameters derived or calculated based on data from 
the RBC/platelet dilution include MCV, MCH, MCHC, RDW-SD, 
RDW-CV, and MPV. The RDW-SD and RDW-CV are determined in 
the same manner as described for the Coulter® LH 780 instrument.

Two separate channels (i.e., DIFF and WBC/BASO) are used 
to generate the total leukocyte (WBC) count and the five-part leu-
kocyte differential (neutrophils, lymphocytes, monocytes, eosino-
phils, and basophils). In the DIFF channel, a portion of the aspirated 
blood sample is diluted with lyse reagent. The lyse reagent removes 
the erythrocytes and creates “holes” in the cytoplasmic membrane of 
nucleated cells allowing a fluorescent dye (i.e., polymethine) to enter 
the cell and bind to cellular DNA and RNA. This dilution is sent to 
the optical detection block within which the cells pass singly through 
a laser beam (l = 633 nm) emitted by the semiconductor diode 
laser. Each cell  generates forward scatter (reflects cell size), side scatter 
(reflects cell complexity), and fluorescent intensity (reflects amount of 
bound fluorescent dye), depending on the cell type. The DIFF scat-
tergram represents a plot of side scatter versus fluorescent intensity. 
The instrument’s adaptive cluster analysis system (ACAS) allows clear 
separation of the cell populations depicted on the DIFF scattergram, 
including RBC ghosts, lymphocytes, monocytes, eosinophils, and 
neutrophils + basophils (Figure 39-14 ■). By applying the immature 
granulocyte (IG) master software to the data generated in the DIFF chan-
nel, the IG population (IG count) is enumerated (Web Figure 39-2). The 
IG count includes metamyelocytes, myelocytes, and promyelocytes. 
Studies indicate that the automated IG count is an acceptable replace-
ment for the manual morphology count of IGs, but studies regarding 
the usefulness of the IG count to screen for sepsis and infection are 
conflicting.27,28 Further studies are needed to clarify its use.

The blood sample is diluted, and a special lyse reagent that lyses 
erythrocytes and shears all leukocytes except basophils is added in 
the WBC/BASO channel. The optical detection block analyzes the 
dilution to capture each cell’s forward and side scatter as it passes 
through the laser beam. The adaptive cluster analysis system evalu-
ates this information to determine a total leukocyte (WBC) count and 
the basophil count (i.e., basophil percentage and absolute basophil 
count). The WBC/BASO scattergram (Web Figure 39-3) is a plot of 

the need for peripheral blood smear reviews and decreasing the turn-
around times.

The Unicel® DxH 800 instrument generates erythrocyte counts 
(RBC) and total nucleated cell (TNC) counts on body fluid speci-
mens from data obtained by its CBC module (i.e., impedance meth-
odology).19 Any body fluid (e.g., cerebrospinal fluid [CSF], serous, or 
synovial) is acceptable for analysis. However, synovial fluids should 
be pretreated with hyaluronidase to reduce the sample’s viscosity 
( Chapter  30). In addition, running diluent as a body fluid sample 
immediately before analysis of a body fluid specimen is recommended 
to check the background counts of RBCs and TNCs. Each laboratory 
should establish criteria for acceptable background counts when per-
forming body fluid analysis.

The following results were obtained from a blood sample 
analyzed by the unicel® dxH 800: NRBC# = 2.7 * 103/mcL 
and corrected WBC = 18.1 * 103/mcL. What was the 
uncorrected WBC count?

CheCkpoint 39-4

sysmex Xe-series™
The XE-2100™ instrument (introduced in 1999) and XE-5000™ 
instrument (introduced in 2007) use four different technologies 
including impedance (i.e., direct current), radio frequency, absorp-
tion spectrophotometry, and flow cytometry with fluorescent dyes to 
determine CBC, five-part leukocyte differential, nucleated erythro-
cytes, and reticulocyte count.23–26

Hemoglobin is measured in a designated channel using the sodium 
lauryl sulfate (SLS) method. A portion of the aspirated blood sample 
is first diluted with reagent diluent and then SLS-hemoglobin reagent 
is added. The surfactants within this reagent lyse the erythrocytes and 
release hemoglobin. SLS converts ferrous iron to ferric iron, forming 
methemoglobin. Methemoglobin combines with SLS to form the SLS-
hemichrome molecule. The absorbance of this molecule is measured at 
555 nm to determine the hemoglobin concentration (grams per deci-
liter) using Beer’s law. This method is advantageous for two reasons: 
(1) free hemoglobin is rapidly converted to a detectable chromogen, 
decreasing measurement time, and (2) the reagent is cyanide free.

The erythrocytes and platelets are enumerated using imped-
ance with hydrodynamic focusing. The blood sample is diluted 
with isotonic diluent and sent to the RBC/PLT sample chamber. A 
sheath fluid injector piston delivers the diluted blood sample to the 
direct current (DC) detection block. The blood cells flow through 
the aperture, and resistance (i.e., pulse height) is detected between 
the internal and external electrodes. The hydrodynamic focusing cre-
ated by the sheath fluid aligns the blood cells to enter the center of 
the aperture singly, thus eliminating abnormal cell pulses generated 
when cells touch the sides of the aperture as they pass through. At 
the rear of the aperture, the sweeping flow of the back sheath fluid 
prevents blood cells from drifting back and generating false pulses. 
The RBC count and platelet count are directly measured; RBC and 
platelet histograms are generated; and the Hct is calculated from the 
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side scatter versus forward scatter. On this scattergram, the basophils 
are easily distinguished from the other leukocytes and RBC ghosts 
because of their size and complexity (i.e., high forward scatter and high 
side scatter).

In the immature myeloid information (IMI) channel, reagents 
act selectively on the lipid membranes of the leukocytes. Mature leu-
kocytes with phospholipid-rich membranes are completely lysed, 
leaving only bare nuclei. The immature myeloid cells remain intact. 
In the IMI channel, the cells are analyzed by direct current and radio 
frequency (reflecting a cell’s internal structure and density) to deter-
mine the degree of immaturity (Web Figure 39-4). This channel allows 
a clear delineation of immature granulocytes and blasts. With the HPC 
master software, this channel provides the hematopoietic progenitor 
cell (HPC) count. Studies have shown that the HPC count correlates 
well with the CD34+ cell count by flow cytometry. Thus, HPC counts 
can be used to determine peripheral blood stem cell counts to assess 
optimal harvesting time following peripheral blood stem cell mobili-
zation29 (Chapter 29).

Differentiation of similar cell types is also achieved on the 
XE-5000™ instrument with its efficient multichannel messaging 
(eMM) software and algorithms that improve the detection of blasts, 
abnormal lymphocytes/lymphoblasts, and atypical lymphocytes. For 
example, application of these algorithms triggers the blast flag when 
the software detects cells in the blast areas of the DIFF scattergram and 
of the IMI scattergram. The atypical lymphocyte flag occurs when cells 
are detected in the atypical lymphocyte area of the DIFF scattergram, 
but no cells are detected in either the abnormal lymphocyte/lympho-
blast area or the blast area of the IMI scattergram. This advanced flag-
ging system has the potential to decrease the number of peripheral 
blood smear reviews.30

■  Figure 39-14 DIFF scattergram, Sysmex XE-2100™. 
RBC ghosts, lymphocytes, monocytes, eosinophils, and 
nutrophils + basophils are identified. Basophils are 
 specifically identified in the WBC/BASO scattergram. 
Courtesy of Sysmex Corporation, Kobe, Japan.

How does the determination of the five-part leukocyte 
differential for the unicel® dxH 800 instrument and the 
Sysmex XE-Series™ instrument differ?

CheCkpoint 39-5

Nucleated erythrocytes are enumerated in the NRBC channel. 
Within this channel, the blood cells are diluted with a lyse plus fluo-
rescent dye reagent. This reagent hemolyzes the erythrocytes, removes 
the nucleated erythrocytes’ cytoplasmic membrane, and shrinks the 
nucleus. The fluorescent dye binds to the nuclei. The reagent only 
perforates the cytoplasmic membrane of the leukocytes, allowing 
fluorescent dye to enter the cell and bind to intracytoplasmic organ-
elles and the nucleus, but does not alter the leukocytes’ shape. Thus, 
leukocytes exhibit stronger fluorescence than nucleated erythrocytes. 
As the nuclei of the nucleated erythrocytes and the intact leukocytes 
pass through the laser beam of the optical detection block, they gener-
ate forward scatter, side scatter, and fluorescence. This information is 
used to create the NRBC scattergram, which plots fluorescent intensity 
versus forward scatter (Figure 39-15 ■). Leukocytes with their high 
fluorescent intensity and high forward scatter (i.e., larger size) are 
clearly delineated from the nucleated erythrocytes. This analysis pro-
vides a sensitive method to determine nucleated erythrocytes as low as 
0.1 NRBC/100 WBCs. The instrument’s data analysis system uses the 
nucleated erythrocyte count (NRBC#) to correct the total leukocyte 
(WBC) count and lymphocyte count for their presence. The lympho-
cyte count is affected because nucleated erythrocytes and lymphocytes 
fall in the same cluster on the DIFF scattergram.

The reticulocyte count is determined in the RET channel. Within 
this channel, the fluorescent dye containing oxazine and polymethine 
penetrates the cell membranes and stains the blood cells. Oxazine 

■  Figure 39-15 Nucleated red blood cell (NRBC) scat-
tergram, Sysmex XE-2100™. Nucleated erythrocytes are 
clearly delineated from leukocytes based on their lower 
fluorescence intensity and smaller size (i.e., less forward 
scatter) as seen on this schematic pattern.WBC, white 
blood cell; PLT, platelet
Rowan RM, Linssen J. A picture is worth a thousand words. Sysmex Journal 
International. 2005;15(1):27–38. Reprinted with permission.
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to calculate the percentage of hypochromic erythrocytes (%HYPO 
HE) and hyperchromic erythrocytes (%HYPER HE). Using the pulse 
height (i.e., volume) for each erythrocyte counted, the data manage-
ment system generates the percentage of microcytes (%MICRO R) 
and  percentage of macrocytes (%MACRO R).30,35 Studies indicate 
that the new parameters, %HYPO HE and %MICRO R, have poten-
tial use in the differentiation of the b@thalassemia trait from other 
microcytic anemias and that %HYPO HE may be a useful parameter 
in the evaluation of iron status.35–37

The data analysis system analyzes all data, including cell counts, 
histograms, and scattergrams. The results are displayed on the com-
puter screen, printed to a hard copy (Figure 39-17 ■), or transferred 
to the LIS (see Web Table 39-1 for reported parameters). An extensive 
flagging program with interpretive comments alerts the laboratory 
professional to abnormal results. Use of the flagging system and the 
observations of the scattergrams and histograms allow the laboratory 
professional to focus on specific abnormalities when performing a 
peripheral blood smear evaluation.

The body fluid mode of the XE-5000™ performs erythrocyte counts 
(RBC), leukocyte counts (WBC), two-part differentials (polymorphonu-
clear cells and mononuclear cells), and total counts (TC-BF) on all body 
fluids (e.g., cerebrospinal, serous, synovial fluids).38–40 No pretreatment of 
the sample is required. Using the body fluid mode, the cell-counting time 
is extended to increase the precision of the cell counts. The RBC count is 
determined by impedance, and the WBC count and two-part differen-
tial are determined by fluorescent flow cytometry. The data collected in 
these measurements are analyzed by specific algorithms to generate the 
cell counts and two-part differential. When the laboratory professional 
switches the instrument from the whole blood mode to the body fluid 
mode, the instrument performs a rinse cycle to prevent carryover from 
previously tested whole blood samples as well as a background check 
before the body fluid sample is tested.

sysmex Xn-series™
Introduced in 2012, the XN-10™ instrument represents the latest in 
Sysmex hematology instrumentation. The XN-10™ instrument is a 
modular component capable of determining the CBC, six-part leu-
kocyte differential (neutrophils, lymphocytes, monocytes, eosinophils, 
basophils, and IGs), nucleated erythrocyte count, and reticulocyte 
count from a single aspiration of a blood sample. (See Web Table 39-
1 for reported parameters.) The addition of the SP-10™ slidemaker/
stainer creates a complete modular workstation. To increase the 
 productivity of a workstation, additional XN-10™ instruments can 
be added. For example, the XN-3000™ is a workstation with two 
XN-10™ modular units and the SP-10™ slidemaker/stainer unit.

The XN-series™ instrument uses the same methods as 
described for the XE-series™ for determining the erythrocyte (RBC) 
count, hemoglobin, RBC parameters (e.g., Hct, MCV), platelet count 
(impedance), reticulocyte count, and reticulocyte parameters (e.g., 
IRF, Ret He). New methods allow clearer discrimination of leukocytes, 
abnormal leukocytes, and nucleated erythrocytes.41,42

The white cell differential (WDF) channel differentiates and enu-
merates neutrophils and basophils, lymphocytes, monocytes, eosino-
phils, and IGs (Figure 39-18 ■). These cells are classified based on their 
side scatter and fluorescent intensity, characteristics that are similar to 
those used for cell classification by the DIFF channel of the XE-series™ 

binds to residual RNA within the reticulocytes, and polymethine 
binds to RNA and DNA within nucleated cells. The diode laser of the 
optical detection block evaluates each blood cell and determines its 
forward scatter and fluorescence. The data analysis system uses this 
forward scatter and fluorescence information to generate the RET 
scattergram. From this scattergram, cells are classified as mature 
erythrocytes, reticulocytes, and platelets (Figure 39-16 ■). The reticu-
locytes are further classified based on fluorescent activity to determine 
reticulocyte maturity (Web Figure 39-5). Reported parameters include 
absolute reticulocyte count, reticulocyte percentage, low fluorescence 
ratio (LFR), middle fluorescence ratio (MFR), high fluorescence ratio 
(HFR), IRF, reticulocyte hemoglobin content (Ret He), and plate-
let count. The IRF represents the MFR and HFR combined and is 
reported as a percentage of the total reticulocyte count.

The platelet count from the RET channel is designated the PLT-O 
(platelet-optical) count and is compared to the platelet count from the 
RBC/platelet dilution. If the platelet count is extremely low, the count 
from the RET channel is the reported platelet count because it is more 
accurate as the result of the additional cellular characteristics that 
are evaluated. The immature platelet fraction (IPF) is an additional 
platelet parameter derived from the RET channel that represents the 
reticulated platelets, which are newly released platelets that pos-
sess residual RNA and exhibit fluorescence because the RNA binds 
oxazine. An increased IPF reflects increased thrombopoiesis, whereas 
a decreased IPF reflects decreased platelet production. The IPF is 
useful in a variety of clinical situations (1) as an indicator of platelet 
engraftment following stem cell transplantation, (2) in the diagnosis 
of thrombocytopenia associated with increased platelet destruction 
versus bone marrow failure, and (3) as a requirement of platelet trans-
fusion associated with cytotoxic therapy or stem cell transplant.31–34

The XE-5000™ instrument determines several additional eryth-
rocyte parameters. Because the instrument measures the hemoglobin 
content of individual erythrocytes (i.e., mature erythrocytes, reticu-
locytes) during the reticulocyte enumeration (within RET chan-
nel), a new software package allows the data management system 

■  Figure 39-16 Reticulocyte (RET) scattergram, Sysmex 
XE-2100™. Mature erythrocytes, RETs, and platelets (PLTs) 
are identified.
RBC = red blood cell

Rowan RM, Linssen J. A picture is worth a thousand words. Sysmex Journal 
International. 2005;15(1): 27–38. Reprinted with permission.
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versus basophil). The fluorescent dye (polymethine) binds to the bare 
nuclei of the nucleated erythrocytes and enters the leukocytes to bind 
to nucleic acids and intracytoplasmic organelles. The cells are then 
analyzed by fluorescent flow cytometry as in the XE-series™ instru-
ment to determine each cell’s forward scatter (cell size) and fluorescent 
intensity (amount of bound fluorescent dye). These data are used to 
determine the total leukocyte (WBC) count and generate the WNR 
scattergram (Figure 39-19 ■). Nucleated erythrocytes and basophils 
can be clearly delineated on this scattergram from other leukocytes 
and enumerated. Because the delineation between nucleated eryth-
rocytes and leukocytes is clear, the total leukocyte (WBC) count does 
not require correction for their presence.

The fluorescent platelet (PLT-F) channel is a separate channel that 
determines the IPF and a platelet count (i.e., PLT-F count). Within this 
channel, the aspirated blood sample is diluted, and a fluorescent dye 
(oxazine) is added to the dilution. The oxazine binds to the nucleic acid 
content of the platelet organelles and binds only diffusely to the reticu-
locytes. The dilution is then analyzed by fluorescent flow cytometry to 
determine each cell ’s forward scatter and fluorescent intensity. Using 
this information, the PLT-F scattergram is generated (Web Figure 39-6). 
Platelets are clearly delineated from other cells including reticulocytes 
based on their size and fluorescent intensity as depicted in the PLT-F 
scattergram. The IPF is determined from this scattergram because 

instrument. The key difference is the instrument’s new algorithm, Sys-
mex Adaptive Flagging Algorithm, based on Shape recognition (SAF-
LAS) that allows better discrimination of monocytes, lymphocytes, 
atypical lymphocytes, and blasts based on analysis of the differences in 
these cell clusters. Application of this algorithm improves the specificity 
of alert flags for atypical lymphocytes and blasts.

In addition, accurate leukocyte differentials are obtained for blood 
samples with leukocyte (WBC) counts less than 0.5 * 103/mcL (mL) 
when performed in the low WBC mode. The instrument can be pro-
grammed to automatically perform the WBC count and leukocyte 
differential in this mode if the WBC count falls below this level. In 
the low WBC mode, the sample is analyzed three times longer to 
accumulate more cell events and evaluated in the WDF channel, thus 
improving the WBC count and differential’s accuracy.

Within the white cell nucleated (WNR) channel, the leukocyte 
(WBC) count is determined and basophils and nucleated erythrocytes 
are clearly differentiated from other leukocytes to determine the num-
ber of basophils and nucleated erythrocytes within each blood sample. 
In the WNR channel, lyse reagent lyses the erythrocytes and removes 
the nucleated erythrocyte’s cytoplasmic membrane. For the leuko-
cytes, lyse reagent perforates the cytoplasmic membrane and alters 
the leukocyte’s external shape and internal structure depending on the 
characteristics of the specific leukocyte (e.g., segmented neutrophil 

■  Figure 39-17 Sysmex XE-Series™ report from a normal individual.
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■  Figure 39-19 WNR scattergram, Sysmex XN-Series™. Nucleated erythrocytes 
and basophils are clearly delineated from other leukocytes (e.g., neutrophils, lympho-
cytes, and monocytes). Therefore, the total WBC count does not require correction 
for the presence of nucleated erythrocytes.
Courtesy of Sysmex Corporation, Kobe, Japan.

■  Figure 39-18 WDF scattergram, Sysmex XN-Series™. Lymphocytes (LYMPH), 
monocytes (MONO), eosinophils (EO), neutrophils (NEUT) + basophils (BASO), and 
immature granulocytes (IG) are identified. Basophils are specifically identified in the 
WNR scattergram.
SSC = side scatter; SFL = fluorescence intensity

Courtesy of Sysmex Corporation, Kobe, Japan.
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erythrocytes, strips the cytoplasmic membrane from nucleated eryth-
rocytes and fragile leukocytes, and stains DNA of the exposed nuclei 
with propidium iodide (PI), a fluorescence dye. This dilution is sent to 
the optical flow cell. Hydrodynamic focusing directs cells through the 
flow cell in single file. A solid-state laser interacts with each intact cell 
or exposed nucleus to create light scatter and fluorescence (PI excites at 
488 nm and emits at 630 nm). Using multi-angle polarized scatter sep-
aration (MAPSS™) technology, the following light scatter characteris-
tics are determined as indicated: (1) 0° light scatter or forward scatter 
that reflects cell size, (2) 7° light scatter that reflects cell complexity, (3) 
90° light scatter or side scatter that reflects nuclear lobularity, and (4) 
90° depolarized light scatter (90°D) that reflects cytoplasmic granu-
larity (Figure 39-20 ■). MAPSS™  technology-generated data are used 
in different ways to classify leukocyte subpopulations and identify 
certain morphologic flags.44 For example, discriminant line analysis 
isolates and identifies various cell populations. A histogram is created 
based on one-dimensional data (e.g., size) or two-dimensional data 
(e.g., size versus DNA content). The data management system identi-
fies the valley between the cell populations and sets a discriminant 
line. Scatterplots and contour plots of the data are used to further clas-
sify subpopulations of leukocytes. The 0° (size) versus 7° (complexity) 
scatterplot allows differentiation of neutrophils, monocytes, and lym-
phocytes (Figure 39-21 ■). Eosinophils are differentiated from neu-
trophils in the 90°D (granularity) versus 90° (lobularity) scatterplot 
(Web Figure 39-8). Finally, lymphocytes are separated from basophils 
based on size and complexity. The data management system analyzes 
these characteristics to determine the total WBC count and the five-
part leukocyte differential. Additional information obtained from 
the evaluation of this dilution includes the enumeration of nucleated 
erythrocytes and identification of nonviable or fragile leukocytes, 
which are based on light scatter characteristics and fluorescence inten-
sity (i.e., DNA content). Because the nucleated erythrocytes are clearly 
distinguished from leukocytes in this dilution, the total WBC count 
and five-part differential are unaffected by their presence.

these cells have high fluorescence intensities. The PLT-F channel can 
be included as part of the routine measurement for all blood samples, or 
the user can program it to be a reflex test and performed only when the 
analyzer onboard rule system detects an abnormal platelet histogram 
or low platelet count (predetermined by the user). The PLT-F chan-
nel provides an accurate platelet count when numbers are low or when 
potential interferences such as erythrocyte or leukocyte fragments are 
present.

Which cellular characteristics are used to determine the 
IPF on the Sysmex XN-Series™ instrument?

CheCkpoint 39-6

■  Figure 39-20 Four light scatter measurements from 
the CELL-DYN Sapphire®. The 0° scatter reflects cell size; 
7° scatter reflects cell complexity; 90° scatter reflects 
nuclear lobularity; and 90° depolarized scatter reflects 
cytoplasmic granularity.

Laser beam

90°90°D

0°

7°

7°

The XN-Series™ have a body fluid module for counting erythro-
cytes, leukocytes, and determining a two-part differential for all body 
fluids.43 The new methods introduced for the leukocyte count and 
leukocyte differential have also improved the instrument’s ability to 
perform cell counts and cell differentials on body fluids. No pretreat-
ment or off-line preparation is required for body fluid analysis. The 
erythrocyte count (RBC-BF) is determined by impedance in the RBC/
platelet channel, whereas the leukocyte count (WBC-BF), total cell 
count (TC-BF), and two-part differential (polymorphonuclear cells 
and mononuclear cells) are determined by fluorescent flow cytometry 
(side scatter and fluorescent intensity) in the WDF channel. The BF 
scattergram depicts the polymorphonuclear cells (PMNs) and mono-
nuclear cells (MNs) by their characteristic side scatter and fluorescent 
intensity patterns (Web Figure 39-7). High-fluorescent intensity body 
fluid (HF-BF) cells (e.g., macrophages, mesothelial cells) can also be 
seen on this scattergram. The WBC-BF count represents the num-
ber of PMNs plus MNs, whereas the TC-BF count includes WBC-BF 
count plus the HF-BF cells identified by the BF-WDF scattergram.

Abbott Cell-dyn sapphire®

Like other automated cell counting instruments, the CELL-DYN 
Sapphire® uses a combination of technologies to enumerate erythro-
cytes, leukocytes, platelets, and reticulocytes and determine a five-part 
 leukocyte differential.44,45 Flow cytometry, fluorescence staining, and 
impedance are used to make these determinations.

The instrument aspirates a sample of EDTA-anticoagulated 
blood and sends a portion of this sample to the hemoglobin dilu-
tion cup. The hemoglobin reagent dilutes the blood sample, lyses 
erythrocytes, and converts free hemoglobin to a single chromogen by 
forming a complex with imidazole. The hemoglobin concentration 
is determined spectrophotometrically at 540 nm. A reagent blank is 
used to minimize optical interferences, whereas leukocyte interfer-
ence is minimal because the reagent destroys leukocytes and cellular 
fragments. This cyanide-free reaction shows good correlation with the 
cyanmethemoglobin reference method.

In the WBC dilution cup assembly, the sample is diluted for 
enumerating total leukocyte (WBC) count, detecting and quantitat-
ing nucleated erythrocytes, and determining the five-part leukocyte 
differential. The preheated WBC reagent dilutes the leukocytes, lyses 
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Two different dilutions are prepared in the RBC/PLT dilution 
cup assembly. One dilution represents the erythrocyte/platelet dilu-
tion. The diluent dilutes the blood sample and spheres the erythro-
cytes. Using the principles of hydrodynamic focusing and impedance, 
the erythrocytes and platelets are evaluated as they pass singly through 
the impedance transducer from which the RBC count, erythrocyte 
size distribution curve (histogram), platelet size distribution curve, 
and platelet count are obtained. A second portion of the erythrocyte/
platelet dilution is sent to the optical flow cell for enumeration of these 
cells based on light-scatter characteristics. The RBC count from the 
optical flow cell and the platelet count from the impedance transducer 
are used as internal quality control checks against the reported RBC 
count from the impedance transducer and the reported platelet count 
from the optical flow cell. The second dilution represents the reticu-
locyte dilution. The blood sample is diluted with the isotonic diluent, 
and nucleic acids are stained with a fluorescence dye (i.e., fluorescein 
isothiocyanate) that excites at 488 nm and emits at 530 nm. This dilu-
tion is sent to the optical flow cell where the number of reticulocytes 
is determined based on fluorescence intensity and light-scatter char-
acteristics (i.e., 7° light scatter). From this information, a reticulocyte 
histogram is created for the determination of the reticulocyte count 
and the IRF (Figure 39-22 ■).

The data management system analyzes and compiles all data 
obtained from the instrument and determines the reported param-
eters (Web Table  39-1). The results are displayed on a computer 
screen, printed to a hard copy for the laboratory professional’s review 
(Figure 39-23 ■), or transferred to the LIS. System-initiated mes-
sages and data flags alert the laboratory professional to potential 
abnormalities or errors in the results. This information is used to 
correlate CBC data with peripheral blood morphology to improve 
the identification and confirmation of abnormalities.

In 2010, Abbott Diagnostics introduced a new software pack-
age for the CELL DYN Sapphire® that extends the number of RBC 
and reticulocyte parameters generated by this instrument. The data 

■  Figure 39-22 Reticulocyte histogram, CELL-
DYN  Sapphire®. Reticulocytes are found between the 
two gates. The peak to the left represents mature 
erythrocytes.
x@axis = fluorescence; y@axis = relative number of cells

FL1 – RNA

RETC

 a. Which CEll-dyN scatterplot allows differentiation of 
eosinophils from neutrophils?

 b. The CEll-dyN Sapphire’s WBC dilution contains 
propidium iodide, so why do the neutrophils not 
fluoresce?

CheCkpoint 39-7

management system calculates these parameters from the data col-
lected during the erythrocyte or reticulocyte enumeration and 
determines microcytic RBC% (%MIC), macrocytic RBC% (%MAC), 
hypochromic RBC% (%HPO), hyperchromic RBC% (%HPR), MCVr 
(reticulocyte mean cell volume), MCHr (reticulocyte mean cell 
hemoglobin), and CHCr (reticulocyte mean cell hemoglobin con-
centration). These parameters have been shown to correlate well with 
similar parameters introduced with the ADVIA hematology instru-
ments (Siemens Healthcare).46

■  Figure 39-21 0° (Size) vs 7° (complexity) scatter-
plot, CELL-DYN Sapphire®. Neutrophils, monocytes, and 
 lymphocytes are identified. Lymphocytes are located 
lower left in the scatterplot; the middle cell population 
is composed of monocytes; and neutrophils are located 
upper center in the scatterplot.

7˚ – COMPLEXITY

WBC Differential

0

S
I
Z
E

The CELL-DYN Sapphire® can perform two additional assays, 
Immuno T-cell (CD3/4/8) Assay, and ImmunoPlt™ (CD61) assay. 
Both represent fluorescent immunophenotyping methods. The 
Immuno T-cell (CD3/4/8) Assay uses monoclonal antibodies with 
different fluorescent labels to identify the T-cell population (i.e., 
fluorescein isothiocyanate labeled anti-CD3) and its two subpop-
ulations, T helper cells (i.e., phycoerythrin labeled anti-CD4) and 
T cytotoxic cells (i.e., phycoerythrin labeled anti-CD8). Enumera-
tion of these subpopulations is important in evaluating patients with 
immunodeficiency syndromes and monitoring certain therapeutic 
interventions.

The Immuno T-cell (CD3/4/8) Assay consists of two reagent 
tubes, CD3/CD4 and CD3/CD8. The instrument prepares the reac-
tion mixture in each tube by adding the patient sample and the diluent 
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populations. The scatterplot of 0° light scatter versus 7° light scatter is 
used to isolate the lymphocyte population for further examination. 
The scatterplot of CD3 fluorescence intensity (measured at fluorescein 
isothiocyanate’s emission wavelength of 530 nm) versus CD4 fluores-
cence intensity (measured at phycoerythrin’s emission wavelength of 
630 nm) determines the percentage of T helper cells; likewise, the scat-
terplot of CD3 fluorescence intensity versus CD8 fluorescence inten-
sity determines the percentage of T cytotoxic cells (Web Figure 39-9). 

to the tube’s monoclonal antibodies. The instrument rocks the reagent 
tube gently, incubates the reaction mixture for 2 minutes at room tem-
perature, and then aspirates a portion of the reaction mixture from the 
tube and places it in the WBC dilution cup. WBC reagent is added to 
create a final dilution of 1:36, which is sent to the optical flow cell for 
light scatter and fluorescence intensity measurements. Fluorescence 
intensity, 0° light scatter (i.e., size), and 7° light scatter (i.e., cell com-
plexity) are used to identify and enumerate the different lymphocyte 

■  Figure 39-23 CELL-DYN Sapphire® report depicting WBC differential.
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for erythrocyte and platelet counts causes isovolumetric sphering 
of the erythrocytes and platelets. Isovolumetric sphering of erythro-
cytes eliminates cell volume errors due to variations in erythrocyte 
shape.51,52 The erythrocytes are counted and sized by both high-
angle (5–15°) and low-angle (2–3°) light-scattering measurements. 
Individual erythrocyte hemoglobin concentration is determined by 
the high-angle measurement, and cell volume is determined from the 
low-angle measurement; thus, the MCV and cellular hemoglobin 
concentration mean (CHCM) are obtained. Together, these mea-
surements are used to generate the erythrocyte cytogram, erythrocyte 
histogram, and hemoglobin histogram (Figure 39-24 ■). The RDW 
and the hemoglobin distribution width (HDW) are derived from 
these histograms.

Platelets are evaluated simultaneously with the erythrocytes 
using both high-angle light scatter and low-angle light scatter; how-
ever, these signals are amplified for platelet enumeration. This infor-
mation is used to create a platelet cytogram, and the actual platelet 
count is obtained by integrated analysis of the platelet cytogram and 
erythrocyte cytogram to include large platelets while excluding eryth-
rocytes, erythrocyte fragments, and erythrocyte ghosts.

Within the hemoglobin channel, a portion of the EDTA-
anticoagulated blood is mixed with the hemoglobin diluent. The 
erythrocytes are lysed, and free hemoglobin is converted to cyanmet-
hemoglobin. The concentration of cyanmethemoglobin is determined 
photometrically at 546 nm.

The leukocyte count and five-part leukocyte differential are 
obtained utilizing two different methods and two separate channels, 
the peroxidase and the basophil/lobularity. The peroxidase chan-
nel identifies neutrophils, monocytes, eosinophils by the degree of 
peroxidase positivity (i.e., increased absorption) and the amount of 
forward light scatter. Lymphocytes and large unstained cells (LUCs) 
are identified by the amount of forward light scatter and the fact that 
they remain unstained by this peroxidase cytochemical–staining 
method. Erythrocytes are removed prior to the peroxidase staining by 
lytic action. The amount of forward scatter and degree of peroxidase 
positivity are detected as the cells pass through a tungsten halogen-
based flow cell, and this information is used to create the peroxidase 
cytogram (Web Figure 39-10). Within the basophil/lobularity channel, 
EDTA-anticoagulated blood is mixed with basophil diluent that lyses 
erythrocytes and platelets and strips all leukocytes except basophils of 
their cytoplasm. The helium-neon laser flow cell measures this dilu-
tion and determines the degree of high-angle scatter and low-angle 
scatter for each cell examined. This information is used to create the 
basophil/lobularity cytogram (Web Figure 39-11). The data manage-
ment system uses cluster analysis to identify individual cell popu-
lations within a given cytogram. Each population is identified by its 
position, area, and density. Thresholds are set, and the number of cells 
in each population is determined. For the basophil/lobularity cyto-
gram, the normal cell pattern is referred to as the worm with the head 
region representing mononuclear cells and the body region represent-
ing polymorphonuclear cells as classified by their high-angle scatter 
signatures. Basophils have large, low-angle scattered signatures and 
are located in the region above the worm (Web Figure 39-11). For the 
peroxidase cytogram, the normal cell pattern depicts the neutrophils 
in the upper right quadrant, eosinophils in the lower right quadrant, 
and monocytes in the center triangular region; lymphocytes are located 

The total CD3 fluorescence intensity on a given scatterplot reflects 
the percentage of T cells present in the patient sample. Comparison of 
the percentage of CD3 + cells from each scatterplot can be used as an 
internal control. The computer system uses established algorithms to 
process the light scatter and fluorescence measurements and generate 
the reported parameters. These parameters include total T-cell count, 
percentage of T cells, absolute T helper cell count, percentage of T 
helper cells, absolute T cytotoxic cell count, percentage of T cytotoxic 
cells, and the ratio of T helper to T cytotoxic cells. The concentration 
of these cells can be determined because a CBC is performed on the 
patient sample prior to preparation of the assay’s reagent tubes. This 
CBC also provides a check of the lymphocyte’s viability.

The ImmunoPlt™ (CD61) assay uses a platelet-specific mono-
clonal antibody, anti-CD61, which is labeled with fluorescein isothio-
cyanate. This assay is useful when a patient’s platelet count is very low 
(e.g., 610 * 103/mcL) or when leukocyte or erythrocyte fragments 
within the patient sample interfere with platelet enumeration. Because 
of the specificity of this assay, it provides an accurate platelet enumera-
tion. Like the T-cell assay, the monoclonal antibody is present within a 
reagent tube. Patient sample and diluent are added to this tube, which 
are gently mixed. The reagent tube incubates for 1 minute at room 
temperature. At this point, additional diluent is added to the reagent 
tube to further dilute the mixture. A portion of this reaction mixture 
is aspirated into the RBC/platelet dilution cup and diluent is added 
to create a final dilution of 1:290. A portion of the final dilution is 
injected into the optical flow cell for measurement. Measurements 
include 0° light scatter, 7° light scatter, and fluorescence intensity at 
530 nm (i.e., fluorescein isothiocyanate’s emission wavelength). The 
instrument’s computer system uses established algorithms to process 
the data generated by these measurements and determines the PLT 
count. Because of CD61’s specificity for platelets, other cells or cell 
fragments do not affect this platelet count.

Light-Scattering Instruments
Technicon Instruments Corporation was important in the develop-
ment of hematology instrumentation that used light-scattering tech-
nology to enumerate blood cells. Its first instruments were based on 
continuous flow analysis similar to its chemistry instruments. The 
Hemolog D performed leukocyte differentials based on continuous 
flow analysis and peroxidase cytochemical staining. The Technicon 
H-6000 was capable of performing a complete blood cell count and 
five-part leukocyte differential using continuous flow analysis and an 
improved cytochemical staining method. The Technicon H *1 was the 
first of a series of instruments that combined these principles of cell 
detection and identification with flow cytometry.47–49 The two instru-
ments described next represent current models whose basic principles 
of cell enumeration and determination of the leukocyte differential 
can be traced back to methodologies introduced by the Technicon 
Instruments Corporation.

siemens healthcare AdviA 120
The ADVIA 120 is capable of performing a CBC, five-part leukocyte 
differential, and reticulocyte count.50 It has five measurement chan-
nels. The erythrocyte/platelet channel determines the erythrocyte and 
platelet counts by light-scattering measurements obtained as diluted 
cells pass singly through a helium-neon laser beam. The diluent used 
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count that was obtained from the peroxidase channel. This is neces-
sary because lymphocyte and basophils cannot be differentiated from 
each other based on analysis of the peroxidase cytogram. The percent-
age values are calculated from the absolute cell counts. The total WBC 
count is obtained from both channels. The data management system 
compares these counts and flags the total WBC count if the results do 
not compare. An advantage of this method of determining cell counts 

adjacent to the y-axis in the center left quadrant and LUCs are located in 
the upper left quadrant of the peroxidase cytogram (Web Figure 39-10). 
The absolute count for each leukocyte population is obtained from 
the appropriate channel (e.g., absolute neutrophil count from the 
peroxidase channel and absolute basophil count from the basophil/
lobularity channel). The absolute lymphocyte count is obtained by 
subtracting the absolute basophil count from the absolute lymphocyte 

■  Figure 39-24 ADVIA 120 report from a normal individual.
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released hemoglobin forms a stable chromogen with imidazole. This 
method demonstrates strong correlation with the cyanmethemoglo-
bin method of the ADVIA 120.53 A disadvantage of the ADVIA 2120 
and ADVIA 120 is that neither is currently capable of determining and 
reporting a nucleated erythrocyte count.

The ADVIA 120 and ADVIA 2120 were the first hematology 
instruments to introduce extended RBC and reticulocyte param-
eters (Web Table 39-1). The percentage of hypochromic erythrocytes 
(%HYPO) and percentage of hyperchromic erythrocytes (%HYPER) 
are obtained from the red cell erythrogram, a derivation of the eryth-
rocyte cytogram. The percentage of microcytes (%MICRO) and per-
centage of macrocytes (%MACRO) are derived from the erythrocyte 
cytogram. Studies indicate that the combined use of %HYPO and 
CHr™ can be useful in detecting iron deficiency in patients on hemo-
dialysis for chronic renal disease. These patients could experience 
a superimposed iron deficiency with anemia of chronic disease or 
have a functional iron deficiency (Chapter 12), which decreases their 
response to erythropoietin therapy. Early detection of iron deficiency 
results in appropriate therapeutic intervention to resolve the iron defi-
ciency and, therefore, decrease the poor response rate of hemodialysis 
patients to erythropoietin therapy.54–56

Based on the information provided by the two methods of 
determining WBC counts and five-part differential, the ADVIA 2120 
 calculates a new index, the delta neutrophil index (DNI), which is 
defined as follows: DNI =  (neutrophils + eosinophils from the 
peroxidase channel) minus (polymorphonuclear cells from the baso-
phil/lobularity channel). This index reflects the number of immature 
granulocytes (i.e., promyelocytes, myelocytes, metamyelocytes) pres-
ent in the sample. Recent studies reveal that the DNI may be useful as 
a prognostic indicator for sepsis or an early marker of disease severity 
in patients with sepsis.57,58

The ADVIA 120 and ADVIA 2120 perform CSF analysis using 
a dedicated CSF mode.59 The CSF sample is first mixed with the CSF 
assay reagent and incubated for a minimum of 4 minutes (no longer 
than 4 hours) to sphere and fix the cells. The instrument aspirates pre-
treated CSF sample, and determines the cell counts and two-part dif-
ferential by light scatter and absorbance measurements. The reported 
results include CSF WBC count, CSF RBC count, and two-part dif-
ferential. The PMNs and MNs are reported in absolute and relative 
percentage values.

is ability to obtain accurate WBC counts and differentials on samples 
with very low counts (WBC 6 0.1 * 103/mcL).

The fifth channel is the reticulocyte channel where cellular RNA 
of the reticulocytes is stained with oxazine 750, a nucleic acid dye. 
The helium-neon laser flow cell evaluates the erythroid cells for light-
scattering and absorbance characteristics. The high-angle light scatter 
reflects the hemoglobin concentration within the individual erythroid 
cells, and low-angle light scatter reflects the size of each cell. Reticulo-
cytes are differentiated from mature erythrocytes based on their RNA 
content, which is determined by the cell’s absorbance reading. Reticu-
locytes have a higher absorbance compared to mature erythrocytes. 
In addition to the absolute reticulocyte count and relative reticulocyte 
percentage, reticulocyte analysis includes a measure of the reticulocyte 
cellular hemoglobin concentration (CHr™), MCVr, and the reticulo-
cyte cellular hemoglobin concentration mean (CHCMr).

The ADVIA 120’s data management system evaluates the infor-
mation from the two flow cells, determines the reported param-
eters, and displays the information on the computer screen (see Web 
Table 39-1 for the reported parameters). The results can be printed to 
hard copy (Figure 39-24) or transferred to the LIS. If abnormalities 
are detected in cell counts, histograms, or cytograms, the instrument 
flags the appropriate result(s). The flagging criteria assist the labo-
ratory professional in defining the abnormalities to be reviewed by 
peripheral blood smear examination.

What is the similarity in the reticulocyte methods per-
formed on the adVIa 120 and XE-Series™ instruments?

CheCkpoint 39-8

siemens healthcare AdviA 2120
The ADVIA 2120 represents the latest model in this series of hematol-
ogy instruments. The basic principles of blood cell enumeration, retic-
ulocyte enumeration, and determination of the five-part leukocyte 
differential are the same as those discussed in detail for the ADVIA 
120. The hemoglobin determination is a cyanide-free method where 

Summary
This chapter briefly reviewed the ever-increasing uses of tech-
nology for the automated hematology laboratory. The blood 
cell–counting instruments include those using a combination of 
technologies such as impedance, light scatter, radio frequency, 
and fluorescent detection to determine the CBC and five-part 
leukocyte differentials. The two major principles used by hema-
tology instruments are impedance and light scatter. The imped-
ance principle of blood cell counting is based on the increased 
resistance that occurs when a blood cell with poor conductiv-
ity passes through an electrical field. The number of pulses 

indicates the blood cell count, and the amplitude (i.e., height) 
of each pulse is proportional to the cell’s volume. The opti-
cal light–scattering principle of blood cell counting is based on 
light-scattering measurements obtained as a single blood cell 
passes through a beam of light (optical or laser). Forward scatter 
is a measurement of cell size, whereas side scatter is a measure 
of cell granularity or complexity. most instruments also measure 
reticulocytes and nucleated erythrocytes. Reticulocyte evalua-
tion includes not only quantitative data but also data on the 
immaturity of reticulocytes, which indicates the erythropoietic 
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Review Questions
Level i

 1. Which automated blood cell–counting instrument uses the 
optical light scatter method to determine the erythrocyte 
count? (Objective 3)

 A. unicel® dxH 800

 B. XE-5000™

 C. CEll-dyN Sapphire®

 D. ADVIA 120

 2. Why is hydrodynamic focusing included in the performance 
of RBC counts by several automated blood cell–counting 
instruments? (Objective 3)

 A. to ensure that only a single cell enters the detection 
area at any given time

 B. to direct the beam of light onto the center of the 
photodetector

 C. to select the appropriate wavelength of light for 
analysis

 D. to focus the beam of light on the detection area

 3. Which parameter does the LH 780 instrument calculate? 
(Objective 5)

 A. erythrocyte count

 B. MCV

 C. reticulocyte percentage

 D. absolute neutrophil count

 4. Which dye is used to stain cellular RNA for reticulocyte 
counting on the ADVIA 120? (Objective 6)

 A. thiazole orange

 B. oxazine 750

 C. new methylene blue

 D. auramine-O

 5. Which automated blood cell–counting instrument has a 
dedicated channel for nucleated erythrocyte determina-
tion? (Objective 3)

 A. CEll-dyN Sapphire®

 B. XE-5000™

 C. LH 780

 D. ADVIA 2120

 6. The ADVIA 2120’s determination of the %HYPO parameter 
is: (Objective 5)

 A. calculated using the CHCM and MCV

 B. derived from hemoglobin histogram

 C. calculated using the MCH and erythrocyte count

 D. derived from erythrocyte cytogram

 7. Which technology does the XE-5000™ use to determine a 
leukocyte count on a body fluid? (Objective 3)

 A. impedance

 B. conductivity

 C. fluorescent flow cytometry

 D. optical density

 8. Which parameter does the CELL-DYN Sapphire® directly 
measure? (Objective 5)

 A. hematocrit

 B. platelet count

 C. relative neutrophil percentage

 D. absolute reticulocyte count

response of the bone marrow to therapy for anemia and the 
hemoglobin content of reticulocytes (CHr™), which indicates 
the functional availability of iron to the erythron and its incor-
poration into hemoglobin.

The hematology instruments’ data analysis systems exam-
ine the data for possible interference or abnormalities and 
if found, the laboratory professional is alerted by suspect or 
user-defined flags. The laboratory professional uses the flags to 
correlate the CBC data with peripheral blood morphology and 
confirm the abnormalities or correct erroneous results.

To operate these instruments to their fullest potential, it is 
important that qualified laboratory professionals evaluate the 
data created by the instrument’s analysis of an individual cell’s 
characteristics. Through careful review of that data, new appli-
cations of these instruments can arise to aid in the early detec-
tion of abnormalities. Automation has increased precision and 
accuracy within the hematology laboratory and shortened the 
amount of time needed for analysis, but it has also increased 
the need for the individual laboratory professional’s interpre-
tive skills.
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 5. The CHr™ is determined by measuring a cell’s: (Objective 2)

 A. absorbance and light scatter characteristics

 B. absorbance and radio frequency characteristics

 C. fluorescence intensity and impedance characteristics

 D. fluorescence intensity and conductivity characteristics

 6. The CELL-DYN Sapphire® determines the number of T 
helper lymphocytes within a blood sample by immunophe-
notyping and: (Objective 1)

 A. radiofrequency opacity

 B. absorbance spectrophotometry

 C. impedance technology

 D. flow cytometry

 7. The IRF reported by the Sysmex XE-2100™ represents the 
following combined parameters: (Objective 2)

 A. HFR and LFR

 B. LFR and MFR

 C. HFR and MFR

 D. absolute and relative reticulocyte counts

 8. The advanced flagging system of the Sysmex XE-5000™ 
has the potential to: (Objective 1)

 A. increase the number of peripheral blood smear 
reviews

 B. eliminate the peripheral blood smear reviews

 C. decrease the number of peripheral blood smear 
reviews

 D. increase the number of errors in blast cell 
identification

 9. Which automated blood cell–counting instrument reports 
the number of immature granulocytes as part of its leu-
kocyte differential based on analysis of its white cell scat-
tergram? (Objective 1)

 A. CEll-dyN Sapphire®

 B. XN-Series™

 C. unicel® dxH 800

 D. ADVIA 2120

 10. The CHCr determined by the CELL-DYN Sapphire® cor-
relates with which of these parameters on the ADVIA 120: 
(Objective 2)

 A. CHCMr

 B. MCVr

 C. CHr™

 D. Ret He

 9. Which automated blood cell–counting instrument does not 
use the analysis of fluorescence intensity and light scatter 
to determine the reticulocyte count? (Objective 6)

 A. XE-2100™

 B. ADVIA 120

 C. CEll-dyN Sapphire®

 D. unicel® dxH 800

 10. Which parameter does the Sysmex XE-2100™ derive from 
a histogram or scattergram? (Objective 5)

 A. relative monocyte percent

 B. erythrocyte count

 C. mean cell volume

 D. hematocrit

Level ii

 1. What information is needed to create an erythrocyte his-
togram? (Objective 1)

 A. cell volume and relative cell number

 B. cell size and cell complexity

 C. nuclear size and cellular density

 D. cell forward scatter and cell side scatter

 2. The Sysmex XE-2100™ uses all of the following tech-
nologies to determine its five-part leukocyte differential 
except: (Objective 1)

 A. fluorescence

 B. radio frequency

 C. optical light scatter

 D. differential cell lysis

 3. Using the ADVIA 2120 instrument, which leukocyte cell 
type is located in the body of the worm of the basophil/
lobularity cytogram? (Objective 1)

 A. basophil

 B. monocyte

 C. neutrophil

 D. lymphocyte

 4. The Coulter® LH 750 five-part leukocyte differential is 
determined by the analysis of cellular characteristics as 
defined by: (Objective 1)

 A. light scatter, cytochemical staining, and radio 
frequency

 B. light scatter and radio frequency

 C. impedance and cytochemical staining

 D. impedance, conductivity, and light scatter
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Describe the components of a flow cytometer and the principles of cell 

analysis.
 2. Illustrate by example the clinical applications of flow cytometry.
 3. Appraise the use of fluorochrome-labeled antibodies in immunopheno-

typing by flow cytometry.
 4. Give examples of the clinical applications of immunophenotyping by 

flow cytometry, and interpret single dot plots.
 5. Define clonality and identify methods for detecting a monoclonal pop-

ulation of cells by immunophenotyping.
 6. List the specimens appropriate for immunophenotyping by flow 

cytometry.
 7. Describe how flow cytometry can be used in cell quantitation.
 8. Calculate and interpret the absolute CD4 count.
 9. Explain how flow cytometry can be applied to DNA analysis.
 10. List the cells positive for CD34, and explain the purpose of a CD34 

count.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Compare and contrast the immunophenotyping results characteristic 

of chronic lymphocytic leukemia, hairy cell leukemia, and non-Hodgkin 
lymphoma.

 2. Identify the pitfalls that can be encountered in immunophenotyping 
mature lymphoid malignancies by flow cytometry, and generate poten-
tial solutions.

 3. Compare and contrast the immunophenotyping results characteristic of 
lymphoblastic leukemia (LL) and acute myeloid leukemia.

 4. Identify the pitfalls that can be encountered in immunophenotyping 
acute leukemia and lymphoma by flow cytometry, and generate poten-
tial solutions.

(continued)
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 8. Calculate and interpret the S phase fraction and the DNA 
index, and give the principle of DNA analysis by flow 
cytometry.

 9. Assess the findings of flow cytometry cell analysis using 
two or more dot plots, and select the most likely cell 
represented.

 10. Evaluate flow cytometry results to identify problems and 
generate solutions.

 11. Summarize the uses of analysis for the CD34 antigen, and 
choose recommended procedures to analyze this antigen.

Objectives—Level II (continued)

 5. Compare and contrast the usefulness of the sucrose 
hemolysis test, Ham test, and flow cytometry immuno-
phenotyping in diagnosing paroxysmal nocturnal hemo-
globinuria (PNH).

 6. Select and explain the quality measures that must be 
enforced in quantitative flow cytometry.

 7. Compare and contrast the absolute CD4 count and HIV 
viral load in the surveillance of HIV infection.

ovErviEw
The purpose of flow cytometry is to detect and measure multiple 
properties so that cells or particles can be identified and quanti-
tated. This chapter introduces the principles of flow cytometry 
and discusses its clinical applications. First, the method of detect-
ing and quantitating particles/cells by flow cytometry is described. 
This description includes specimen requirements and processing 
and the concept of gating to isolate cells of interest. The remainder 
of the chapter addresses the uses of flow cytometry in the clinical 

laboratory. Flow cytometry is currently used to analyze individual 
cells for the presence of antigens (immunophenotyping), count cells 
with a particular immunophenotype, and quantitate deoxyribo-
nucleic acid (DNA). Immunophenotyping is one of the tools used 
for diagnosing mature lymphoid malignancies, lymphoblastic leu-
kemia/lymphoma, acute myeloid leukemia (AML), and paroxysmal 
nocturnal hemoglobinuria (PNH), and monitoring HIV infection. 
The material in this chapter should be studied with Chapters 26, 27, 
and 28 (neoplastic disorders) to obtain a full understanding of where 
flow cytometry fits into the diagnostic workup of these disorders. 
This chapter also introduces the application of flow cytometry in 
DNA analysis.

introDuCtion
A flow cytometer is an instrument capable of detecting molecules 
on the surface or inside individual particles such as cells. Isolating 
single particles/cells and labeling the molecule of interest with a flu-
orescent marker detects molecules (Figure 40-1 ■). Particles/cells 
that possess the molecule of interest are recognized by the emission 
of fluorescent light following excitation. Information is acquired 
from many thousands of particles/cells and stored on a computer 

We will address this case study throughout the chapter.

Andrew, a 76-year-old male, had a complete blood count 
(CBC) performed during hospitalization for pneumonia. 
He was found to have a WBC of 76 * 109/L with 80% 
lymphocytes. 

Consider the conditions that are associated with 
these results and the follow-up testing that might be 
necessary to confirm a diagnosis.

CasE stuDy

Key Terms
Acute undifferentiated 

leukemia
CD designation
Compensation

DNA Index (DI)
Flow chamber
Fluorochrome
Forward light scatter

Gating
Hematogone
Hydrodynamic focusing
Immunophenotyping

minimal residual disease
mixed phenotype acute 

leukemia
Photodetector
Side light scatter

Background Basics
Level ii
• Summarize the subtypes of malignant disorders and laboratory 

tests used to help classify them. (Chapter 23)
• describe the abnormality associated with paroxysmal nocturnal 

hemoglobinuria (PNH). (Chapter 17)
• Outline the cell cycle. (Chapter 2)

The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

Level i
• describe the cellular characteristics that differentiate T and 

B lymphocytes; differentiate the stages of development of 
granulocytes, lymphocytes, and monocytes. (Chapters 7, 8)

• Summarize the classification of malignant leukocyte disorders. 
(Chapters 23–28)
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for further analysis (Figure 40-1). The current applications of flow 
cytometry in the clinical laboratory include immunophenotyping 
leukocytes and erythrocytes (identifying antigens using detection 
antibodies), counting CD4 + and CD34 + positive cells, and analyz-
ing DNA (Table 40-1 ★).1

PrinCiPLEs oF FLow CytoMEtry
Isolation of Single Particles
Flow cytometry is performed on particles in suspension (e.g., cells or 
nuclei). Leukocytes from peripheral blood and bone marrow speci-
mens are often analyzed after the removal of red blood cells (RBCs) by 
lysis. The cell suspension is aspirated and injected into a flow cham-
ber (Figure 40-1), the specimen-handling area of a flow cytometer 
where cells are forced into single file and directed into the path of a 
laser beam.

The flow chamber contains two columns of fluid. The particles/
cells are contained in an inner column of sample fluid that is sur-
rounded by a column of sheath fluid (Figure 40-1). The sheath and 
sample fluids are maintained at different pressures and move through 
the flow chamber at different speeds. This gradient between the sam-
ple and sheath fluid keeps the fluids separate (laminar flow) and is 
used to control the diameter of the column of sample fluid. The central 
column of sample fluid is narrowed to isolate single particles/cells that 
pass through a laser beam (hydrodynamic focusing) like a string 
of beads. Laser light is focused on these single particles/cells and as 
it is scattered off them, it is measured using photodetectors called 
photodiodes. If particles/cells have fluorescent molecules attached, the 
laser light excites the molecules, which then emit light of a specific 
wavelength, detected using another type of photodetector called a 
photomultiplier tube (PMT).

■  FigurE 40-1 Flow cytometer. The cells in the specimen are stained with fluorochrome-labeled antibod-
ies and separated into single cells that pass in front of a laser light source. Scattered and emitted light are 
detected with photodectors and photomultiplier tubes (PMTs), undergo computer analysis, and are displayed 
as dot plots.
APC = allophycocyanin; FITC = fluorescein isothiocyanate; PE = phycoerythrin; PerCP = peridinin chlorophyll
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application Examples

Immunophenotyping Diagnosis and classification of mature lym-
phoid malignancies

Prognostic markers in chronic lymphocytic leu-
kemia (CD38 and ZAP-70)

Diagnosis and classification of acute leukemia

Detection of minimal residual leukemia follow-
ing therapy

Diagnosis of PNH

Enumeration of T-cell subsets (e.g., CD4 
counts in HIV)

Enumeration of CD34+  progenitor cells for 
transplantation

RNA analysis Reticulocyte counting (Chapter 11)

DNA analysis S phase fraction

Ploidy

★ tabLE 40-1 Applications of Flow Cytometry
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Detection of Fluorochromes
In addition to light scattering, the flow cytometer can be used to detect 
bound fluorescent markers (fluorochromes), which are molecules 
that are excited by light of one wavelength and emit light of a differ-
ent wavelength (fluorescent light). Fluorochromes can be attached 
to the cells using detection antibodies or bind stoichiometrically to 
DNA (Table 40-2 ★). Flow cytometers use light of a single wavelength 
generated by a laser to excite fluorochromes bound to the particle of 
interest. Light emitted from the fluorochrome is separated from the 
incident laser light using a combination of filters and mirrors. A PMT 
then detects and quantifies the emitted light (Figure 40-1).

Clinical flow cytometers usually contain an argon laser that 
generates light at 488 nm. This single wavelength is often used to 
excite three different fluorochromes, each emitting light at different 
wavelengths. Using three different fluorochromes allows detection of 
three different antigens on the cell. Excitation of additional fluoro-
chromes to detect further antigens usually requires additional laser 
light sources (e.g., helium neon, emission 633 nm). Currently, clinical 
immunophenotyping studies frequently utilize two or three laser light 

Light Scattering
When the laser beam interacts with a single particle/cell, light is scattered, 
but its wavelength is not altered. The amount of light scattered in dif-
ferent directions can be used to identify the particle/cell because it is 
related to the particle’s physical properties (size, granularity, and nuclear 
complexity). Light scattered at a 90° angle (side light  scatter) is related 
to the internal complexity and granularity of the particle/cell. Neutro-
phils produce much side scatter because of their numerous cytoplasmic 
granules (Figure 40-2 ■). Light that proceeds in a forward direction (for-
ward light scatter) is related to the particle’s size. Large cells produce 
more forward scatter than small cells do. Therefore, light scattering can 
be used to distinguish particles, and several hematology analyzers cur-
rently use it to perform differential counting of leukocytes (Chapter 10).

■  FigurE 40-2 Flow cytometry histograms. Data acquired using flow cytometry 
can be displayed in a variety of plots. The plot of forward light scatter (FSC-A)  versus 
side light scatter (SSC-A) (top left) distinguishes granulocytes (black) with high side 
scatter from other cells but cannot distinguish blasts (blue) from lymphocytes (red). 
The plot of CD45 versus SSC-A (top right) distinguishes blasts with weak intensity 
CD45 expression (blue) from lymphocytes with bright intensity CD45 expression 
(red). Data can also be displayed as single-color histograms (lower plot) but are less 
useful for distinguishing cells types.
Histograms generated using FACS DIVA software BD Biosciences, San Jose, CA.

Would a lymphocyte or monocyte have more forward 
light scatter?

CheCkpoint 40-1
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sources to identify four to eight antigens on each cell analyzed (4–8 
color analysis) (Table 40-2). Some flow cytometers used in a research 
setting are capable of detecting 18 different fluorochromes.

A fluorochrome unfortunately does not emit light at a single wave-
length. Mirrors, filters, and photodiodes are used to detect the peak wave-
length of light emitted from each fluorochrome. However, some overlap 
between the light emitted from different fluorochromes usually exists. 
For example, although the peak emissions for the two fluorochromes 
fluorescein isothiocyanate (FITC) and phycoerythrin (PE) are different, 
PE emits some light at the wavelength used to detect FITC. This overlap 
is compensated for either by adjusting the settings on the flow cytometer 
or by performing a mathematical correction either before or after the 
data are collected. This process is called compensation.

Although FDA-approved commercially available kits are avail-
able for some specific flow cytometric tests (e.g., CD4 or CD34 
enumeration), clinical laboratories are responsible for developing 
combinations of fluorochrome-labeled antibodies that meet other 
specific clinical needs (e.g., detection of mature B-cell lymphoid neo-
plasms). Assay development includes identifying the properties of 
interest, selecting fluorochrome labeled reagents, titering all reagents, 
and testing the assay’s performance such as precision, sensitivity, and 
specificity, before implementation.

Data Analysis
Flow cytometry generates a large amount of data, often with at least 
six parameters measured for each of tens of thousands of particles/
cells. Although semiautomated computer analysis programs are 
available for some applications (e.g., CD4 and CD34 enumeration), 
clinical laboratory professionals perform most clinical analysis manu-
ally. Analysis typically involves identification of the particles/cells of 
interest, including distinction from debris and perhaps dead cells, and 
characterization by evaluating all parameters measured. Analysis is 
performed by plotting the data on graphs that display the presence or 
absence of the parameter measured and the intensity of the fluores-
cencent signal detected (Figure 40-2). Histograms display information 
from one parameter versus the number of particles/cells detected with 
different intensity of emitted light. Two-dimensional (2D) dot plots 
display information from two different parameters with each particle/
cell represented as a single point on the graph. Many 2D dot plots are 

Fluorochrome Excitation wavelength (nm) Detection wavelength (nm)

BD Horizon™ V450 405 450

BD Horizon™ V500 405 500

FITC 488 525

PE 488 575

PE-Cy7 488/561 774

PerCP-Cy5.5 488/675 690

Propidium iodide 488 620

APC 650 660

APC = allophycocyanin; FITC = fluorescein isothiocyanate; PE = R-phycoerythrin

PE-Cy7 is a conjugate of two fluorochromes: PE is excited at 488 nm, and the emitted signal (561 nm) excites the Cy7 component of 
the molecule. PerCP-Cy5.5 is a conjugate of two fluorochromes: PerCP is excited at 488 nm and the emitted signal (675 nm) excites 
the Cy5.5 component of the molecule.

V450 (BD Biosciences, San Jose, CA), and V500 (BD Biosciences, San Jose, CA).

★ tabLE 40-2 Example Fluorochromes Used in Flow Cytometry

A laboratory wants to identify cells that have two differ-
ent antigens. How many laser light sources are needed?

CheCkpoint 40-2

iMMunoPhEnotyPing by 
FLow CytoMEtry
Immunophenotyping is the identification of antigens using detec-
tion antibodies. Antibodies are utilized because they bind specifi-
cally to antigens and can be labeled with fluorochromes to provide 
a sensitive and specific detection method. Most flow cytometric 
immunophenotyping studies involve detecting cell surface antigens. 
Intracytoplasmic and intranuclear antigens can be detected following 
permeabilization of cell membranes with detergent and/or alcohol. 
Detection antibodies can be either polyclonal or monoclonal. Poly-
clonal antibodies are made by injecting antigen into animals (e.g., 
rabbit antihuman antibodies). The animal produces many antibodies 
that are directed against different portions (epitopes) of the antigen. 
Therefore, the antigen can be recognized even if some parts of it are 
abnormal. However, polyclonal antibodies are often difficult to stan-
dardize and prone to nonspecific binding.

Monoclonal antibodies are directed against a single epitope of the 
antigen. They are produced in myeloma/tumor cell lines and therefore 
have high purity and reproducibility. Often several different monoclo-
nal or polyclonal antibodies are available from different suppliers to 
detect a single antigen and can be given a unique company-specific 
designation. An international workshop has been developed to sys-
tematically review antibodies and group those recognizing the same 
antigen into a cluster of differentiation (CD designation). For exam-
ple, the commercially available antibodies Leu-4 and OKT3 recognize 
the same antigen and both are designated CD3. Many fluorochrome-
labeled detection antibodies are available commercially (Table 40-3 ★). 
Combinations of these antibodies are currently used in the clinical 
laboratory to help identify cells and diseases2,3 ( Appendix B Table).

necessary to view all the possible combinations of parameters evalu-
ated with a single 4–10 color tube.
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CD Designation normal Distribution use

CD1a Immature T cell Lymphoblastic leukemia/lymphoma

CD2 T cell, NK cell Lineage of lymphoma or leukemia

CD3 T cell Lineage of lymphoma or leukemia

CD4 T cell Lineage of lymphoma or leukemia

CD5 T cell Lineage of lymphoma/leukemia or aberrant expression on B cell SLL/CLL and mantle cell 
lymphoma

CD7 T cell, NK cell Lineage of lymphoma or leukemia

CD8 T cell Lineage of lymphoma or leukemia

CD11c monocytes, lymphoid cells Hairy cell leukemia: bright+ ; SLL/CLL: dim+
CD11b Neutrophils myelodysplastic syndrome

CD13 monocytes Lineage of leukemia

myeloid cells myelodysplastic syndrome

CD14 monocytes Lineage of leukemia

CD15 monocytes Lineage of leukemia

myeloid cells

CD16 NK, NK-like T cells Large granular lymphocyte leukemia

Granulocytes myelodysplastic syndrome

CD19 B cell Lineage of lymphoma or leukemia

CD20 B cell Lineage of lymphoma or leukemia

CD22 B cell Lineage of lymphoma or leukemia, SLL/CLL: dim+ ; PLL: bright+
CD23 B cell SLL/CLL+ , mantle cell-
CD25 many cell types Hairy cell leukemia bright+
CD33 monocytes Lineage of leukemia

myeloid cells

CD34 Stem cells, progenitor cells Stem cells for transplantation, acute leukemia

CD38 Plasma cells, some lymphocytes, 
monocytes, myeloid cells

Plasma cell neoplasms

Prognostic marker in CLL

CD42 megakaryocytes Acute megakaryocytic leukemia

CD45 All leukocytes Lineage of malignancy

Gating

CD55 GPI-anchored protein Paroxysmal nocturnal hemoglobinuria

CD56 NK, NK-like T cells Large granular lymphocyte leukemia

CD57 NK, NK-like T cells Large granular lymphocyte leukemia

CD59 GPI-anchored protein Paroxysmal nocturnal hemoglobinuria

CD61 megakaryocytes Acute megakaryocytic leukemia

CD79a B cells (blasts to plasma cells) Lineage of lymphoma or leukemia

CD103 Subset of intramucosal T cells Hairy cell leukemia

Enteropathy associated T-cell lymphoma

Glycophorin A Erythroid True erythroleukemia

myeloperoxidase myeloid cells Lineage of leukemia

Kappa B cell maturity, clonality, Sll/Cll dim

Lambda B cell maturity, clonality, Sll/Cll dim

CLL = chronic lymphocytic leukemia; SLL = small lymphocytic lymphoma; PLL = prolymphocytic leukemia; dim = weak intensity of emitted fluorescence; 
bright = strong intensity of emitted fluorescence; NK = natural killer; GPI = glycosylphosphatidylinositol

★ tabLE 40-3 Antibodies Used for Immunophenotyping by Flow Cytometry
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with the same light-scattering or fluorescence properties (gating). 
For example, lymphocytes can usually be separated from neutro-
phils by their location on the forward versus side light scatter dot plot 
( Figure 40-2). Fluorescence dot plots can then be set up to display 
only information obtained from cells falling within the chosen gate. If 
the gate is too wide, many cell types are included, and identifying the 
phenotype of the cells of interest becomes difficult. If the gate is too 
narrow, some cells of interest can be excluded.

The forward versus side light scatter dot plot unfortunately is not 
capable of separating all the cells of interest. For example, blasts and 
lymphocytes often appear in the same region on the forward versus 
side light scatter dot plot. Therefore, a different gating strategy could 
be required for analyzing acute leukemia. Blasts often have dim CD45 
expression, whereas lymphocytes have bright CD45 staining. There-
fore, blasts and lymphocytes can be distinguished on a dot plot dis-
playing CD45 intensity versus side angle light scatter (Figure 40-2). 
Fluorescence staining can be used for gating only if the chosen anti-
body (CD45) is present in each analysis tube.

Specimen Requirements and Preparation 
for Immunophenotyping
Immunophenotyping by flow cytometry requires a suspension of 
individual live cells (Table 40-4 ★). Anticoagulated blood or bone 
marrow aspirate, body fluid specimens, and fine needle aspiration 
samples are ideal for immunophenotyping by flow cytometry because 
they already contain cells in suspension. Leukocytes can be isolated 
from these samples either by erythrocyte lysis or density gradient 
centrifugation. Lysis methods are strongly recommended because 
leukocytes are retained in their original proportions without the risk 
of losing cell subtypes. Hematopoietic and lymphoid cells can also be 
isolated from fresh tissue biopsy specimens by manual disaggregation.

Once a suspension of leukocytes without intact erythrocytes 
has been prepared, the sample is stained using fluorochrome-labeled 
antibodies. (In some studies, the leukocytes are stained before the 
erythrocytes are lysed.) The labeled sample is aspirated into the flow 
cytometer, and the amount of scattered light and the intensity of each 
fluorescent signal is recorded for every cell analyzed. The acquired 
data are then displayed graphically on dot plots (Figure 40-2). Popu-
lations of cells that have similar staining properties and can be high-
lighted with a different color are identified (Figure 40-2). Alternatively, 
plots are divided into quadrants, indicating cells labeled with one fluo-
rochrome, the other fluorochrome, or both fluorochromes.

The intensity of light emitted is determined by comparison with 
the known range of intensities for that antibody/fluorochrome combi-
nation and divided roughly into three portions: dim or weak intensity, 
intermediate intensity, and bright or strong intensity (Figure 40-3 ■). 
The intensity of emitted light is related to the density of antigens.

Isolation of Cells of Interest by Gating
Immunophenotyping requires isolation of the cells of interest (e.g., 
lymphocytes from monocytes and granulocytes). Cells can be sepa-
rated during data analysis by placing an electronic gate around those 

A cell population is positive with both Leu1 and T1 mono-
clonal antibodies. As a result, the cell is classified as CD5 
positive. Explain.

CheCkpoint 40-3

specimen type requirements storage

Peripheral blood 5 mL in EDTA or heparin 624 hrs, RT

Bone marrow 1 mL in EDTA or heparin 624 hrs, RT

Fluids as much as possible 624 hrs, 4°C

Tissue Preferably 7 1
2 cm3 624 hrs, 4°

RT = room temperature; EDTA = ethylenediaminetetraacetic acid

★ tabLE 40-4 Specimen Requirements for Immuno-
phenotyping by Flow Cytometry

Explain why lymphocytes and neutrophils can be sepa-
rated on a forward versus side light scatter dot plot.

CheCkpoint 40-4

Flow cytometry immunophenotyping was requested 
on Andrew.

1. What is the optimal specimen?

2. Which cells are of interest and should be included 
in the gate?

3. What are the typical forward and side scatter proper-
ties of the cells of interest?

CasE stuDy (continued from page 854)

Diagnosis and Classification of 
Mature Lymphoid Neoplasms
Flow cytometric immunophenotyping can be used to identify 
cell  lineage (B, T, or natural killer [NK] cell) and the presence of an 
abnormal population of lymphocytes. This information can assist in 
detecting malignant cells and identifying a subtype of malignancy. 
Neoplasms are made up of a population of identical cells (clone). 
A clone of B lymphocytes can be recognized by uniform expression of 
one immunoglobulin light chain (k or l light chain class restriction). 
In contrast, a reactive population of B lymphocytes contains a mix-
ture of cells, each with expression of either k or l immuno globulin 
light chain.

Clonality can also be detected by identifying a population of 
cells that display an abnormal phenotype (aberrant expression of a 
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lymphoid  antigen). For example, mature T lymphocytes normally 
express CD3, CD2, CD5, and CD7. A clone of malignant T lym-
phocytes could lack detectable CD5 and/or CD7. Another example 
of an abnormal phenotype is acquisition of an antigen that is not 
normally present. For example, the T-cell marker CD5 is aberrantly 
expressed on a subset of B-cell malignancies (small lymphocytic lym-
phoma/chronic lymphocytic leukemia and mantle cell lymphoma) 
 (Figure 40-3). Therefore, the presence of CD5 + B lymphocytes can 
assist in identifying a lymphoid malignancy and diagnosing a spe-
cific subtype. Panels of antibodies are usually selected to separate the 
common subtypes of lymphoproliferative disorders (Table 40-5 ★). In 
addition, flow cytometric immunophenotyping can be used to dem-
onstrate the presence of antigens for directed therapy (for example, 
CD20 for anti-CD20 monoclonal antibody therapy), identify prog-
nostic markers such as ZAP-70 expression in chronic lymphocytic 
leukemia (CLL), and identify a small population of abnormal cells 
following treatment (minimal residual disease).4

■  FigurE 40-3 Flow cytometry histograms from analysis of peripheral blood from 
Andrew. Cells with low side light scatter were gated, and staining with a number of 
fluorochrome-labeled antibodies were displayed. The population of interest (red) 
demonstrates staining for CD19, CD20 (weak intensity), CD5, and l light chain, but 
lacks staining for CD10. The plots also display T cells (green) and a few polytypic B 
cells (blue).
Histograms generated using FACS DIVA software BD Biosciences, San Jose, CA.

Flow cytometry revealed the results displayed in 
Figure 40-3.

4. What is the phenotype?

5. Which features indicate clonality?

6. What is the diagnosis?

CasE stuDy (continued from page 859)

Although flow cytometric immunophenotyping usually provides 
useful information, potential pitfalls can lead to an incorrect diagnosis. 
A malignant B-cell lymphoproliferative disorder is easily overlooked 
if it lacks surface immunoglobulin. Some lymphoid malignancies 
frequently lack diagnostic surface antigens, including plasma cell 
neoplasms, HIV-associated lymphoma, and mediastinal lymphoma. 

M40_MCKE6011_03_SE_C40.indd   860 01/08/14   10:12 PM



 861CHaPTEr 40   •   FlOw CyTOmETry

(TdT), a template-independent DNA polymerase. However, this phe-
notype overlaps with a significant proportion of normal bone marrow 
precursors (hematogones) (Chapter 38). Therefore, recognition of 
leukemic blasts requires identifying cells with an abnormal pheno-
type (Figure 40-4 ■). During normal maturation in the bone mar-
row, B cells gain and lose antigens in synchrony until they acquire 
a mature B-cell phenotype (Chapter 8). In contrast, leukemic blasts 
demonstrate asynchronous expression of antigens (e.g., TdT expres-
sion without CD34). In addition, aberrant expression of a myeloid 
antigen (e.g., CD33 or CD13) is found in 30–50% of cases of B-LL. 
However, the phenotype of leukemic blasts often resembles a normal 
stage of maturation (e.g., precursor B cells). Therefore, the presence of 
genetic abnormalities is a better predictor of prognosis and is used in 
the current WHO classification scheme.

T-cell lymphoma can be difficult to detect because many cases do not 
demonstrate an abnormal phenotype. Hodgkin lymphoma is difficult 
to detect by flow cytometry for several reasons: the neoplastic cells 
are rare and lack many cell surface lymphoid antigens, and a single 
cell suspension is often difficult to produce because of the presence 
of fibrosis. Another potential pitfall in flow immunophenotyping is 
the presence of an abnormal phenotype that is not specific for a single 
subtype of lymphoid malignancy. For example, CD10 expression can 
be seen in follicular lymphoma, diffuse large B-cell lymphoma, and 
Burkitt lymphoma. Therefore, it is important to interpret immuno-
phenotyping data in conjunction with morphology.

Diagnosis and Classification 
of Acute Leukemia
Using the World Health Organization (WHO) classification, a diag-
nosis of acute leukemia requires manual differential counting to iden-
tify more than 20% blasts in the peripheral blood or bone marrow 
( Chapter 23). Once a diagnosis of acute leukemia has been established, 
flow cytometry can be used to assist in identifying its subtype. Cur-
rently, most treatment protocols require the distinction of lympho-
blastic leukemia (LL; also known as acute lymphocytic leukemia 
[ALL]) and acute myeloid leukemia (AML). The recognition of 
Auer rods or the presence of staining with cytochemical stains allows 
the identification of AML (Chapters 23 and 26). Until the advent of 
immunophenotyping, all cases of acute leukemia lacking these fea-
tures were assumed to be ALL. However, immunophenotyping studies 
have revealed that this assumption is erroneous. Some AML cases lack 
cytochemical staining and are recognized only by immunophenotyp-
ing (AML not otherwise specified [NOS] with minimal differentia-
tion). In addition to the accurate separation of LL from AML, flow 
cytometric phenotyping can be used to assist in identifying subtypes 
of leukemia that have a different prognosis (e.g., T lymphoplasic leu-
kemia (LL)/lymphoma has a worse prognosis in general than B lym-
phoplasic leukemia/lymphoma) or require an alternate therapeutic 
regimen (e.g., acute promyelocytic leukemia).

Lymphoblastic Leukemia (LL)/Lymphoma
Immunophenotyping is essential for the diagnosis of LL, and sepa-
ration of T- and B-LL. B-LL makes up 80% of childhood LL. B-cell 
lineage is usually defined by the presence of surface CD19 and/or 
cytoplasmic CD22 expression. Immaturity of the cells is recognized 
by expression of CD10 and terminal deoxynucleotidyl transferase 

Diagnosis CD19 CD5 CD23 CD11c CD22 CD25 sig

Chronic LL + + + +/- +w +/- +w/-
Prolymphocytic leukemia + -/+ - - + +/- +
Hairy cell leukemia + - -/+ +br +br + +
Small lymphocytic lymphoma + + + +/- +w +/- +w/-
mantle cell lymphoma + + - - + - +
Follicular lymphoma + - +/- - + - +

br = bright or strong fluorescence intensity; w = weak or dim fluorescence intensity; + = antigen present; - = antigen absent; +/- = variable expression 
(often present); -/+ = variable expression (often absent).

★ tabLE 40-5 Characteristic Immunophenotype of Lymphoproliferative Disorders

Why is it important to do immunophenotyping in a case 
of LL?

CheCkpoint 40-5

7. Which of the flow cytometry results presented in this 
case indicate that this is a malignancy of mature lym-
phocytes (CLL), not ALL?

CasE stuDy (continued from page 860)

T-LL accounts for 15–20% of lymphoblastic neoplasms with 
a leukemic presentation, but the majority of cases of lymphoblastic 
lymphoma. Most cases of T-LL express the T-cell antigens CD1, CD2, 
CD3, CD5, and CD7. Unlike mature T cells, T lymphoblasts often 
express CD3 only in the cytoplasm, not on the cell surface. In addi-
tion, blasts differ from mature T cells in either expressing both CD4 
and CD8 (cortical thymocyte phenotype) or lacking both CD4 and 
CD8. TdT is present in more than 90% of cases, and CD10 can be pres-
ent. The phenotype of T-LL can be abnormal with loss of one or more 
of these T-cell antigens. Myeloid markers are aberrantly expressed in 
25–30% of pre-T-LL cases. In general, the prognosis for patients with 
T-LL is worse than for those with precursor B-LL.
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identifying megakaryocytic differentiation by immunophenotyping 
(CD41, CD61) or electron microscopy for recognizing platelet per-
oxidase positivity with the platelet peroxidase (PPO) stain. Although 
acute promyelocytic leukemia characteristically lacks staining for 
CD34 and HLA-DR, a negative CD34 and HLA-DR phenotype is 
not specific. Therefore, morphology in combination with cytoge-
netic studies still remains the gold standard for diagnosing AML. In 
addition to diagnosis and classification, flow cytometry can be used 
to demonstrate the presence of the antigens for directed therapy, for 
example the presence of CD33 antigen for anti-CD33 monoclonal 
antibody therapy.

Flow cytometry has also been used to identify abnormalities in 
the phenotype of myeloid populations in myelodysplastic syndromes. 

acute Myeloid Leukemia
The WHO classification scheme recognizes several subtypes of AML 
(Chapters 23, 26). Most subtypes can be identified using morphology 
and/or cytogenetics. Immunophenotyping has a limited role in the 
diagnosis of AML. However, the detection of an abnormal phenotype, 
such as aberrant expression of a lymphoid antigen, can assist in iden-
tifying residual disease following treatment. Immunophenotyping is 
also required for the diagnosis of AML NOS, minimally differentiated, 
and is often used for the diagnosis of acute megakaryocytic leukemia. 
AML NOS, minimally differentiated, is diagnosed when Auer rods 
are absent and cytochemical stains are negative but there is evidence 
of nonlymphocytic differentiation by the expression of myeloid 
antigens. The diagnosis of acute megakaryocytic leukemia relies on 

■  FigurE 40-4 Aberrant antigen expression in B-LL in comparison with normal pre-
cursor B cells. The top two plots display the typical phenotype of normal maturing 
bone marrow B-cell precursors (hematogones), including a population of most imma-
ture cells with expression of CD34 and CD10 but lacking CD20 (green), a population 
of most mature cells that are CD34 -, CD10 -, and CD20 + (purple) and an interme-
diate population with gain of CD20 expression (blue). The lower two plots display 
an example of B-LL. The leukemic blasts (green) demonstrate CD34 expression and 
lack of CD20 staining, similar to the most immature normal B cells but demonstrate 
abnormal, partial CD10 expression. A few mature CD20 +, CD10 -, CD34 - lymphoid 
cells are also present.
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to predict the disease course, decide when to start prophylactic ther-
apy for opportunistic infections, and determine when to commence 
antiretroviral therapy. An absolute number of CD4+  T lymphocytes 
6200/mcL (mL) in the peripheral blood also is used to diagnose AIDS 
in HIV-infected individuals.

The CD4 count is determined by staining with fluorescent-
tagged antibodies against CD3 (found on T cells but not mono-
cytes) and CD4 followed by whole blood RBC lysis. The percentage 
of CD4+  lymphocytes is determined by flow cytometry. Gating is 
critical to avoid exclusion of lymphocytes and contamination by cells 
other than lymphocytes such as CD4+  monocytes. The absolute CD4 
count can be determined directly by flow cytometry (single platform) 
by comparing the number of CD4+  cells identified per unit volume 
analyzed with an absolute number of highly fluorescent beads added 
to the analysis tube (Figure 40-5 ■).  Alternatively, the CD4 count 
can be calculated from the percentage of CD4+  lymphocytes and 
the absolute number of lymphocytes determined by a hematology 
analyzer (dual platform):

 Absolute CD4 count = Absolute lymphocyte count *
%CD4+  Lymphocytes/100

 Absolute lymphocyte count = WBC count (*109/L) *  
%Lymphocytes from WBC differential/100

Abnormalities include aberrant expression of lymphoid antigens on 
neutrophilic cells and abnormal gain and loss of antigens as cells 
mature from promyelocytes to segmented neutrophils.

acute Leukemia of ambiguous Lineage
Some cases of acute leukemia do not fit neatly into the  categories LL 
and AML. It can be impossible to assign lineage because blasts express 
antigens from more than one lineage (mixed  phenotype acute 
leukemia) or express very few antigens (acute  undifferentiated 
leukemia). The WHO classification defines the  requirements 
for assigning each lineage (Table 40-6 ★). By using these criteria, 
mixed phenotype acute leukemia can be divided into subsets by 
the lineages represented (e.g., B/myeloid, T/myeloid). However, the 
phenotype of the blasts and whether the antigens are expressed on 
the same or separate cells is of less importance in  determining the 
prognosis than the presence of associated genetic abnormalities, 
such as the BCR-ABL1 or MLL gene rearrangements. The designa-
tion acute undifferentiated leukemia requires lack of demonstrable 
lineage-restricted antigens after comprehensive evaluation. For this 
evaluation, it is important to include only antigens that have speci-
ficity for a lineage. For example, the presence of CD7 alone does 
not distinguish T-LL from AML because CD7 is normally present 
on immature T cells and is aberrantly expressed in approximately 
10% of AML. In cases of leukemia with a phenotype that does not 
indicate the lineage, other studies, including morphologic analysis, 
cytochemical stains, molecular diagnostic studies, and cytogenetic 
studies, may assist.

Diagnosis and Surveillance of 
Immunodeficiency Disorders
Immunophenotyping by flow cytometry can be used to analyze leu-
kocyte subsets to identify deficiency of a cell type. The most frequent 
clinical application of flow cytometry is monitoring the immuno-
deficiency acquired following HIV virus infection. Less frequently, 
immunophenotyping is used to detect inherited immunodeficiencies 
such as the severe combined immunodeficiency disorder (SCID) and 
X-linked agammaglobulinemia.

The HIV virus uses the CD4 antigen to infect T lymphocytes 
and monocytes. After viral fusion, internalization, replication, and 
dissemination, CD4+  cells are destroyed. The resultant decrease in 
CD4+  cells leads to immunodeficiency. The absolute number and 
percentage of CD4+  T lymphocytes present in the peripheral blood 
can be used to monitor the immune system. HIV surveillance is used 

Lineage requirement

myeloid myeloperoxidase or monocytic differentiation (Cd11c, 
CD14, CD64)

T cell CD3 cytoplasmic (epsilon chain) or CD3 surface

B cell Strong CD19 along with at least one other B-cell marker 
(CD79a, CD22 cytoplasmic, or CD10) or weak CD19 
along with at least 2 B-cell markers (CD79a, CD22 cyto-
plasmic, or CD10)

★ tabLE 40-6 Flow Cytometric Requirements 
for Assigning Blast Lineage

■  FigurE 40-5 CD4 enumeration. CD4 + lymphocytes 
are isolated by gating on cells with bright intensity 
CD45 and low side light scatter (red, top left dot plot), 
bright intensity CD3 (blue, lower left dot plot), and CD4 
(greenish-blue, lower right dot plot). The absolute CD4 
count is determined by comparing the  number of CD4 + 
events with the number of beads counted (top right dot 
plot).
Analysis performed using BD Multitest™, BD Biosciences, San Jose, CA

M40_MCKE6011_03_SE_C40.indd   863 01/08/14   10:12 PM



864 SECTION VIII   •   HEmaTOlOgy PrOCEdurES

drugs and growth factors. CD34 enumeration can also be performed 
on the peripheral blood to determine the optimal time for peripheral 
blood stem cell collection. CD34 determination is challenging because 
it needs to be fast, accurate, and precise even at low numbers (0.1% 
of cells or 5 cells/mcL [mL]). Significant progress has been made in 
standardizing CD34 flow cytometric assay procedures and analysis 
protocols (Table 40-8 ★).5,6

Paroxysmal Nocturnal 
Hemoglobinuria (PNH)
PNH is a chronic hemolytic disorder caused by an acquired mutation 
of the PIG-A gene (Chapter 17), which encodes an enzyme critical in 
the synthesis of the glycosylphosphatidylinositol (GPI) anchor that 
links many proteins to the cell membrane. Flow cytometry can be used 
to detect the presence of GPI-anchored membrane proteins. In addi-
tion, some flow cytometric assays assess the ability of white blood cells 
to bind a fluorescent-labeled modified toxin (FLAER) that attaches 
through GPI anchors. Flow cytometric immunophenotyping of eryth-
rocytes and leukocytes is a more sensitive and specific test for diagnos-
ing PNH than the sucrose hemolysis test or Ham test. Erythrocyte 
immunophenotyping is easier to interpret than analysis of neutrophils 
but can give a false negative result if hemolysis is active or a transfusion 
was recently given. Cells with a PNH-type phenotype have also been 
identified in patients with aplastic anemia and some myelodysplastic 
syndromes and in very small numbers in normal individuals.7

Dna anaLysis
DNA analysis is usually performed on solid tumors to provide prog-
nostic information. Either fresh frozen tissue or a thick section of fixed, 
paraffin-embedded tissue is processed to produce individual cells or 
nuclei. The suspension is permeabilized (the cell and/or nuclear mem-
brane is made permeable to allow access of the fluorescent dye to the 
DNA) and stained with a fluorochrome that binds to DNA. If the 
fluorescent dye (e.g., propidium iodide) binds to both DNA and RNA, 
RNA is removed by digestion. The amount of fluorochrome bound 
is proportional to the amount of DNA. The DNA content varies dur-
ing cell division (proliferation) and is abnormal in cells with numerical 
chromosome abnormalities (aneuploid) (Figure 40-6 ■). Computer 

A precise and accurate CD4 count is essential (Table 40-7 ★). 
Results from a patient are often compared with previous results and 
published diagnostic and therapeutic levels. Therefore, the procedure 
used for quantitative flow cytometry should attempt to eliminate 
preanalytical and analytical variables. Preanalytical variables include 
biologic variability (age, diurnal rhythm, and medications), specimen 
collection, and storage. Analytical variables include sample prepa-
ration and errors associated with flow cytometers and hematology 
analyzers. The CDC publishes guidelines for standardization of CD4 
determination. Two levels of stabilized quality control material must 
be run with each batch of CD4 assays. In addition, proficiency testing 
for professionals is available through College of American Patholo-
gists (CAP) surveys.

The HIV viral load is another monitor of HIV infection. Viral 
load testing often measures viral RNA in plasma. The CD4 count 
and the HIV viral load often provide complementary information. 
The CD4 count is the best indicator of the balance between immune 
cell production and destruction and therefore indicates the risk of 
opportunistic infection or secondary malignancy. The HIV viral load 
indicates the burden of disease and therefore can be used to monitor 
response to antiviral therapy and the acquisition of drug resistance.

Standardization of procedure

• Patient preparation

• Specimen handling

• Specimen preparation

• Analysis (gating accuracy and purity and precision)

Quality control

Proficiency testing

Documentation of personnel competency

★ tabLE 40-7 Procedural Requirements for 
 Quantitative Flow Cytometry

A patient has 10% CD4+  lymphocytes, a WBC count of 
5 * 109/L, and 30% lymphocytes. What is the absolute 
CD4 count? Is this count compatible with a diagnosis of 
AIDS in an HIV-infected individual?

CheCkpoint 40-6

use bright (e.g., PE) fluorochrome conjugates of class II or III mono-
clonal antibodies that detect all glycoforms of CD34.

use a vital nuclei acid dye to exclude platelets, unlysed rBCs, and 
debris or 7-amino actinomycin (7-AAD) to exclude dead cells during 
acquisition.

Include CD45 to assist in detection of hematopoietic progenitor cells.

use a Boolean gating strategy to resolve the CD34+  HPC from 
irrelevant cells.

Include the identification of cells with low levels of CD45 expres-
sion and low side scatter and include CD34 bright and dim staining 
populations.

Acquire sufficient events to generate at least 100 CD34+  cells to 
ensure a 10% precision.

★ tabLE 40-8 Recommendations for CD34 
Enumeration

CD34 Enumeration
CD34 enumeration is used to support bone marrow and peripheral 
blood stem cell transplantation (Chapter  29). CD34 is an antigen 
restricted to multipotential hematopoietic stem cells and early pro-
genitors of all lineages. Hematopoietic stem cells are responsible for 
reconstituting bone marrow function following transplantation. CD34 
enumeration is used to determine whether the product collected for 
transplantation has enough cells for rapid and long-term engraftment. 
CD34+  cells can be collected by either bone marrow aspiration or 
peripheral blood apheresis. Hematopoietic progenitor cells are often 
mobilized into the peripheral blood using a combination of cytotoxic 
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Ploidy
All nondividing, normal human cells contain 46 chromosomes (2 each 
of 22 autosomes, and the sex chromosomes, either XX or XY) and 
are therefore referred to as being diploid. The presence of tumor cells 
containing an abnormal number of chromosomes is often associated 
with a worse prognosis. The DNA Index (DI) is the DNA content of 
tumor cells relative to a diploid population of cells. It is calculated as 
the DNA content of cells in the tumor in the G0/G1 phase of the cell 
cycle relative to the DNA content of G0/G1 cells in a diploid control. 
For example, diploid cells have a DI of 1.0. Tetraploid cells (four copies 
of all chromosomes) have a DI of 2.0, and cells with only one copy of 
each chromosome (haploid) have a DI of 0.5. Aneuploidy is the pres-
ence of cells with an abnormal DNA content that is not a multiple of 
the DNA content of haploid cells, for example, a DI of 1.3.

Clinical Applications of DNA Analysis
The clinical utility of DNA analysis remains controversial. One of 
the most extensively studied tumors is breast carcinoma. A correla-
tion exists between increased S phase fraction and other markers of a 
poor prognosis (large breast tumor, the presence of metastatic disease 
in axillary lymph nodes, high histologic grade, and absence of steroid 
receptors). However, the main value of DNA analysis in breast car-
cinoma can be the identification of patients who have a low S phase 
fraction and might not require chemotherapy in addition to surgical 
excision. Interlaboratory variability in methodology and interpreta-
tion of results has delayed the routine use of this technique.8

software uses mathematical formulas to calculate the cells in each phase 
of the cell cycle, calculate indexes, and identify abnormal populations.

Proliferation
Tumors with an increased number of dividing cells often have a worse 
prognosis but in some instances are susceptible to therapy directed 
at dividing cells. The DNA content of cells can be used to determine 
the proportion of dividing cells. During cell division and prior to 
mitosis, the DNA content increases (synthesis, or S phase) until there 
are two copies of the entire genome prior to mitosis (G2/M@phase) 
(Figure 40-6; Chapter 2). The S phase fraction is the proportion of 
all cells (G0/G1 + S + G2/M) that are in the S phase. The prolifera-
tive index is the proportion of all cells that are in proliferative phases 
(S + G2/M) (Table 40-9 ★).

■  FigurE 40-6 Fluorescence intensity of DNA-bound 
dye during phases of the cell cycle. Mathematical pro-
grams are used to distinguish three areas under the curve 
(cell-cycle phases G0/G1,S, and G2/M).

S phase fraction SPF = 100 * S/(G0/G1 + S + G2/m)

Proliferation index PI = 100 * (S + G2/m)/(G0/G1 + S + G2/m)

DNA index DNA index = DNA content G0/G1 sample/
DNA content G0/G1 diploid control

★ tabLE 40-9 Calculations for DNA Analysis by Flow 
Cytometry

Summary
Flow cytometry is a technique that involves the analysis of single 
particles for their ability to scatter light and fluoresce. This tech-
nology is used by stand-alone instruments (flow cytometers) 
and has also been incorporated into other instruments such as 
hematology cell analyzers. Flow cytometry is used in the clini-
cal laboratory for immunophenotyping, reticulocyte counting 

(discussed in Chapter 11 and Chapter 39), and DNA analysis. 
Immunophenotyping uses fluorochrome-labeled detection 
 antibodies to identify cellular antigens. Its primary use is to 
classify and subtype leukemia and lymphoma. Reticulocyte and 
DNA analysis utilize fluorescent dyes that bind to nucleotides. 
DNA analysis is used to analyze solid tumors.
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Review Questions
Level i

 1. Which of the following is a (are) component(s) of a flow 
cytometer? (Objective 1)

 A. flow chamber

 B. laser light source

 C. light detectors

 D. all of the above

 2. Which of the following properties of the cells analyzed by 
flow cytometry is related to forward angle light scatter? 
(Objectives 1, 7)

 A. granularity

 B. nuclear complexity

 C. size

 D. shape

 3. Which of the following statements explains the use of fluo-
rochromes in immunophenotyping by clinical flow cytom-
etry? (Objectives 3, 5)

 A. All fluorochromes emit light at the same wavelength.

 B. Fluorochromes bind nonspecifically to leukocytes.

 C. The wavelength of the emitted light is the same as 
that of the incident light.

 D. Several fluorochromes can be excited by light of a 
single wavelength.

 4. Which of the following properties is (are) used for gating 
in clinical flow cytometry? (Objective 1)

 A. forward angle light scatter

 B. side angle light scatter

 C. intensity of CD45 staining

 D. all of the above

 5. Which of the following is a (are) clinical application(s) of 
flow cytometry? (Objective 2)

 A. DNA quantitation

 B. immunophenotyping

 C. leukemia classification

 D. all of the above

 6. Which of the following flow cytometry methods is the most 
appropriate for diagnosing and classifying chronic lympho-
cytic leukemia? (Objectives 4, 5, 7)

 A. CD34 enumeration

 B. DNA quantitation

 C. immunophenotyping

 D. RNA quantitation

 7. Which of the following is detected during immunopheno-
typing by flow cytometry? (Objective 3)

 A. antibodies using detection antigens

 B. antibodies using detection fluorochromes

 C. fluorochromes using detection antibodies

 D. antigens using detection antibodies

 8. Which of the following specimens is most appropriate for 
flow cytometry immunophenotyping? (Objective 6)

 A. formalin-fixed bone marrow aspirate clot

 B. fresh lymph node biopsy

 C. frozen bone marrow biopsy

 D. one-week-old (ethylenediaminetetraacetic) EDTA anti-
coagulated peripheral blood

 9. A peripheral blood sample needs to be shipped to a 
reference lab for flow cytometry immunophenotyping. 
Which of the following procedures is most appropriate? 
(Objective 6)

 A. overnight delivery at room temperature

 B. overnight delivery at 4°C

 C. regular mail service at room temperature

 D. regular mail service at 4°C

 10. An 80-year-old male was found to have lymphocytosis. 
Flow cytometry of the peripheral blood revealed the fol-
lowing results:

What is the phenotype of the majority of lymphocytes rep-
resented in this diagram? (Objective 4)

 A. CD19+ , CD5-

 B. CD19+ , CD5+

 C. CD19- , CD5-

 D. CD19- , CD5+
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 4. Which of the antigens expressed in question 2 indicates a 
mature B lymphocyte phenotype? (Objective 1)

 A. CD5

 B. CD11c

 C. CD19

 D. surface immunoglobulin

 5. Which of the following is the most likely diagnosis for the 
case described in question 2? (Objective 1)

 A. ALL

 B. chronic lymphocytic leukemia

 C. hairy cell leukemia

 D. infectious mononucleosis

 6. Flow cytometric analysis of a lymph node fails to reveal 
an abnormal phenotype. The pathologist is convinced that 
the node is involved by lymphoma. A touch preparation 
performed from the specimen received in the laboratory 
contains numerous large cells that are absent from a cyto-
centrifuge slide made from the cell suspension prepared 
for staining. Which of the following is the most likely expla-
nation? (Objective 4)

 A. The sample received for flow cytometry does not rep-
resent the malignancy.

 B. The malignant cells were lost during manual disaggre-
gation of cells.

 C. The malignant cells were excluded from the gate.

 D. The malignant cells have a normal phenotype.

 7. Repeat analysis of the case described in question 
6 increases the number of large cells present in the sus-
pension stained and analyzed on the flow cytometer. 
An abnormal phenotype is still not detected. Which of the 
following neoplasms could be difficult to detect by flow 
cytometry cell surface antigen studies? (Objective 2)

 A. Hodgkin’s disease

 B. T-cell lymphoma

 C. plasma cell neoplasms

 D. all of the above

 8. A patient presented with circulating blasts. Flow cytometry 
immunophenotyping performed on the peripheral blood 
revealed the following phenotype: CD19+ , CD10+ , sur-
face immunoglobulin IgM k. Which of the following is the 
most likely diagnosis? (Objective 3)

 A. Burkitt lymphoma

 B. acute LL, precursor B-cell type

 C. acute LL, precursor T-cell type

 D. aml

Level ii

 1. A 45-year-old female presented with pancytopenia. Flow 
cytometry performed on the peripheral blood revealed the 
following results:

Which is the predominant cell type in the gate? (Objective 9)

 A. eosinophil

 B. lymphocyte

 C. monocyte

 D. neutrophil

 2. Further flow cytometric analysis performed on the sample 
described in question 1 revealed the following results:

What is the phenotype of the cells present? (Objective 9)

 A. CD19+ , CD5- , CD11+ , CD25+

 B. CD19+ , CD5+ , CD11+ , CD25+

 C. CD19+ , CD5- , CD11c- , CD25-

 D. CD19- , CD5- , CD11c- , CD25-

 3. Which of the following phenotypes is indicated by the 
k and l light chain dot plot displayed in question 2? 
 (Objective 9)

 A. absence of surface immunoglobulin

 B. monoclonal l immunoglobulin light chain

 C. monoclonal k immunoglobulin light chain

 D. polyclonal immunoglobulin light chains
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Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.

References
 1. Givan AL. Principles of flow cytometry: an overview. Methods Cell Biol. 

2001;63:19–50.
 2. Swerdlow SH, Campo E, Harris NL et al. WHO Classification of Tumours of 

Haematopoietic and Lymphoid Tissues, 4th ed. Lyon, France: IARC Press; 2008.
 3. Craig FE, Foon KA. Flow cytometric immunophenotyping for hematologic 

neoplasms. Blood. 2008;111:3941–967.
 4. Chen yH, Peterson lC, dittman d et al. Comparative analysis of flow 

cytometric techniques in assessment of zap-70 expression in relation to 
IgVh mutational status in chronic lymphocytic leukemia. Am J Clin Pathol. 
2007;127:176–81.

 5. Gratama JW, Orfao A, Barnett D et al. Flow cytometric enumeration of 
CD34+  hematopoietic stem and progenitor cells. European Working Group 
on Clinical Cell Analysis. Cytometry. 1998;34:128–42.

 6. whitby a, whitby l, Fletcher m et al. ISHagE protocol: are we doing it cor-
rectly? Cytometry B Clin Cytom 2012:82:9–17.

 7. Borowitz mJ, Craig FE, digiuseppe Ja et al. guidelines for the diagnosis 
and monitoring of paroxysmal nocturnal hemoglobinuria and related disor-
ders by flow cytometry. Cytometry B Clin Cytom; 2010:78:211–30.

 8. wenger Cr, Clark gm. S-phase fraction and breast cancer–a decade of 
experience. Breast Cancer Res Treat. 1998;51:255–65.

 9. Pitfalls in diagnosing mature lymphoid malignancies by 
flow cytometry include: (Objective 2)

 A. malignant B cells can lack surface immunoglobulin.

 B. Some malignant lymphoid cells lack diagnostic surface 
antigens.

 C. Neoplastic cells can be rare.

 D. All the above

 10. A patient was found to have circulating blasts. No Auer 
rods were identified, and all cytochemical stains were 
negative. Flow cytometry immunophenotyping revealed 
the presence of myeloid antigens. Which of the following 
is the most appropriate diagnosis? (Objective 3)

 A. acute LL

 B. aml

 C. chronic lymphocytic leukemia

 D. chronic myeloid leukemia
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Define chromosome and mitosis.
 2. List the basic steps of cytogenetic analysis, and select the most appro-

priate type of specimen for analysis of suspected constitutional and 
neoplastic (acquired) disorders.

 3. Identify the major types of chromosome abnormalities, describe how 
they occur, and use the appropriate terminology to describe them.

 4. List the practical uses of cytogenetics in the diagnosis and prognosis of 
hematolymphoid disorders.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Describe chromosome morphology and mitosis.
 2. Determine which specimen type is most appropriate for various clinical 

indications.
 3. Describe each step of the cytogenetic harvest and banding procedure.
 4. Define and compare aneuploidy, nondisjunction, and anaphase lag.
 5. Define and compare translocation, deletion, inversion, and 

isochromosome.
 6. Identify the general categories of hematopoietic disorders for which 

cytogenetic analysis is useful for patient care.
 7. Correlate diagnostic chromosome aberrations with types of hema-

tolymphoid disorders, and assess their prognostic and therapeutic 
implications.

 8. Assess the prognostic impact of cytogenetic results in lymphoblastic 
leukemia (acute lymphoblastic leukemia, ALL).

 9. Explain the clinical utility of cytogenetics in transplantation.
 10. Correlate chromosome abnormalities with specific oncogene activation, 

and assess the role of the oncogene in the neoplasm.
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since that time, many chromosome abnormality syndromes have been 
reported. The use of cytogenetics has markedly improved patient diag-
nosis and family counseling in the field of constitutional aberrations, 
including important advances in prenatal diagnosis. Cytogenetic stud-
ies are also responsible for major advances in the field of hematolym-
phoid malignancies and solid tumors. Chromosome analysis of many 
malignant disorders has become a critical component for patient diag-
nosis and prognosis as well as for research studies of these disorders.

ChroMoSoMe StruCture 
anD MorPholoGy
Nuclear chromatin of human cells is composed of nucleic acid and 
protein and is organized into 46 chromosomes. The nucleic acids, 
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are com-
posed of polynucleotides. A single nucleotide consists of a phosphate, 
a sugar (deoxyribose for DNA and ribose for RNA), and a base. The 
base can be a purine (A = adenine, G = guanine) or a pyrimidine 
(C = cytosine and T = thymine [DNA] or U = uracil [RNA]). 
The bases are aligned on the polynucleotide strand in a triplet code so 
that three bases code for a single amino acid; the succession of bases in 
the triplet code determines the protein products that will result from 
transcription of the DNA and translation of the messenger RNA pro-
duced. Human cells have approximately 20,000 genes in each located 
at a specific site on a specific chromosome (the gene locus). The dif-
ferent possible expressions of a gene are known as alleles. For example, 
the gene for the ABO blood group has three major alleles: A, B, and O.

DNA exists as a double-stranded helix with the two polynucleo-
tide strands held together by hydrogen bonds between complementary 

overvieW
This chapter is designed to give the reader a background for under-
standing the terminology and application of cytogenetics in the 
diagnosis and treatment of hematolymphoid neoplasms (a term 
commonly used to encompass both hematopoietic and lymphoid 
neoplasms). The chapter begins with a review of chromosome struc-
ture and morphology and is followed by a summary of the procedure 
used to prepare specimens for chromosome studies. Chromosomal 
abnormalities are discussed, and the terminology used to describe 
cytogenetic findings is defined. The remainder of the chapter discusses 
practical uses of cytogenetic analysis of hematolymphoid neoplasms.

introDuCtion
Cytogenetics is the study of chromosome structure and number, par-
ticularly as they relate to a normal or pathologic state. In 1956, the nor-
mal number of chromosomes per human cell was established as 46, and 

Key Terms
Acquired aberration
Acrocentric
Aneuploid
Chimerism
Constitutional cytogenetic 

aberration

Cytogenomic microarray 
analysis (CMA)

Diploid
Endomitosis
Haploid
Heterologous

Background Basics

We will address this case study throughout the chapter.

gregory, a healthy 25-year-old man, has a routine physical 
examination and laboratory studies for new employment. 
The total white blood cell (WBC) count is 30,000 * 109/L. 

Consider what conditions could result in this clinical 
picture and the follow-up studies that should be done.

CaSe StuDy

Homologous
Hyperdiploid
Hypodiploid
Karyotype
Metacentric
Monosomy
Mosaic

Nondisjunction
Polymorphic variant
Polyploid
Pseudodiploid
Satellite DNA
Submetacentric
Trisomy

level ii
• Outline the classification of acute myeloid leukemia and acute 

lymphoblastic leukemia. (Chapters 26, 27)
• describe the various typical laboratory findings and criteria for 

classification of myeloproliferative neoplasms. (Chapter 24)
• describe the typical laboratory findings and classification of the 

myelodysplastic states. (Chapter 25)
• Summarize the chronic lymphoproliferative neoplasms, list the 

criteria for distinction of Hodgkin’s disease versus non-Hodgkin 
 lymphomas, and define the major classification terminology. 
(Chapter 28)

The information in this chapter builds on the concepts presented 
in other chapters relating to cell division (Chapters 2, 4) and 
hematopoietic and lymphoid neoplasms (Chapters 23–28). To 
maximize your learning, you should review these concepts before 
beginning this unit of study:

level i
• describe the stages of the cell cycle, particularly the steps of 

mitosis. (Chapter 2)
• list the major types of neoplastic hematopoietic and lymphoid 

neoplasms. (Chapter 23)

M41_MCKE6011_03_SE_C41.indd   870 01/08/14   10:57 PM



 871CHaPTEr 41   •   CHrOmOSOmE aNalySIS Of HEmaTOPOIETIC aNd lymPHOId dISOrdErS

bases so that G will bind only with C and A only with T (or U for 
RNA). The bonding of A-T and G-C is called a base pair. This double 
helix has a diameter of approximately 20 Å and is of variable length. 
For example, the amount of DNA contained in the smallest chro-
mosome, number 21, is composed of approximately 50 million base 
pairs, whereas the largest chromosome, number 1, has approximately 
250 million base pairs. The double helix coils around histone proteins 
resulting in a series of structures called nucleosomes (Figure 41-1 ■). 
These nucleosomes form a superhelix with six nucleosomes per turn 
forming a chromatin fiber (called a solenoid) with a diameter of 250 Å. 
These fibers are looped back and forth on a protein-RNA scaffold to 
form an identifiable chromatid with a diameter of 0.29 0.5 mcM (mm) 
After DNA replication, identical sister chromatids are connected at 
the centromere, giving the final structure of a mitotic chromosome.

The centromere divides chromosomes into short (p) arms and 
long (q) arms (Figure 41-2 ■). If a centromere is in the center of the 
 chromosome so that the length of p = q, it is referred to as a meta-
centric chromosome (chromosomes 1, 3, 16, 19, and 20). If the cen-
tromere is not in the center, so that p 6 q, the chromosome is called 
submetacentric (chromosomes 2, 4, 5, 6–12, 17, 18, and X), and when 
the centromere is located close to the end of the chromosome so that 
p is very short, the chromosome is called acrocentric (chromosomes 
13–15, 21, 22, and Y). The area of the chromosome around the cen-
tromere contains highly repetitive DNA in long clusters of tandem 
repeats, also known as satellite DNA, which is permanently coiled 
tightly into heterochromatin. Heterochromatin stains darkly and is 
transcriptionally inactive; euchromatic areas stain lighter and are 
transcriptionally active during interphase. The heterochromatin on 
the end of the p arm of acrocentric chromosomes is attached to the 
rest of the p arm by less tightly coiled chromatin stalks (Figure 41-2).

A normal human cell has 46 chromosomes consisting of 23 pairs. 
Chromosome pairs 1–22 are autosomes, and the X and Y chromo-
somes are sex chromosomes. Before banding techniques were devel-
oped, the chromosome numbers were assigned according to the total 
length of the chromosome beginning with number 1 as the longest and 
number 22 as the shortest. With the advent of chromosome banding, 

chromosome 21 was determined to be shorter than 22, but the desig-
nations were not changed. A homologous chromosome pair consists 
of two morphologically identical chromosomes that have identical 
gene loci but can have different alleles at a given locus because one 
member of a homologous pair is of maternal origin and the other is 
of paternal origin. For example, a homologous pair consisting of both 
chromosomes number 9 has the gene locus for the ABO blood group 
on the long arm. An individual can inherit the allele for blood group A 
on the maternal number 9 chromosome and the allele for blood group 
B on the paternal number 9 chromosome. A heterologous pair (i.e., 
the sex chromosomes, X and Y, in a male) consists of morphologically 
nonidentical chromosomes that have different gene loci.

MitoSiS
Cells that go through a proliferative division do so by a series of stages 
called the cell cycle; it consists of four major phases: G1, S, G2, and M 
(mitosis) (Figure 41-3 ■) (Chapter 2). A cell that is not dividing but is 
performing its designated function is in interphase. Interphase begins 

■  FiGure 41-1 Chromosome morphology and ultra-
structure. (a) Molecular structure of DNA with two 
 polynucleotide chains held together by hydrogen bonding 
of base pairs (T = thymine, C = cytosine, A = adenine, 
G = guanine) (b) Double helical structure of DNA. (c) Coiling 
of double helix strand around histone proteins to produce 
nucleosome. (d) Superhelix of nucleosome producing 
chromatin fiber. (e) Coiling of chromatin fiber to produce 
chromomere. (f) Final structure of chromosome consisting 
of two identical sister chromatids (condensed chromo-
mere) held together at the centromere.

T A

G C

a b c d e f

T A

G C

■  FiGure 41-2 Chromosome structure of a typical sub-
metacentric chromosome and an acrocentric chromosome. 
The short arm is known as “p” and the long arm as “q”.

Long
arm

Short
arm

Stalk

Heterochromatin

Submetacentric
chromosome

Acrocentric
chromosome

Satellite

Centromere

■  FiGure 41-3 Diagram of the cell cycle beginning with 
G1, the stage in which the cell is performing its designated 
duties. The DNA is uncoiled and exists as 46 single chro-
matids. S phase is the time of DNA synthesis after which 
the DNA is still uncoiled and consists of 46 chromosomes 
(sister chromatids joined at the centromere). G2 is a rest-
ing phase followed by mitosis.
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Meiosis is the specialized division of diploid (46 chromosomes) 
primary gametocytes that results in each gamete (oocyte and sperm) 
having a haploid number of chromosomes (23). The understanding 
of meiosis is critical for the study of constitutional chromosome aber-
rations and is not discussed in this chapter.

CytoGenetiC ProCeDureS
Specimen Preparation
Specimens submitted for cytogenetic analysis must have viable cells 
capable of undergoing mitosis; the choice of appropriate specimens 
depends on the patient’s clinical situation (Table 41-1 ★). For the eval-
uation of possible constitutional cytogenetic aberrations (aber-
rations present in every cell in a patient’s body, i.e., its constitution), 
peripheral blood is the most appropriate sample because circulating 
lymphocytes can be easily manipulated to undergo mitosis by the use 
of mitogens. For example, phytohemagglutinin (PHA) stimulates pre-
dominantly T lymphocytes. If the patient has a lymphocytopenia or 
if there is a suspicion that cells from different tissue types can have 
different karyotypes (a condition termed mosaicism), a punch-biopsy 
of skin can be obtained for fibroblast culture. When the clinical situa-
tion involves a spontaneous abortion (miscarriage), stillbirth, or death 
shortly after birth, the appropriate sample is fetal tissue (products of 
conception) or autopsy-acquired organ samples (lung, liver, kidney, 
diaphragm). A prenatal evaluation requires culturing either amniotic 
fluid cells or a chorionic villus biopsy processed by direct harvest 
and tissue culture. These various cultures are harvested at the time of 

at G1 of the cell cycle and continues until the end of G2. During G1, 
the nuclear chromatin is dispersed, and chromosome morphology is 
not identifiable. The next phase, S, is the time of DNA synthesis. The 
DNA is replicated, and identical sister chromatids are attached at the 
centromere. The S phase is followed by a short resting phase, G2, after 
which the cell enters mitosis. The length of time that a cell spends in 
each phase is quite variable. The average time that a cell spends in 
mitosis is estimated to be ∼45 minutes.

To study human chromosomes, the cells must be mitotically 
active. Mitosis is the process of division of somatic cells by which each 
daughter cell ends with the same genetic composition as the parent 
cell. Prophase is the first stage of mitosis (Figure 41-4 ■) during which 
the DNA begins to coil, chromosome morphology becomes recogniz-
able, and a pair of cytoplasmic organelles known as centrioles, which 
are attached to the mitotic spindle, migrate to opposite poles of the cell. 
In metaphase, the DNA is tightly coiled and the chromosomes align in 
the center of the cell (equatorial plate, metaphase plate), and the mitotic 
spindle apparatus attaches to the kinetochores of the chromosome 
centromere via microtubules. Anaphase begins with the contraction 
of the spindle fibers pulling apart the sister chromatids so that one 
sister chromatid migrates to one pole of the cell and the other migrates 
to the opposite pole of the cell. During telophase, the daughter nuclei 
begin to form at the opposite poles of the cell, and cytokinesis begins. 
At the end of telophase, cytokinesis (the division of the cytoplasm into 
two daughter cells) completes, and each of the daughter cells then re-
enters the G1 phase of the cell cycle. Each resultant daughter cell has 
the identical genetic composition as the parent cell.

■  FiGure 41-4 Mitosis. (a) Interphase. Chromatin is dispersed. (b)  Prophase. 
 Chromosome structure is discernible and centrioles begin to migrate. (c)  Metaphase. 
Chromosomes are lined up in the center, spindle fibers from the centrioles  connect 
to the centromeres, and the nuclear membrane is not visible. (d) Anaphase. 
 Spindle fibers contract and sister chromatids migrate to opposite poles of the cell. 
(e)  Telophase. Chromatid migration is complete and the cytoplasmic membrane forms 
down the center, completing the cell division.

c

a

e

b

d
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optimal quality, the suspension can be concentrated or diluted, or 
other manipulations can be done to obtain improved chromosome 
morphology. The remainder of the slides are then prepared and 
“aged” for banding; this often involves heating the slides in a 60°C 
oven overnight.

Chromosome banding is obtained by various staining proce-
dures that result in a specific pattern of dark-to-light stained bands 
for each homologous chromosome pair. The first chromosome band-
ing technique was reported in 1970 with the use of quinacrine (Q), 
a fluorescent stain that reveals a pattern of bright and dull bands 
(Q-bands).2 Q-banding techniques are relatively simple; however, the 
banding fades when examined microscopically with ultraviolet illu-
mination, and the resolution of bands is not as detailed as are G-bands 
(G = Giemsa). Most laboratories routinely analyze G-bands using 
Giemsa stain and some form of enzyme pretreatment, usually tryp-
sin.3 These techniques result in a high-quality banding pattern that 
does not fade with microscopic examination. The pattern of bright 
or dull Q-bands and dark- or pale-staining G-bands is essentially 
the same. Reverse banding (R-bands) yields a band pattern oppo-
site to that of Q- and G-bands so that a pale G-band will be darkly 
stained with R-banding. Other banding techniques and special har-
vest  procedures can be helpful for evaluation in certain clinical 
situations (Table 41-2 ★).

The development of fluorescently labeled DNA probes for spe-
cific chromosome centromeres, whole arms, whole chromosomes, 
and individual genes (fluorescence in situ hybridization [FISH]) has 
enhanced the study of chromosome morphology (Chapter 42).4 Fluo-
rescently labeled probes allow both specific identification of chromo-
somes involved in structural or numerical aberrations and analysis 
of interphase cells. The labeled probe is hybridized directly to cells 
mounted on glass slides. This procedure preserves the morphologic 
information of the cell with the mutation. For hybridization to occur, 
however, the cells must be permeabilized and the DNA denatured. The 
molecular probe is allowed to hybridize to the chromosomes in the 
tissue specimen on the slide. Probe binding can be visualized using a 
fluorescent microscope.

Chromosome Analysis
Conventional cytogenetic analysis and fluorescence in situ hybrid-
ization is performed microscopically. The adequacy of conventional 
cytogenetic analysis depends on the mitotic rate of the cells and on 

maximal mitotic activity, usually 72–96 hours for peripheral blood 
and 7–21 days for amniotic fluid and fibroblast cultures.

Acquired aberrations (those happening after birth in a single 
cell) occur in neoplastic processes such as leukemia, lymphoma, and 
other tumors. Evaluation of these disorders requires that the neoplastic 
cells be sampled directly either by peripheral blood, bone marrow, or 
solid tumor biopsies. These samples are harvested immediately (direct 
harvest) or by short-term unstimulated cultures to obtain mitoses of 
the neoplastic cells, not the associated nontumor cells.

The first step of the cytogenetic procedure is to induce cells into 
mitosis. Once this has been accomplished by any of the methods 
named, the cells are “harvested.” The harvest procedure processes cells 
that are mitotically active to visualize the chromosomes. The major 
steps are metaphase inhibition, hypotonic incubation, and fixation.

Clinical Situation appropriate Specimen type of Processing

Constitutional aberrations Peripheral blood Mitogen stimulation of lymphocytes with phytohemagglutinin

Skin biopsy Tissue culture

Autopsy organ samples Tissue culture

Products of conception Tissue culture

Amniotic fluid Tissue culture

Chorionic villus sample Direct harvest, tissue culture

Neoplastic (acquired) aberrations Peripheral blood/bone marrow Direct harvest, unstimulated cultures; stimulated cultures of mature B-cell 
malignancies; all cultures from cell suspension

Lymph node/spleen Direct harvest, unstimulated cultures; stimulated cultures of mature B-cell 
malignancies; all cultures from cell suspension

Solid tumor biopsy Monolayer and suspension tissue culture

★ table 41-1 Appropriate Specimens for Cytogenetic Analysis

The differential WBC count shows 7% blasts, 3% pro-
myelocytes, 25% myelocytes, 10% metamyelocytes, 
5% bands, 25% segmented neutrophils, 10% basophils, 
5% eosinophils, and 10% lymphocytes. The differential 
diagnosis includes leukemoid reaction, chronic myeloid 
leukemia (CML), and myeloproliferative neoplasms other 
than CML. A bone marrow aspirate is performed.

1. What is the most appropriate specimen to submit for 
cytogenetics, and how should it be processed?

CaSe StuDy (continued from page 870)

Harvest Procedure and Banding
Mitotically active cells are stopped in metaphase by incubation with 
agents that disrupt the spindle apparatus, most commonly colchi-
cine or colcemid.1 The cells are then incubated with a hypotonic 
solution (frequently 0.075 M KCl) that hemolyzes erythrocytes 
and partially swells the nucleated cells. Fixation of the cells is then 
accomplished with Carnoy’s fixative, 3:1 methanol:glacial acetic 
acid. After fixation, a trial slide is prepared by putting three to four 
drops of the final cell suspension onto a clean glass slide. The slide 
is dried and examined by phase microscopy for appropriate spread-
ing and number of mitotic figures. If the first slide does not show 
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banded chromosome morphology. An optimal preparation has 
mitotic spreads with moderately long chromosomes, few chromosome 
overlaps, and good quality banding (Figure 41-5 ■). A karyotype is a 
representation of the chromosome makeup of a cell that is constructed 
using a video-computer-linked analysis system. To prepare a karyo-
type, the chromosomes are grouped initially by size and centromere 
position and then by the specific pattern of dark-to-light–staining 
bands (Figure 41-6 ■). The number of cells analyzed per case varies 
according to the clinical situation. Accrediting agencies such as the 
College of American Pathologists (CAP) have set standardized guide-
lines for cytogenetic evaluation.

type of banding or 
Special Procedure Procedure Description result

Q banding Quinacrine fluorescence Reveals distinct bright and dull band patterns of homologous 
chromosomes

A-T rich areas = bright

g-C rich areas = dull

g banding giemsa stain after enzyme  
pretreatment

Reveals distinct dark and pale band patterns of homologous chromo-
somes identical to Q bands

A-T rich areas = dark

g-C rich areas = pale

R banding A-T rich areas = pale
g-C rich areas = dark

Reveals distinct pale and dark band patterns of homologous chromo-
somes reverse of Q and g bands

C banding giemsa stain after acid-alkali denaturation Stains heterochromatic pericentric regions of chromosomes 1, 9, 16, 
and long arm of y chromosome

NOR staining Silver stain of nucleolar organizing region Stains stalk region of acrocentric chromosomes 13, 14, 15, 21, and 22

fISH fluorescently labeled dNa probes depending on probe used, hybridizes with a specific chromosome 
pericentromeric region, arm, whole chromosome, or gene

Synchronization Synchronization of cells in cell cycle with blocking agent 
(high-dose thymidine)

Increases number of cells in mitosis

High-resolution 
banding

Cells synchronized and stopped in late prophase or 
early metaphase

Reveals chromosomes that are less condensed, more toward the pro-
metaphase, and banded at a 7800 band stage

fragile site Cells cultured with folate/thymidine deprivation Reveals areas of chromosome gaps, previously used for fra(X)

SCE Sister chromatid exchange detected by incubation 
through two cell cycles in Brdu and stained with fluo-
rescent; patient and control DNA are amplified and 
labeled with different fluorophores and hybridized 
to an array with DNA probes specific for the entire 
genome or part of the genome (chromosome specific)

Stains sister chromatids dark or light showing areas of exchange, 
indicating mutagenicity

CMA Differential in signal intensity (patient to control) is indicative of copy 
number gain or loss

fISH = fluorescence in situ hybridization; NOR = nuclear organizing region; SCE = sister chromatid exchange; CMA = cytogenomic microarray analysis

★ table 41-2 Cytogenetic Banding Techniques and Special Procedures

■  FiGure 41-5 Metaphase spread of chromosomes 
belonging to a single cell obtained by direct harvest of a 
bone marrow aspirate (G-banded, 1000*  magnification).

A newborn baby boy has multiple congenital malforma-
tions, and a chromosome abnormality is suspected as the 
cause. What is the most appropriate specimen to submit 
for chromosome analysis, and how should the laboratory 
professional process the specimen?

CheCkpoint 41-1
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chromosome loss does not survive the next cell cycle. Another pro-
cess, termed anaphase lag, results when one chromatid does not com-
pletely migrate to the opposite pole but lags behind and gets caught 
outside the nuclear membrane (Figure 41-8 ■), yielding one daughter 
cell with a chromosome loss and one daughter cell that is normal.

The word polyploid refers to cells that have a chromosome count 
that is a multiple of the n. Hence, a tetraploid cell is polyploid and has 
a chromosome count of 4n, or 92. Endomitosis is the process that 
results in polyploid cells when there are multiple rounds of S phase 
(DNA synthesis) without karyokinesis (nuclear division) or cytoki-
nesis (cytoplasmic division). The megakaryocyte is an example of a 
normal polyploid cell. The word pseudodiploid is used when a cell 
has a chromosome count of 46 but is not normal because of numerical 
and/or structural aberrations. For example, a cell with a karyotype of 
46, XX,+8,-21 is an abnormal cell but has a chromosome count of 46 
and therefore is pseudodiploid: it has 46 chromosomes including the 
2 sex chromosomes, XX, but it is missing a number 21 chromosome 
(-21), and has 3 number 8 chromosomes (+8).

Structural Aberrations
Structural chromosome aberrations result when chromosome 
breakage occurs and the repair process results in structural loss or 
in abnormal recombinations. Table 41-3 ★ lists structural aberra-
tions with a short description and example nomenclature. Any of 
these can be seen as constitutional or acquired with the exception of 
homogeneously staining regions and double minutes that have been 
seen only in neoplastic cells as acquired aberrations.

■  FiGure 41-6 Karyotype of normal male cell with numbered chromosome pairs, 
G-banded.

ChroMoSoMe abnorMalitieS
Chromosome abnormalities are either numerical or structural and 
can involve the autosomes (1–22) and/or the X and Y sex chromo-
somes. Constitutional abnormalities are present at the time of birth 
and in all cells if they are inherited from a parent carrier or if they 
occurred during gametogenesis. Constitutional aberrations can also 
occur in the embryo shortly after fertilization resulting in a mosaic: 
Some cells have the aberration and some are normal. If the aberrations 
occur some time after birth, they are acquired, as is usually seen in a 
single cell line identifying a neoplastic clone.

Numerical Aberrations
A normal human cell with 46 chromosomes is called diploid. The 
word haploid designates half the number of chromosomes, 23, and 
n is an abbreviation for the haploid number. Therefore, a cell with 
2n (2 * 23) has 46 chromosomes (diploid), and a cell with 3n has 
69  chromosomes (triploid). Aneuploid refers to a chromosome 
count other than 46 that is not a multiple of n. If a cell has more than 
46 chromosomes, the word hyperdiploid is used, and if a cell has 
fewer than 46 chromosomes, it is called hypodiploid.

It is thought that a process of nondisjunction causes most 
numerical aberrations. It occurs during meiotic or mitotic cell divi-
sion when a spindle fiber from the centriole does not connect to the 
chromosome centromere or when the spindle fiber connects but does 
not contract (Figure 41-7 ■). This situation results in one daughter 
cell with an extra chromosome (trisomy) and one daughter cell with 
a chromosome loss (monosomy). In most cases, the cell with the 
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■  FiGure 41-7 Nondisjunction. During anaphase, the sister chromatids of a chro-
mosome do not disjoin, resulting in one daughter cell with an extra chromosome 
(trisomy) and the other with a chromosome loss (monosomy).

■  FiGure 41-8 Anaphase lag. Chromatid does not complete migration, 
 resulting in one daughter cell with a normal chromosome count and the other 
with a  chromosome loss.
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the centromere and proceeds distally to the terminal portions, pter 
and qter. The numbering of bands begins with the number 1 for each 
region. To designate a specific band of a chromosome, the order is 
 written as chromosome number, arm, region, and band.

A standardized nomenclature system also exists for gene names. 
The HUGO Gene Nomenclature Committee (HGNC) is the recog-
nized body that approves a gene name and symbol for each known 
human gene. All approved symbols are stored in the HGNC database. 
Approved gene names and symbols are readily accessible electronically.6

The karyotype of a cell is designated first by the total number 
of  chromosomes followed by the sex chromosomes (XX for female 
and XY for male). If aberrations are present, sex chromosome abnor-
malities are listed first followed by abnormalities of autosomes listed 
in numerical order of the chromosomes involved. Numerical abnor-
malities are designated by +  or -  before the chromosome number. 
Structural abnormalities are listed by the appropriate abbreviation 
followed by the chromosomes involved in parenthesis and then by 
the break point band designation in parentheses. Therefore, normal 
female and normal male karyotypes, respectively, are 46,XX and 46,XY. 
A male cell with trisomy for chromosomes 8 and 21 is designated: 
48,XY, +8, +21. A female cell with trisomy for chromosomes 3, 8, 
and 15 and a translocation involving chromosomes 9 and 22 is desig-
nated 49,XX,+3,+8,t(9;22)(q34;q11.2),+15. The q34;q11.2 refers to 
the long arms (q), regions 3 and 1, and bands 4 and 1.2, respectively. 
(See Table 41-3 for other examples of nomenclature.)

Structural aberration and nomenclature explanation

Chromosome/chromatid breaks Break occurs in chromosome/chromatid and is usually repaired. Increased random breaks can be seen with 
toxins, radiation, and virus exposure.

Dicentric (dic) example: dic(7;8)(q32;q23) Breaks occur in two chromosomes and the chromosomes—including centromeres—are repaired together 
resulting in a chromosome with two centromeres; the acentric (lack of a centromere) fragments are lost.

Double minutes (dmin) Small acentric pieces of DNA, usually paired, indicate gene amplification.

Homogeneously staining region (hsr) 
 example: hsr(11)(q23)

Region of chromosome that stains homogeneously and indicates gene amplification.

Deletion (del), interstitial example:  
del(7)(q31q32)

Two breaks occur in one arm and material between breaks is lost; break ends are repaired by joining 
together.

Deletion, terminal example: del(7)(q32) Break occurs and acentric fragment is lost during mitosis/meiosis.

Duplication (dup) example: dup(7)(q31q32) Region of a chromosome is duplicated and can be direct or inverted.

Isochromosome (i) example: i(7)(p10) or  
i(7)(q10)

Centromere splits horizontally and results in chromosome with only short or long arm material.  
The remaining arm of the chromosome is usually lost.

Inversion (inv), paracentric example: inv(7)
(q21q32)

Two breaks occur, and the material between the breaks inverts and then is repaired. When the inversion 
does not involve the centromere, it is referred to as a paracentric inversion.

Inversion, pericentric example:  
inv(7)(p15q21)

Two breaks occur, and the material between the breaks inverts and then is repaired. When the inversion 
involves the centromere, the resulting chromosomal aberration is referred to as a pericentric inversion.

Ring chromosome (r) example:  
r(7)(p21q35)

Breaks occur in the short and long arms, and the broken ends are repaired together; the acentric frag-
ments are lost.

Translocation (t), balanced example: t(7;8)
(q32;q23)

Breaks occur in two different chromosomes with fragments repaired (joined) to the opposite chromosome; 
no loss of DNA occurs.

Derivative (der) chromosome example: 
der(7)t(7;8)(q32;q23)

This is a structurally rearranged chromosome derived most often from two or more chromosomes. In this 
example, the derivative, der (7), is the abnormal chromosome 7 that results from a translocation between 
chromosome 7 and 8 at the designated break points.

Translocation, Robertsonian example: 
der(14;21)(q10;q10)

A unique type of translocation, breaks occur at or near the centromeres of two acrocentric chromosomes; 
the centromeric regions fuse, and the short arm/satellite material is lost. The chromosome is derived (der) 
from the long arms of each chromosome.

★ table 41-3 Examples of Structural Chromosome Aberration Nomenclature with Explanations

Polymorphic Variation
Morphologic variations are known to occur in certain chromosomes. 
These variations have no clinical significance but, if present, will be 
inherited consistently through each generation. Polymorphic vari-
ants (chromosomes with variant morphology that have no clinical 
consequence) are easily demonstrated with various banding tech-
niques and can be used to identify maternal versus paternal origin of 
homologous chromosomes. Some of the more common polymorphic 
variants include a pericentric inversion of chromosome 9; variable 
amounts of pericentric heterochromatin on chromosomes 1, 9, and 
16; and a variable amount of heterochromatin on the long arm of the 
Y chromosome. Also, amounts of satellite material on the short arms 
of the acrocentric chromosomes can be variable.

CytoGenetiC noMenClature
An international committee promoting one standardized nomencla-
ture system has established the designation of chromosome number, 
region, band, and karyotype nomenclature. The International System 
for Human Cytogenetic Nomenclature (ISCN) has published guidelines 
including specific rules for cancer cytogenetics for use by clinical and 
research laboratories.5 The short and long arms of each chromosome 
are divided into regions by major landmark bands (Figure 41-9 ■). 
Each region is further divided into distinct light-, intermediate-, and 
dark-staining bands. The numbering of regions and bands begins at 
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Constitutional chromosome aberrations occasionally are found 
when analyzing neoplastic cells. Most often these are constitutional 
abnormalities that are not associated with an abnormal phenotype. 
For example, a female patient with acute leukemia and a 47,XXX 
karyotype could have the +X as an acquired aberration indicative 
of the malignant cells, or the +X could represent a constitutional 
abnormality and be present in all of the patient’s cells. If the karyo-
type is 45,XX,-7, however, this is most likely an acquired aberration 
because monosomy 7 as a constitutional aberration is not compatible 
with life. The presence of constitutional aberrations must be accurately 
interpreted and distinguished from acquired clonal aberrations. This 
is most often accomplished by stimulating peripheral lymphocyte 
analysis or occasionally by performing skin biopsy fibroblast culture 
because these cells are not part of the neoplastic clone and aberrations 
that are present are constitutional.

Processing Specimens
The best sample for cytogenetic analysis of hematolymphoid disor-
ders, excluding lymphomas, is a bone marrow aspirate; even when blast 
cells are present in the peripheral blood, a higher mitotic rate is usually 
achieved from the bone marrow sample. These cells are processed by 
direct harvest and/or unstimulated cultures. The overall cellularity of 
the marrow aspirate or peripheral blood sample can vary greatly and 
affects the mitotic yield and chromosome morphology. Therefore, it 

CytoGenetiC analySiS 
oF heMatoPoietiC anD 
lyMPhoiD DiSorDerS
Cytogenetic analysis has become an essential part of the diagnos-
tic evaluation of patients with known or suspected neoplasms. 
Many chromosome aberrations ascertained by either conventional 
(G-banded) techniques or FISH are now considered diagnostic of 
or have significant prognostic implications for hematolymphoid 
malignancies7 and solid tumors.8 The cloning of genes at critical 
chromosome breakpoints in various neoplasms has permitted the 
discovery of the role that these genes play in tumorigenesis and has 
provided specific DNA sequence targets that can be used for the 
molecular cytogenetic technique of FISH for patient diagnostics. A 
chromosome aberration found in neoplastic cells is referred to as an 
acquired, clonal aberration; it is an aberration that occurs sometime 
after birth and is present only in the neoplastic cells.

A clone exists if numerical and/or structural aberrations are iden-
tical in at least two cells unless the abnormality is a single chromosome 
loss (monosomy); then three cells must have the same chromosome 
loss. The presence of an abnormal clone is evidence of a neoplasm. 
Table 41-4 ★ lists the most common uses of cytogenetic analysis in 
hematolymphoid disorders.

• Confirm or establish the diagnosis of a number of leukemias and 
lymphomas

• Predict response to specific agents such as tyrosine kinase inhibitors

• Confirm or predict accelerated phase of Cml

• Confirm or establish remission and monitor minimal residual disease

• aid in the diagnosis and prognosis of myelodysplastic states

• Evaluate bone marrow transplant for donor versus recipient cells and 
possible recurrence of original neoplasm.

• Evaluate clonal evolution, which portends a more aggressive phase 
of disease.

★ table 41-4 Present Applications of Conventional 
Cytogenetics and Molecular Cytogenetics (FISH) in 
Hematolymphoid Disorders

Cytogenetic studies were performed on a bone marrow 
specimen from a female patient with a myelodysplastic 
state with the following results:

1 cell — 47,XX,+8

1 cell — 45,XX,-20

5 cells — 46,XX,del(5)(q13q34),-7,+21

Which of these aberrations is clonal? Why? What term 
would apply to the five cells?

CheCkpoint 41-2

■  FiGure 41-9 Diagram of bands on chromosome 7 with 
arm, region, and band designations. The band located at 
the arrow is designated 7q32.
Short arm = p; long arm = q
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(Chapters  23, 42). The Ph translocation results in a new chimeric 
gene consisting of a portion of the ABL1 from chromosome 9 and 
a portion of the BCR from chromosome 22. The ABL1 is activated 
to a functioning oncogene, and a 210 kD (kD = kiloDaltons) poly-
peptide product of BCR/ABL1 is present in the leukemic cells.12 An 
oncogene is involved in deregulating cell growth, proliferation, and 
differentiation and is responsible for neoplastic proliferation usually 
by mutation, overexpression, or amplification.

Of CML patients, 5–10% lack the classic t(9;22) and instead 
have a variant translocation involving at least one other chromo-
some in addition to chromosomes 9 and 22 or a cryptic transloca-
tion of chromosomes 9 and 22. Cryptic translocations are molecular 
genetic rearrangements that cannot be identified by conventional 
cytogenetics and must be evaluated by a molecular technique such as 
FISH ( Figure 41-10 ■) or the reverse transcriptase polymerase chain 
reaction (rtPCR) for BCR/ABL1 gene rearrangement. Patients with 
variant or cryptic translocations have the same clinical features and 
prognosis as those with the typical (9;22) translocation (Chapter 42).

In the past, CML was difficult to treat, and patient survival was 
poor because the t(9;22) and concurrent BCR/ABL1 gene rearrange-
ment occur in a pluripotent hematopoietic stem cell (HSC) and has 
the potential to affect all marrow cells derived from that HSC. The 
identification of the BCR/ABL1 fusion transcript and the subsequent 
cloning of these genes permitted an understanding of the endogenous 
tyrosine kinase activity of BCR/ABL1 and prompted the develop-
ment of an agent targeted specifically at the protein product of the 
BCR/ABL1 gene (Chapter 24). This group of agents, called tyrosine 
kinase inhibitors (TKIs), is now a model for the development of 
novel treatments in various types of cancer because genetic rear-
rangements of many other hematolymphoid malignancies and solid 
tumors are known to involve genes also with tyrosine kinase activity. 
The TKIs have been shown to significantly prolong overall survival 
in a number of leukemias, lymphomas, and solid tumors and have 
revolutionized the treatment of these neoplasms by targeting specific 
genetic loci.13,14

When CML patients enter the accelerated phase or blast crisis, the 
majority have a change in the karyotype with chromosome aberrations 
in addition to the t(9;22) (i.e., clonal evolution). The most frequently 

is best for the cytogenetic laboratory to evaluate the cell count of each 
specimen, usually with an automated cell counter. Optimal cultures 
are obtained by inoculating 1 million cells per milliliter of media. The 
best specimen for study of lymphoma is an involved lymph node. In 
general, the resolution of chromosomes from an unstimulated periph-
eral blood or bone marrow/lymph node specimen is not as good as 
that from a phytohemagglutinin-stimulated study, which can reflect 
an inherent feature of the malignant cells. In fact, cells with particu-
larly poor morphology can represent the abnormal clone, whereas the 
cells with better morphology can be the remaining normal population. 
When working in cancer cytogenetics, therefore, the laboratory pro-
fessional must be careful to analyze each mitotic spread and to evalu-
ate the metaphase preparations with poor resolution and morphology.

Processing cells from lymphoma can include incubation with 
mitogens in addition to the unstimulated cultures. The neoplastic 
cells from mature B-cell lymphomas often respond to pokeweed or 
lipopolysaccharide antigens and to stimulation with phytohemag-
glutinnin in the presence of interleukin-2. Table 41-5 ★ provides a 
summary of specimen processing.

Chronic Myelogenous Leukemia
The first chromosome abnormality reported to be associated with a 
malignancy was described in 1960 as an abnormally small chromo-
some seen in patients with chronic myelogenous leukemia (CML).9 
This abnormality was designated the Philadelphia or Ph1 (now desig-
nated as Ph) chromosome and was believed to be the result of a dele-
tion of the long arm of chromosome 22. With the advent of banding 
techniques, the abnormality was found actually to be a balanced trans-
location involving chromosomes 9 and 22, t(9;22)(q34.1;q11.2).10 This 
translocation is seen in approximately 90–95% of patients with CML.

Investigators attempted for some time to decipher why a spe-
cific chromosome translocation should be so closely associated with 
a single morphologic type of leukemia. It is now known that the 
proto-oncogene ABL1, normally located at 9q34.1, is translocated 
and juxtaposed next to the BCR gene at 22q11.2 in the Philadelphia 
translocation.11 A proto-oncogene is a normal gene involved in cell 
division/proliferation that has the capability of becoming an oncogene 

Possible Diagnosis Specimen Processing

Acute leukemias (myeloid and lymphoid) Bone marrow at diagnosis 24–72-hour unstimulated cultures; fISH analysis with appropri-
ate probes

Myeloproliferative neoplasms

Myelodysplastic syndromes

Therapy-related myeloid disorders

Bone marrow at diagnosis; peripheral 
blood for fISH evaluation to monitor 
minimal residual disease

unstimulated cultures

Lymphoproliferative neoplasms Morphologically involved lymph node, 
spleen, bone marrow, peripheral blood

unstimulated cultures; T cell: phytohemagglutinin stimulation; 
B cell: pokeweed, lipopolysaccharide, PHA, and IL-2

Solid tumor Morphologically involved tumor tissue Monolayer and/or suspension cultures

Effusion (pleural, peritoneal, etc.) Direct harvest, unstimulated cultures

fISH = fluorescence in situ hybridization; PHA = phytohemagglutinin; IL@2 = interleukin@2

★ table 41-5 Appropriate Specimens and Type of Processing for Cytogenetic Analysis of Neoplastic Cells

M41_MCKE6011_03_SE_C41.indd   879 01/08/14   10:57 PM



880 SECTION VIII   •   HEmaTOlOgy PrOCEdurES

Myeloproliferative Neoplasms 
Other Than CML
The other myeloproliferative neoplasms, polycythemia vera (PV), 
chronic idiopathic myelofibrosis, and essential thrombocythemia 
(ET), have acquired clonal chromosome aberrations in approxi-
mately 50–60% of cases. Diagnosis of these disorders now requires 
documented absence of BCR/ABL1 gene rearrangement.7 Recurrent 
aberrations in these myeloproliferative neoplasms include abnor-
malities of 1q, +8, +9, del(13q), and del(20q). In addition to negative 
BCR/ABL1 gene rearrangement status, molecular genetic evaluation 
for a particular mutation in the JAK2 gene, the V617F mutation, has 
become the standard of care for the diagnosis of these patients (Chap-
ter 24). Patients who have the V617F mutation can definitively be 
diagnosed with a myeloproliferative neoplasm, have a high response 
rate to a particular chemotherapeutic agent called hydoxyurea, and 
have been shown to have shorter overall survivals.16

Acute Myeloid Leukemia
Approximately 70% of patients with de novo acute myeloid leukemia 
(AML) have acquired clonal chromosome aberrations in the leukemic 
cells. These aberrations are present only in the leukemic blasts, not in 
the other hematopoietic precursors. Therefore, de novo AML appears 
to be a malignancy of the committed progenitor cell.17,18 The chromo-
some abnormalities found can be single, numerical, or structural or 
complex. Some aberrations such as trisomy 8 occur frequently in AML 
but are not diagnostic for a specific type of leukemia. When present in 
the diagnostic specimen, chromosome aberrations can be valuable in 
following the leukemia’s progression or regression. If the original leu-
kemic cells have a clonal aberration, such as +8, a complete remission 
sample should have only a normal karyotype. In subsequent samples, 
the presence of even one cell with +8 would indicate an early relapse, 
which might not be detectable morphologically. Some patients clon-
ally evolve, usually indicating cytogenetic transformation to a more 
aggressive and treatment-resistant disease.

The World Health Organization (WHO) has established a clas-
sification system for AML according to the presence or absence of 
recurrent cytogenetic abnormalities7 (Chapters  23, 26). Specific cyto-
genetic aberrations now define particular subtypes of AML that have 
specific treatment implications. Although particular morphologic and 
clinical features characterize these cytogenetic entities, the primary 
diagnostic modality is genetic. The WHO AML classification includes 
the aberrations in Appendix C. If a patient with AML lacks one of 
these recurrent aberrations or other clonal cytogenetic abnormality, 
classification is based on morphologic and cytochemical/immuno-
phenotypic features (Chapter 26).

The t(8;21) and inv(16)/t(16;16) both disrupt the same transcrip-
tion factor, core binding factor (CBF). The t(8;21) disrupts the a-chain 
of CBF that is encoded by RUNX1, and the inv(16)/t(16;16) disrupts 
the b-chain of CBF. These leukemias have relatively favorable prog-
noses, are more common in younger patients, and can have a unique 
type of presentation with a particular type of disease called myeloid 
sarcoma, a soft tissue infiltration by the myeloblasts.

The t(8;21), previously reported predominantly in cases of 
AML-M2 by French–American–British (FAB) classification (AML 

observed additional aberrations are an extra Ph [+der(22)t(9;22)], an 
extra chromosome 8 [+8], an isochromosome for the long arm of 
chromosome 17 [i(17)(q10)], and an extra chromosome 19 [+19]. 
This clonal evolution can be detected days or weeks before the actual 
morphologic transformation to blast crisis is seen in the marrow 
or peripheral blood, allowing more rapid institution of appropriate 
treatment.15

The t(9;22) is also seen at diagnosis in approximately 15% of 
cases of acute lymphoblastic leukemia (ALL), more commonly in 
adults (Chapter 24). Although the translocation appears the same 
cytogenetically as that seen in CML, there is a difference in the site 
of breakage at the BCR locus, resulting in a 190 kD protein. The cases 
of Ph-positive ALL must be distinguished from a patient presenting 
in lymphoid blast crisis of CML because the prognosis and treatment 
are different.

■  FiGure 41-10 Identification of the BCR/ABL1 gene 
rearrangement with a dual color, dual fusion probe set. 
The ABL1 probe is labeled in red and the BCR probe in 
green. One normal ABL1 gene and one normal BCR gene 
are located on separate chromosomes. The BCR and ABL1 
genes are juxtaposed on the two chromosomes involved 
in the translocation, resulting in two yellow fusion signals.

Cytogenetic analysis of bone marrow shows all of the 
cells to have this karyotype: 46,Xy,t(9;22)(q34.1;q11.2).

2. Is this a constitutional or acquired aberration?

3. Is it a clonal aberration?

4. What is the significance of this finding for diagnosis?

CaSe StuDy (continued from page 873)
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Myelodysplastic Syndromes (MDSs)
MDSs are clonal neoplastic disorders of hematolymphoid stem cells 
characterized by dysplasia and subsequent ineffective hematopoiesis 
in two or more myeloid cell lines (Chapter 25). An internationally 
recognized scoring system for predicting survival of MDS patients 
and transformation to AML, the International Prognostic Scoring 
System (IPSS), has been developed; its major prognostic variables are 
the type of cytogenetic abnormality, percentage of blasts, and degree 
and number of cytopenias. According to the scoring system, good-risk 
cytogenetics include a normal karyotype, del(5q) as the sole abnor-
mality, del(20q) as the sole abnormality, and -Y. Poor-risk cytogenet-
ics include three or more chromosome aberrations and chromosome 
7 abnormalities. Intermediate risk refers to all other abnormalities. 
These specific cytogenetic aberrations define particular categories of 
MDS and play a major role in diagnosis, treatment, and management 
of patients with them.23

with differentiation) occurs in 5–12% of cases of AML. The protein 
product of the RUNX1T1/RUNX1 gene rearrangement promotes 
leukemogenesis by blocking myeloid cell differentiation.19 A loss 
of a sex chromosome, Y in the male and X in the female, frequently 
seen with the t(8;21). FAB classification previously reported the 
inv(16)/t(16;16) in cases of AML-M4eo (acute myelomonocytic 
leukemia with increased marrow eosinophils), which occurs in 
10–12% of AML.7,20,21 The t(15;17) is present in acute promyelo-
cytic leukemia (APL), previously classified as AML-M3 by FAB, and 
accounts for 5–8% of AML. The translocation results in the fusion 
of the retinoic acid receptor alpha (RARA) gene at 17q21.1 with 
the nuclear regulatory factor promyelocytic leukemia (PML) gene 
at 15q24.1. These patients respond to treatment with all transreti-
noic acid (ATRA), which induces differentiation of the abnormal 
promyelocytes. This treatment is followed by chemotherapy with 
an anthracyclin agent. Four variant aberrations also rearrange the 
RARA gene but involve different partner chromosomes (Appen-
dix B). Identification of these variant translocations is clinically 
important because some resist treatment with ATRA, whereas oth-
ers respond.7

AML with the t(8;21), inv(16) or t(16;16), and t(15;17) are 
considered acute leukemias without regard to blast count. It is still 
unclear whether cases with the t(9;11), t(6;9), inv(3) or t(3;3), and 
t(1;22) should be considered AML when the blast count is less than 
20%. The WHO also recognizes an entity of AML with myelodysplasia 
(MDS)-related changes that is characterized by a blast count of 720% 
in the blood or bone marrow, morphologic features of MDS or a his-
tory of MDS, MDS-related cytogenetic abnormalities (often complex 
including chromosome 5 and 7 aberrations), and an absence of the 
aberrations seen in AML with recurrent genetic abnormalities. These 
patients have a poor prognosis with decreased likelihood of achiev-
ing complete remission and short overall survival. Therapy-related 
myeloid neoplasms occur in patients who have previously received 
chemotherapy or radiation therapy. These cases are called secondary 
or therapy-related myeloid disorders and are considered as a distinct 
entity by the WHO. Although in the 2001 WHO classification system 
the therapy-related AMLs were subcategorized as “alkylating agent 
related” or topoisomerase II-related or “other,” in the 2008 classifica-
tion system, they are no longer subcategorized. However, the specific 
genetic abnormality found in these disorders should be listed. Alkyl-
ating agent-related myeloid disorders occur approximately 5–6 years 
after treatment and are associated with aberrations of chromosomes 
5 and 7. Topoisomerase II inhibitor-related myeloid disorders present 
within 2–3 years of exposure and are associated with break points at 
band 11q23 and concurrent MLL gene rearrangement.7,22

A 35-year-old man has acute leukemia. Cytogenetic stud-
ies of the bone marrow reveal the following: 46,Xy,t(15;17)
(q24.1;q21.1). What type of leukemia does this patient 
have, and what will cytogenetic studies show after treat-
ment if he achieves complete remission?

CheCkpoint 41-3

five years ago, a 46-year-old woman received chemo-
therapy and radiation treatment for breast cancer. She 
now has pancytopenia. Cytogenetic analysis of the bone 
marrow is performed and shows 10 of 20 cells with the 
following: 45,XX,del(5)(q13q34),-7. What is the signifi-
cance of this finding?

CheCkpoint 41-4

Acute Lymphoblastic Leukemia 
(ALL)/Lymphoma
Approximately 60–75% of patients with ALL have clonal acquired 
aberrations of the malignant cells. Cytogenetic findings are a crucial 
part of the leukemia workup for pediatric cases, and the results are 
directly related to prognosis. Patients who have the most favorable 
prognosis have hyperdiploid karyotypes with a chromosome count 
ranging from 54–65 with concurrent trisomies of chromosomes 4, 
10, and 17. Most cases of hyperdiploid ALL have other clinically favor-
able findings such as 3–7 years of age, total leukocyte count less than 
10 * 109/L, and precursor B-cell immunophenotype with CD10 
positivity. The t(12;21)(p13;q22.3) also confers a favorable prognosis. 
It rearranges ETV6 at 12p13 and RUNX1 at 21q22.3, and it is a cryp-
tic aberration, undetectable in conventional metaphase preparations 
because the size of the translocated segments are similar in size and 
staining intensity. To ascertain the presence of this rearrangement, 
molecular methods, either FISH or rtPCR, must be employed. Hypo-
diploidy, the t(4;11)(q21;q23) that rearranges the AF4 and MLL genes 
and the t(9;22)(q34.1;q11.2) that rearranges the BCR and ABL1 genes 
are associated with a poor outcome.7,24,25

The patient’s age influences the prognostic impact of these cyto-
genetic aberrations. ALL patients with the t(9;22) ranging in age from 
1–18 years have more favorable outcomes than adults. Infants and 
adults with the t(4;11) have significantly shorter overall survivals than 
children with the same translocation. See Appendix C for some of the 
more commonly seen aberrations in ALL.
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bone MarroW tranSPlantation
Some of the hematolymphoid disorders presented in this chapter are 
treated by bone marrow or peripheral blood stem cell transplanta-
tion, depending on the clinical situation and availability of donors. 
Cytogenetics, particularly the molecular cytogenetic technique of 
FISH, is a valuable tool in evaluating the rate of engraftment of the 
donor cells in opposite sex transplants and monitoring for minimal 
residual disease. Following successful transplantation, only donor cells 
should be present. Occasionally, 1–2% of recipient cells are detectable 
shortly after transplant but then diminish. Recipient cells that recur 
with a normal karyotype indicate the development of a chimerism, 
the presence of cells of two different genetic origins in an individual. 
For example, a female recipient after a male-donated transplant can 
show 30% XY and 70% XX by FISH analysis with probes for the X 
and Y centromeres, which is consistent with partial but not complete 
engraftment. Treatment to promote engraftment, such as increasing 
the immunosuppression or giving additional donor cells, can thus be 
employed. If the recipient marrow cells have an initial chromosome 
aberration, FISH of DNA probes specific for the genes that are rear-
ranged by that aberration can be used to assess the degree of disease 
burden persisting.

Lymphoma and Lymphoproliferative 
Disorders
In recent years, chromosome analysis in lymphoma and lympho-
proliferative disorders has added greatly to the understanding of the 
importance of the gene loci involved in chromosome aberrations seen 
with specific types of lymphoma. The results of these analyses have 
also led to the development of molecular probes and their use in the 
clinical laboratory. The first abnormality described in the lymphomas 
was the 14q+  seen in Burkitt lymphoma.26 This was later character-
ized as t(8;14)(q24.1;q32.3) and is seen in approximately 75% of cases 
of Burkitt lymphoma. Two variant translocations, t(2;8)(p11.2;q24.1) 
and t(8;22)(q24.1;q11.2), have been reported in 10–15% of Burkitt 
lymphoma. The 14q32.3 is the site of the gene for the heavy chain 
of immunoglobulin, and the breakpoint at 8q24.1 is just proximal 
to the site of the proto-oncogene MYC. Therefore, the MYC gene is 
translocated to the heavy chain locus at 14q32.3.27 This was the first 
demonstration of a proto-oncogene that was translocated to a location 
known to be active in B-cell lymphoma, resulting in the activation 
of the oncogene. The t(2;8) results in the juxtaposition of a gene for 
k light chain to MYC, and the t(8;22) results in the juxtaposition of 
a gene for l light chain to MYC. In cases of Burkitt lymphoma that 
have the two variant translocations, the tumor cells are found to mark 
with surface k-chain when the t(2;8) is found and with l-chain when 
the t(8;22) is found.

Many cytogenetic aberrations are now associated with specific 
types of lymphoma and play a major role in diagnosing these entities 
as well as having prognostic significance. Most of these translocations 
are known to involve genes that are critical for proliferation of the 
neoplastic cells or are involved in programmed cell death, apopto-
sis. Chronic lymphocytic leukemia (CLL) patients with trisomy 12, 
11q, or 17p aberrations are associated with an atypical morphology 
and shorter overall survival.28 The t(11;14) is diagnostic of mantle 
cell lymphoma, an aggressive entity that requires chemotherapy and 
transplantation, in the appropriate morphologic and clinical con-
text.29 The presence of the t(11;18) or t(1;14) in extranodal gastric 
lymphoma of mucosa-associated lymphoid tissue (MALT), a type 
of marginal zone lymphoma, defines it as malignancy and requires 
treatment with chemotherapy as opposed to antibiotics.30 Patients 
with anaplastic large cell lymphoma bearing the t(2;5) have a signifi-
cantly longer survival than those patients without this aberration.31 
See Appendix C for the characteristic chromosome aberrations with 
the lymphoproliferative disorders and gene loci known to be involved 
in these rearrangements.

A 5-year-old girl has fatigue and easy bruising. A CBC 
shows a leukocyte count of 40 * 109/L with 85% blasts. 
Bone marrow cytogenetic studies are performed and 
show all cells with the following karyotype: 53,XX, 
+X,+4,+6,+10,+18,+20,+21. What is the prognostic 
significance of this finding?

CheCkpoint 41-5

An allogeneic bone marrow transplant is performed with 
gregory’s sister as the donor. Three months after trans-
plant, the karyotype is 46,XX.

5. What is the significance of this finding?

CaSe StuDy (continued from page 880)

MoleCular CytoGenetiCS
Techniques are now available to evaluate not only the gross chromo-
some morphology but also the individual gene composition. FISH and 
cytogenomic microarray analysis (CMA) are examples of such tech-
nology. The role FISH plays in the diagnosis and prognosis of patients 
with hematolymphoid disorders has been previously discussed. The 
advantage of these techniques over conventional cytogenetic studies 
is that molecular DNA techniques do not require viable cells capable 
of mitotic activity. Samples of tumor cells can include nondividing 
peripheral blood cells and paraffin-embedded tissue. The disadvan-
tage of certain molecular studies, such as FISH, is that they give infor-
mation about only a single molecular genetic aberration based on the 
specific probe used, potentially missing other chromosome aberra-
tions that might be present (Chapter 42).

The following scenario illustrates the use of the two differ-
ent techniques. A 25-year-old man is known to have CML and has 
received an allogeneic transplant from his sister. The first post-
transplant specimen did not have dividing cells in the conventional 
cytogenetic preparations. FISH of DNA probes that are rearranged in 
this leukemia, the BCR and ABL1 genes, was done and was positive 
in 10 of 200 interphase nuclei examined, consistent with a low-level 

M41_MCKE6011_03_SE_C41.indd   882 01/08/14   10:57 PM



 883CHaPTEr 41   •   CHrOmOSOmE aNalySIS Of HEmaTOPOIETIC aNd lymPHOId dISOrdErS

diagnostics of constitutional disorders and detects copy gain and loss 
of regions that are approximately 10 kb in length.32 In addition, the 
evolution of microarrays that use single nucleotide polymorphisms 
(SNPs) allow the absence of heterozygosity (AOH), the presence of 
only one allele at a specific chromosomal locus, to be detected. AOH 
is a frequent finding in cancer specimens and can ultimately have 
diagnostic utility. Although the presence of complex copy number 
variation in conjunction with the current lack of clinical correlation 
for AOH at many cytogenetic loci makes interpretation challenging, 
CMA will play a role in the future in the routine molecular profiling 
of neoplasia.33

persistence of disease. A second sample obtained 3 months later was 
sufficient for conventional cytogenetics and yielded the following 
results:

80% 46,XX
10% 46,XY,t(9;22)(q34.1;q11.2)

10% 47,XY,+8,t(9;22)(q34.1;q11.2)
In the first sample, the molecular FISH studies were critical to show 
the persistence of the leukemia. Cytogenetics performed on the sec-
ond sample was critical to show a cytogenetic transformation toward 
blast crisis with the additional +8 abnormality. The molecular tech-
nique of rtPCR also has significant clinical utility in diagnosing and 
monitoring patients with hematolymphoid neoplasms including 
CML (Chapter 42).

Cytogenomic microarray analysis (CMA) is widely used 
clinically to analyze changes in chromosome copy number (copy 
number variation). Because of the greatly increased resolution that 
these assays provide, it has been observed that the human genome has 
much more variability than previously thought with differences found 
at up to thousands of loci, most of which are not clinically significant. 
This variability makes interpretation of CMA potentially challenging. 
In addition, the microarrays used in CMA have been designed to ana-
lyze critical regions of the DNA for well-defined genetic abnormali-
ties. DNA from the patient and normal control DNA are labeled using 
different fluorescent dyes, mixed, and hybridized to a slide containing 
hundreds to thousands of defined DNA probes. The color intensity 
ratio is analyzed along the DNA to detect regions of copy number 
gain or loss. The current technology is predominantly used for clinical 

Six months after transplant, gregory had bone marrow 
aspirated for analysis. The mitotic yield of the specimen 
was not sufficient for routine cytogenetic analysis.

6. What other studies that would be informative as to 
the status of the donor and recipient cells could be 
performed?

7. five years after the transplant, cytogenetic analysis 
shows the following:

5 cells—46,XX
15 cells—47,XX,+8,t(9;22)(q34;q11.2),i(17)(q10)

What is the significance of these findings?

CaSe StuDy (continued from page 882)

Summary
Clinical specialists in the hematology laboratory are frequently 
asked when cytogenetic studies are indicated and what speci-
mens are appropriate to submit. for these reasons, it is impor-
tant for these specialists to have a basic understanding of the 
specimen requirements, processing, and clinical indications for 
chromosome analysis. Acquired clonal chromosome aberra-
tions can be seen in most of the hematolymphoid disorders, 
including acute and chronic leukemias, myelodysplastic states, 
myeloproliferative disorders, and lymphomas. These results are 
used for diagnosis and prognosis. In addition, cyto genetics can 
be used to follow the progression or regression of a malignant 

clone if the original pretreatment sample revealed a clonal 
aberration.

The chromosome aberrations found in hematolymphoid 
disorders are present only in the malignant cells. Many cyto-
genetic aberrations are now recognized as diagnostic of par-
ticular hematolymphoid neoplasms; for example, the t(15;17) 
is diagnostic of APL. Identification of these specific aberrations 
with DNA probes has clinical utility for evaluating the patient’s 
response to treatment and degree of residual disease. The iden-
tification of these molecular cytogenetic targets has also lead to 
more effective treatment for many hematolymphoid neoplasms.

Review Questions
Level i

 1. Which of the following is the major component of chromo-
somes? (Objective 1)

 A. nucleotides

 B. enzymes

 C. lipids

 D. proteins

 2. In which stage of mitosis is the chromosome morphology 
best observed? (Objective 1)

 A. anaphase

 B. interphase

 C. metaphase

 D. prophase

M41_MCKE6011_03_SE_C41.indd   883 01/08/14   10:57 PM



884 SECTION VIII   •   HEmaTOlOgy PrOCEdurES

 10. Which of the following can result in an abnormal amount 
of cellular DNA? (Objective 3)

 A. balanced translocation

 B. paracentric inversion

 C. pericentric inversion

 D. isochromosome

Level ii

 3. A 4-year-old boy has mental retardation and developmen-
tal delay. Which of the following would be the most appro-
priate specimen for chromosome analysis? (Objective 2)

 A. bone marrow

 B. skin biopsy

 C. peripheral blood

 D. lymph node

 4. A 62-year-old man has acute myeloid leukemia. Which of 
the following would be the most appropriate specimen 
for chromosome analysis to determine whether acquired 
chromosome aberrations exist? (Objective 2)

 A. bone marrow

 B. lymph node

 C. peripheral blood

 D. skin biopsy

 5. Which of the following is a basic criterion of cells that would 
be processed for chromosome analysis? (Objective 2)

 A. mitotic activity

 B. protein production

 C. presence of nucleolus

 D. presence of mitochondria

 6. In the harvest procedure, cells are stopped in metaphase 
by which of the following? (Objective 2)

 A. colchicine/colcemid incubation

 B. incubation with hypotonic solution

 C. fixation with Carnoy’s fixative

 D. incubation with phytohemagglutinin

 7. The ability to identify individual chromosomes depends on 
which of the following? (Objective 2)

 A. banding

 B. hypotonic incubation

 C. type of specimen

 D. fixation

 8. Which of the following terms is appropriate to describe a 
human cell that has 47 chromosomes? (Objective 3)

 A. diploid

 B. aneuploid

 C. polyploid

 D. normal

 9. Which of the following can result in trisomy? (Objective 3)

 A. anaphase lag

 B. endomitosis

 C. nondisjunction

 D. chromosome breakage

Use this case history for questions 1–3.

Stanley, the patient, is a 35-year-old male who presented 
with a severe nosebleed. He has been previously healthy; 
however, in the last three weeks, he has noticed easy 
 bruising, and on the day of admission to the hospital, 
he had a nosebleed that he could not stop. Initial CBC 
revealed the following:

Hb 10 g/dL (100 g/L)
Hct 30% (0.30 L/L)
MCV 85 fL
WBC 50 * 103/mcL (50 * 109/L)
Platelet count 20 * 103/mcL (20 * 109/L)

The peripheral smear showed the majority of cells to have 
a high nuclear:cytoplasmic ratio, immature chromatin, and 
cytoplasmic hypergranulation with azurophilic granules. Pre-
liminary cytogenetic analysis performed on bone aspirate 
revealed 75% of cells to have t(15;17)(q24.1;q21.1); 25% of 
cells have a normal male karyotype.

 1. The most likely diagnosis is: (Objective 6)

 A. chronic myeloid leukemia

 B. APL

 C. anaplastic large cell lymphoma

 D. secondary (therapy-related) AML

 2. The break point on chromosome 17 involves which gene? 
(Objective 9)

 A. ABL1

 B. MYC

 C. BCR

 D. RARA

 3. The identification of the cytogenetic aberration in ques-
tion 2 in patients has led to their treatment with which of 
the following? (Objectives 5, 6)

 A. interferon

 B. interleukin

 C. all-trans retinoic acid

 D. vitamin K
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 7. Which of the following is the most likely diagnosis? 
( Objective 6)

 A. akylating agent-related AML

 B. core-binding factor leukemia

 C. AML with myelodysplasia-related changes

 D. AML of ambiguous lineage

 8. Which of the following genetic abnormalities is associ-
ated with a good prognosis when it is found in ALL? 
(Objective 7)

 A. chromosome count 754

 B. t(9;22)

 C. t(4;11)

 D. chromosome count 645

 9. Which of the following is associated with a poor prognosis 
when found in ALL? (Objective 7)

 A. chromosome count 754

 B. t(12; 21)

 C. normal karyotype

 D. t(9;22)

 10. Which of the following is associated with Burkitt lymphoma? 
(Objective 6)

 A. t(8;21)

 B. t(14;18)

 C. t(12;21)

 D. t(8;14)

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. find additional information to help 
organize information and figures to help understand concepts.

Use this case study for questions 4–7.

A 16-year-old girl has fatigue and increased bruising. 
A CBC shows the following:

Hb 7.0 g/dL (70 g/L) 
Hct 21% (0.21 L/L) 
WBC 35 * 103/mcL   
 (5 * 109/L) 
Platelet count 60 * 103/mcL   
 (60 * 109/L)  

Differential, bone marrow aspirate:  
50% blasts with monocytoid features   
15% dysplastic eosinophils with large basophilic granules 
10% myelocytes 
10% metamyelocytes
13% red blood cell precursors
2% megakaryocytes
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Objectives—Level II
This chapter differs from others in that it has only Level II  objectives. 
The material in this chapter is at the advanced level and requires 
a  background in genetics. At the end of this unit, the student should 
be able to:
 1. Define terms and appropriately use nomenclature associated with 

molecular pathology.
 2. Describe the principles and summarize the procedures for 

each  common laboratory test used in molecular diagnostics of 
hematopathology.

 3. Describe and explain the applications of molecular tests in diagnosing 
and managing inherited disease, infectious disease, and cancer as they 
pertain to hematology and hemostasis.

 4. Identify common chromosomal translocations and molecular genetic 
abnormalities associated with chronic myelogenous leukemia, acute 
leukemia, and lymphoma.

 5. Explain how B- and T-cell malignancies can be differentiated from other 
conditions by molecular testing.

 6. Select the most appropriate molecular test for a given patient 
 condition or provisional diagnosis.

 7. Compare and contrast the various molecular methods with regard to 
diagnostic applications and principles.

 8. Compare the advantages and disadvantages of molecular tests with 
other laboratory tests used in diagnosing and managing hematologic 
disorders.
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in molecular techniques, including an astonishing number of varia-
tions of nucleic acid amplification, fluorescent in situ hybridization 
(FISH), microarray technology, and (next-generation) DNA sequenc-
ing. Other advances have been in the areas of miniaturization, auto-
mated nucleic acid extraction, and automated analysis—all of which 
have greatly enhanced the speed, accuracy, and flexibility of molecular 
diagnostic testing. This chapter describes the most commonly used 
molecular tests and their application in selected inherited and malig-
nant hematologic and hemostasis disorders.

inTroDucTion
Undoubtedly, the greatest contribution molecular testing makes to 
clinical diagnostics is the use of an individual’s genetic material for 
rational decision making about the person’s care. Thus, molecular 
diagnostics is essential in the development of personalized medicine. 
As its name implies, personalized medicine utilizes each individual’s 
unique clinical, genetic, and environmental information to determine 
a person’s susceptibility to disease, diagnose illness, make treatment 
decisions, determine response, and to track minimal residual disease. 
Today patient care is developing along the lines of personalized medi-
cine, a trend that is likely to expand.

At the molecular level, mutations are alterations in the portion 
of DNA molecules that constitute genes. DNA is a blueprint of the 
genome and changes to its structure can be of great consequence 
to the organism. Changes to DNA structure can occur spontane-
ously (de novo) during DNA replication, recombination, or during 
repair  processes. Mutations can also occur as a result of exposure 
to chemicals, UV radiation, or ionizing radiation. Recently, epigen-
etic modifications to DNA have been recognized as contributory to 
DNA expression (Chapters 2, 23). Epigenetic changes do not involve 
sequential changes to DNA but silence or allow expression of DNA 
by well-recognized mechanisms, such as DNA methylation or histone 
methylation and/or acetylation.

Individuals inherit two alleles (one gene from each parent). 
The most common version of the allele is referred to as the wild type 
(WT). If a mutation occurs in either allele, the function of the protein 

overview
Molecular diagnostics is essentially the analysis of DNA and RNA at 
the molecular level for the purposes of elucidating disease etiology. 
DNA and RNA underlie cell function, and increasingly more patholo-
gies are attributable to genetic mutations. Molecular diagnostics has 
applications in the identification of infectious agents, patient stratifica-
tion, drug regimen selection, toxicity avoidance, therapeutic monitor-
ing, and detection of predisposition to disease.

Numerous scientific discoveries needed to take place before the 
technology that permits molecular diagnosis could develop. Most sci-
entists would agree that Mendel’s work elucidating inheritance was 
among the earliest scientific contributions that lead to our under-
standing of genetics and that the works of Rosalind Franklin, Maurice 
Wilkins, James Watson, and Francis Crick lead to an understanding 
of nucleic acid structure. Nucleic acid sequence and structure are 
the basis of nearly all molecular techniques (a review of nucleic acid 
structure and function is provided in brief in Chapter 41). In 1983, a 
technique, polymerase chain reaction (PCR), that capitalized on 
nucleic acid structure was developed and revolutionized the way that 
medicine is practiced. Since then, an explosive increase has occurred 

Key Terms
Allele
Complementary DNA (cDNA)
DNA sequencing
Fluorescence in situ 

hybridization (FISH)
gene
gene rearrangement
genome
genotype
Hybridization

Mutation
Nucleotide
Polymerase chain reaction 

(PCr)
Probe
Restriction endonuclease
Southern blot
Transcription
Translocation

Background Basics
This chapter builds on concepts learned in other chapters of this 
textbook. The reader should have a background of genetic prin-
ciples. To maximize your learning experience, you should review 
the following material:

level ii
• Summarize the pathophysiology and etiology of sickle cell 

 anemia. (Chapter 13)
• describe the role of oncogenes in the etiology and  pathophysiology 

of cancer. (Chapter 23)
• describe the application of cytogenetic analysis in diagnosing 

hematologic disease. (Chapter 41)
• Summarize the etiology and pathophysiology of leukemia 

and lymphoma. (Chapters 23–27)
• describe the congenital aberrations that lead to  hypercoagulability 

and venous thrombosis. (Chapter 34)

We will address this case study throughout the chapter.

Warren, a 59-year-old white male, sees his physician with 
a complaint of increasing abdominal discomfort. A physi-
cal examination reveals that he has an enlarged spleen. 
His WBC count is 34 * 109/L, and the peripheral blood 
smear shows a left shift and an increased platelet count. 
His red blood cell (RBC)  morphology is described as a 
normocytic, normochromic cell population. His physician 
suspects chronic myelogenous  leukemia.

Consider the laboratory tests that should be per-
formed to verify the physician’s preliminary diagnosis.

caSe STuDy
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for which it encodes could be altered. The modified function could 
either be reduced or intensified, so the gene mutation is referred to as 
a loss-of-function or a gain-of-function mutation. Loss-of-function 
mutations might result in impaired biological activity or cancer if the 
gene (or its encoded protein) lost is a tumor suppressor. Although it is 
expected that most mutations lead to a loss of function, it is possible 
that a new and important function could result from the mutation. In 
these cases, the mutation creates a new allele that produces a protein 
with new activity, referred to as gain of function. Gain-of-function 
mutations to genes encoding essential proteins of cell cycling, signal-
ing, and antiapoptosis can lead to dysregulation of these essential cell 
processes resulting in malignancy (leukemias or lymphomas). When 
the outcome of gene deviation is cancer, the altered gene is referred to 
as an oncogene; its normal counterpart is known as a proto-oncogene 
(Chapter 23).

Gross chromosome alterations such as deletions, insertions, and 
translocations are demonstrated well with karyotyping. However, 
subtle mutations such as single nucleotide polymorphisms (SNPs), 
small deletions, and small insertions are inconspicuous aberrations 
in otherwise normal chromosomes that are often best elucidated with 
molecular techniques.

The addition of molecular technologies to traditional tech-
niques such as the interpretation of hematoxylin and eosin- (H&E) 
stained sections, immunohistochemical staining patterns, flow cytom-
etry data, and clinical information has revolutionized the practice of 
hematopathology. Improvements to the quality of patient care have 
resulted from the application of molecular methods to the diagnosis, 
 prognosis, and treatment of hematologic disease.

clinical utility of these applications.1 Although many clinical labo-
ratories do not offer an extensive menu of molecular testing, several 
technologies have become standard in the assessment of diseases of 
hematological and hemostasis origin.

Typical work flow in a molecular diagnostics laboratory begins 
with nucleic acid extraction (either DNA or RNA) and then assess-
ment of quality and quantity followed by specific molecular tech-
niques. These techniques can include variations of amplification, 
probe-based, and sequencing methodologies. A brief description of 
molecular methods follows.

Nucleic Acid Extraction
One important component of the molecular testing process is the 
 isolation of nucleic acid, either DNA or RNA, by manual or automated 
methods. Various commercial extraction kits are available and have 
been expanded to automated extraction platforms. High-throughput 
molecular diagnostics laboratories require robotic systems to provide 
high-quality nucleic acids free from impurities and contamination. 
Several commercial platforms, including the Roche MagNA Pure LC 
system and the Qiagen Symphony, are able to provide high-quality 
DNA or RNA.2,3 DNA can be isolated from whole blood, white blood 
cells, peripheral blood mononuclear cells, or cultured cells, and the 
resultant DNA is suitable for use in downstream reactions.4

Depending on the nature of the specimen, additional steps 
could be required to extract an optimum nucleic acid. For fresh or 
frozen tissue, homogenization must be performed. For formalin-
fixed,  paraffin-embedded (FFPE) tissue, paraffin removal could 
involve the use of an organic solvent such as xylene or a nonorganic 
solvent method available in a kit. DNA extracted from FFPE tissue 
has been cross-linked to proteins; therefore, high-molecular-weight 
DNA (intact or nondegraded DNA) is not available.4 High-molecular-
weight DNA is required when the particular target of interest (portion 
of the gene target) is large.

After nucleic acid extraction, either DNA or RNA requires an 
assessment of its purity and concentration. This can be achieved by 
spectrophotometrically measuring the intensity of absorbance of the 
nucleic acid solution at 260 nm and 280 nm. A pure sample of DNA 
has a 260:280 ratio of 1.8 and is relatively free from protein contami-
nation. An RNA 260:280 ratio of ∼2.0 indicates a pure preparation. 
Certain platforms (Agilent Bioanalyzer) have automated the deter-
mination of nucleic acid concentration and purity. Many molecular 
assays require high-quality DNA preparations, and others require 
high-quality RNA, for example, reverse transcriptase polymerase 
chain reaction (RT-PCR, described later in “Reverse- Transcriptase 
PCR [RT-PCR]”).4

Nucleic Acid Amplification
Polymerase chain reaction (Pcr)
At the core of molecular technology is the amplification technique 
called the polymerase chain reaction or PCR. This technique cop-
ies a particular segment of DNA one billion-fold. This process permits 
rapid, sensitive, and specific identification of a segment of DNA that 
can then be further tested for a disease-specific genetic defect.

The PCR technique amplifies (makes many copies of ) a target 
sequence of DNA that lies between two regions of known sequence. 

Consider the role that oncogenes and tumor suppressor 
genes play in the development of cancer and the concept 
of personalized medicine.

CheCkpoint 42-1

overview of Molecular 
TechnologieS
Clinical laboratories have experienced an influx of molecular tech-
nologies that were once mainly restricted to the research setting or 
to isolated molecular diagnostic laboratories. The initial molecular 
technologies that entered the clinical laboratory in the 1980s were 
labor intensive and required extensive molecular skills that the routine 
medical laboratory scientist did not possess. Our current understand-
ing of the molecular basis of human pathology, including the iden-
tification of disease causing polymorphisms related to prognosis or 
therapeutic efficacy, has expanded the menu of molecular tests offered. 
Additionally, the spectrum of technology available to analyze genetic 
defects has expanded to include many user-friendly, semiautomated 
methods highly suitable for the clinical laboratory. Molecular testing 
can be used in hematology and hemostasis to assist in diagnosis, risk 
assessment, treatment optimization, and prevention of adverse drug 
reactions. In the future, health assessment and management applica-
tions can expand as evidence-based medicine research confirms the 
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of the primer using deoxynucleotides (dNTPs), including adenosine 
 triphosphate (ATP), cytosine triphosphate (CTP), guanosine triphos-
phate (GTP), and thymidine triphosphate (TTP). Synthesis of the 
new DNA strand always occurs in the 5′ to 3′ direction because the 
new dNTP can be added only to the 3′ OH group. Under appropriate 
reaction conditions, new DNA that is complementary to the template 
strands is synthesized.5

Reagents for the PCR reaction include the template contained in 
the sample, a DNA polymerase, primers, dNTPs, MgCl2, and buffer. 
One cycle of a PCR consists of DNA denaturation (95°C) and primer 
annealing (about 55–60°C), followed by extension (65–75°C). The 
process is repeated for 20–40 cycles in an instrument called a ther-
mocycler. The repetition allows new DNA strands to be available 
to serve as template strands for subsequent cycles of amplification5 
( Figure 42-2 ■). After 32 PCR cycles, more than one billion copies of 
DNA have been generated.

After double-stranded DNA is denatured, short oligonucleotide 
 primers (pieces of DNA) anneal (bind) to complementary DNA 
sequences flanking the target. The oligonucleotides anneal based 
on Watson-Crick base pairing (A-T, C-G; Figure 42-1 ■). After 
primer annealing, the enzyme DNA polymerase extends the 3′ end 

■  figure 42-1 The structure of DNA. DNA is a double-
stranded molecule composed of sequences of  nucleotides. 
One strand is bound by hydrogen bonds (shown as  diagonal 
bridges) to its complementary strand. According to the 
rules of complementary base pairing, the nucleotide 
 adenine (A) is complementary to thymine (T), and guanine 
(G) is complementary to cytosine (C).

5�. . . G G C A T C G A A T G A . . . 3�

3�. . . C C G T A G C T T A C T . . . 5�

■  figure 42-2 PCR is a method of enzymatically amplifying a particular seg-
ment of DNA through a process of repeated cycles of heating, cooling, and DNA 
synthesis. First the target (patient) DNA is mixed with the chemicals needed for 
DNA  synthesis. Included are two short DNA probes (called primers, shown as half 
arrows) designed to flank the particular  segment of DNA that needs to be amplified. 
A thermocycler instrument is programmed to sequentially heat and cool the sample. 
In cycle 1, the sample is heated to 95°C to dissociate complementary strands of 
DNA and then is cooled to 55°C to permit  binding of the short DNA probes that 
serve as primers for subsequent enzymatic DNA replication at 72°C. This  replication 
 generates new complementary strands to produce an exact copy of the original 
target DNA. In subsequent cycles, the  products of previous cycles can serve as 
 templates for DNA replication, allowing an exponential accumulation of DNA copies. 
After 30 cycles, which takes only several hours, approximately 1 billion copies of the 
target DNA have been generated.
PCR = polymerase chain reaction
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The products of the PCR reaction, or amplicons, are available 
for qualitative detection (presence or absence of the target) or  further 
analysis. For traditional PCR reactions, products are frequently elec-
trophoresed on an agarose gel and stained with ethidium bromide. 
A UV light source is used to visualize the DNA bands, which are com-
pared with bands on standard DNA ladders to determine approxi-
mate size.5 Other applications can include DNA sequencing of specific 
portions of the PCR product, high-resolution melt (HRM) analysis 
(Figure 42-3 ■), or hybridization techniques using a probe comple-
mentary to a specific DNA sequence.

■  figure 42-4 Tumor burden in patients with APL can 
be measured using qPCR targeting Pml/rara transcripts. 
The higher the tumor burden, the more fusion transcripts 
are present, so the more template cDNA is present, and the 
earlier the products appear during PCR amplification cycles.
APL = acute promyelocytic leukemia; PCR = polymerase chain reaction
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■  figure 42-3 Melt curve analysis is a method used 
to determine whether a particular mutation is present 
by evaluating the temperature at which a labeled probe 
(shown in red) melts away from its target DNA. To accom-
plish this, a mixture of probe and target DNA is gradually 
heated until the probe melts away. Melting occurs at a low 
temperature if a mismatch exists but at a high tempera-
ture if there is a perfect match between the probe and 
target sequence. The temperature at which dissociation 
occurs is detected in a qPCR instrument that analyzes 
the interaction between a fluorochrome linked to the 
probe (shown in red) and another fluorochrome (shown 
in green) on an adjacent probe. Proximity of the red and 
green fluorochromes generates a yellowish signal when 
both probes are bound to the target, whereas the red and 
green  fluorochromes floating apart indicate that melting 
has occurred. The graph depicts melt curves for a series 
of 20 patients who were tested for the F2 mutation; those 
with two normal F2 genes have a single melt peak at 
60°C. In contrast, those patients having one mutant copy 
and one normal copy of the F2 gene have two melt peaks, 
one at 50°C and the other at 60°C,  indicating that they are 
heterozygous for the mutation and at increased risk for 
venous thrombosis.
PCR = polymerase chain reaction; qPCR = real@time PCR
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real-Time Polymerase chain reaction (qPcr)
Traditional PCR can be used only to detect the presence of an ampli-
con but cannot be used to determine exactly how many copies have 
been generated. This limitation of the assay catalyzed the development 
of real-time PCR, or qPCR, that can be used to quantify the number of 
copies of a target sequence in a patient’s sample. In addition, qPCR can 
be used to detect the mRNA product of DNA transcription. Impor-
tantly, qPCR is used in hematopathology to determine the proportion 
of mutated cells among normal cells in peripheral blood, otherwise 
known as minimal residual disease.6

Detection of qPCR products takes place during the exponen-
tial generation of amplicons (exponential phase). By detecting fluo-
rescence in the exponential phase, a quantitative relationship exists 
between the amount (copy number) of the starting material in the 
sample and the cycle number at which the amplification curve crosses 
a mathematically determined threshold. An increase in a reporter—
fluorescent signal—detected in the exponential phase is directly 
 proportional to the number of amplicons generated (Figure 42-4 ■). 
By using a known series of diluted standards, a real-time instrument 
is able to perform a standard curve and extrapolate quantitative results 
for unknown samples by reporting copy number.6

Several detection technologies have been developed; SYBR 
Green® is the simplest. It attaches to double-stranded DNA in the 
minor groove and fluoresces. Therefore, when double-stranded PCR 
products are generated and SYBR Green® binds the DNA, the instru-
ment software captures fluorescence. Other detection systems that 
provide more specific detection of the desired amplicon have been 
developed. One is the TaqMan system based on the 5′ exonuclease 
activity of DNA polymerase and captured fluorescence of a cleaved 
reporter dye-labeled probe.7 TaqMan technology has been success-
fully incorporated into many clinical real-time protocols to provide 
sensitive and specific detection.
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Multiplex Polymerase chain reaction (Pcr)
Use of multiple sets of primers in one PCR reaction can simultaneously 
detect several targets.6 Multiplex PCR can be used to detect multiple 
disease-associated mutations within one gene such as the numerous 
mutations in the b@globin gene of patients with b@thalassemia. It can 
also be used to detect B or T lymphocyte clonality of plasma cell malig-
nancies. For example, when detecting and assessing minimal residual 
disease in a B-cell lymphoma, an immunoglobulin heavy chain (IGH) 
gene clonality assay can be used (Figure 42-5 ■). A typical IGH assay 
is based on multiplex reactions targeting conserved regions within 
the variable (V), diversity (D), and joining (J) regions of the immu-
noglobulin heavy chain. Finally, multiplex PCR can also be used in 
assays that identify multiple possible break points of translocations, 
for example, BCR/ABL1, MLL/AFF1 (ALL; Chapter 27), and NPM1/
RARA (APL; Chapter 26).6

other amplification Techniques
Numerous amplification technologies have been developed to 
 circumvent patent obligations of PCR and offer selected advantages in 
particular applications. Among these variations are the transcription-
based amplification systems exemplified by transcription-mediated 
amplification (TMA) by Genprobe and nucleic acid sequence-based 
amplification (NASBA) offered by Organon-Teknika. RNA serves as 
the typical target instead of DNA and the process is isothermal, not 
requiring a thermocycler. These processes have been used to amplify 
and quantify BCR/ABL1 transcripts in CML.10

Probe-based amplification methodologies amplify specific 
 synthetic probes that hybridize to the target of interest rather than 

In a clinical setting, qPCR has advantages over traditional PCR 
for several reasons. The greatest advantage is that qPCR detection 
is accomplished while the PCR reaction takes place, eliminating 
the need for cumbersome, time-consuming, and nonautomated gel 
detection of traditional PCR. In addition, for gene expression stud-
ies, results can be expressed in fold differences by comparing the 
fluorescent signal generated by the sample to a signal generated by a 
reaction targeting a commonly expressed gene called a housekeep-
ing gene.

The qPCR technology has revolutionized the practice of  clinical 
molecular diagnostics by providing closed systems that are rapid 
and highly sensitive and can be customized to numerous applica-
tions. Among the many applications beyond hematopathology are 
viral quantitation of viral load for HIV-I and HCV, quantitation of 
gene expression (both absolute and relative), pathogen detection, 
 microarray verification, genotyping, drug therapy efficacy, and  quality 
control and assay verification.7–9

reverse-Transcriptase Pcr (rT-Pcr)
The enzyme reverse transcriptase, whose gene is encoded by the HIV-I 
retroviral genome, can be used to produce a complimentary DNA 
(cDNA),  copy of an RNA sequence followed by a standard PCR to 
amplify the target sequence. RT-PCR is used when the target nucleic 
acid is RNA.6 Applications include detection of RNA transcripts 
such as BCR/ABL1 (chronic myelogenous leukemia [CML]; Chap-
ter 24) RUNX1-ETO (acute myeloid leukemia [AML]; Chapter 26), 
PML@RARa (acute  promyelocytic leukemia [APL]; Chapter 26), and 
ETV6-RUNX1 (acute lymphoblastic leukemia [ALL]; Chapter 27).6

■  figure 42-5 Rearrangement of the IGH gene involves random splicing of V, D, and J segments 
to produce a unique  coding sequence. This process brings the V and J segments so close together 
that it becomes possible to PCR amplify across the rearranged gene by using several primers 
(shown as half arrows) targeting various V and J segments. In a B-cell tumor, all tumor cells contain 
exactly the same IGH rearrangement that was present in the original transformed B cell from which 
the tumor arose. This tumor-related clonal arrangement is identified by capillary gel electrophoresis 
as a spike ( representing a single-size PCR product with each primer set). In contrast, benign tissue 
has normal B lymphocytes whose polyclonal rearrangements appear as multiple different-size PCR 
products.
V = variable; D = diversity; J = joining; PCR = polymerase chain reaction
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 Capillary action of moistened filter paper facilitates the transfer of 
DNA to the new matrix. Ultraviolet light helps to secure the DNA to 
the membrane. Subsequently, a labeled probe designed to hybridize 
to the sequence of interest is incubated with the membrane-bound 
DNA, followed by a detection method specific to the type of label. 
The Southern blot has served as the gold standard to which newer 
and more rapid technologies have been compared. Although time 
consuming and technically difficult, the Southern blot can distinguish 
the single-base change found in patients with sickle cell anemia.12

allele-Specific oligonucleotides (aSo)
ASO technology, also called the reverse dot blot, amplifies, labels, and 
applies (blots) the patient’s DNA in “engineered dots.” The dots are con-
structed using short oligonucleotides (oligos) engineered to be comple-
mentary to known targeted sequences of WT or mutant alleles and fixed 
to a membrane for stability. The dot oligo hybridizes only to specific 
complementary sequences (blots) found in the patient’s DNA. Numer-
ous applications of this technology, involving known mutations, have 
been successful because the process can be completed in one day and 
is suitable for high-throughput laboratories. The ASO process has been 
successful for diseases characterized by a single mutation (sickle cell ane-
mia) or only a limited number of mutations such as hereditary hemo-
chromatosis. Reverse dot-blot analysis has been developed to screen 
many b@thalassemia mutations and to use in prenatal diagnosis.12

Microarray Technology
As the demand for high-throughput screening for gene expression has 
been accelerated by the quest for personalized medicine, the  popularity 
of microarray technology has burgeoned. Microarray technology 
enables large-scale analysis of multiple targets simultaneously. A variety 
of microarray technologies exists, but in general, array targets are immo-
bilized on a glass slide. The targets can be DNA, cDNA, PCR products, 
RNA, or proteins. These targets are spotted on a slide in triplicate, incu-
bated with fluorophore-labeled patient sample, and read by a fluorom-
eter.13 A variety of vendors has evolved alternate detection chemistries. 

amplifying the DNA target. Included in these methods are the ligase 
chain reaction (LCR) and strand displacement amplification (SDA). 
Sickle cell mutation analysis was one of the first applications of the LCR.11

Hybridization Techniques
fluorescent in Situ hybridization (fiSh)
Fluorescent in situ hybridization (FISH) uses a labeled probe to 
detect and localize specific RNA or DNA sequences in tissue  samples. 
FISH relies on DNA’s ability to hybridize with a complimentary, 
 fluorescently labeled nucleotide probe. In situ means “in the original 
place” in Latin. Ultimately, the location of the target sequence (DNA or 
RNA) can be detected in the cell, tissue, or chromosome. The sample 
is first fixed onto a glass slide and is treated with chemicals to permea-
bilize the cells and allow probe entry. If DNA is the target of interest, 
it must be denatured to make it single stranded so that the probe can 
hybridize. A fluorescently labeled nucleic acid probe complementary 
to the target of interest is added to the sample and excess probe is 
washed away. Fluorescence imaging is used to visualize the probe.

FISH is a particularly important technique for visualizing 
chromosomal translocations in leukemias (Table 42-1 ★). Allele-
specific probes can be hybridized to the sample to reveal when two 
genes that should be found in separate, distinct locations, have been 
juxtaposed. For example, in normal cells, a probe that hybridizes 
to the BCR gene at 22q11.2 can be detected with a green fluoro-
chrome, whereas the ABL1 gene at 9q34 can be detected by a red 
fluorochrome. When translocated together, BCR/ABL1 will appear 
as a bright yellow spot (the combination of green and red fluoro-
chromes) in leukemia cells.4

Southern Blot
The Southern blot involves restriction digestion of sample DNA 
using restriction endonucleases followed by gel electrophoresis of 
the products (Figure 42-6 ■). Following denaturation of the double-
stranded DNA, single-stranded DNA is then transferred or “blot-
ted” to a more easily handled matrix, usually nitrocellulose or nylon. 

hematological anomaly Detection by fiSh

AML t(8;21), t(6;9)

aPl t(15;17) (Pml-rara)

AMML t(11;21)

AMoL t(9;11)

CML t(9;22), t(11;22)

B-cell leukemia t(2;8), t(8;14), t(8;22), t(11;14)

CLL deletions: 11q22 (aTm), 13q14 (dlEu1/2 and RB1) and 17p13 (p53)
Duplications: 6q, trisomy 12

ALL t(9;22), t(12;21), t(8;14)

Multiple myeloma t(14q32)

Myelodysplastic syndrome 5q-

AML = acute myelogenous leukemia; APL = acute promyelocytic leukemia; AMML = acute myelomonocytic 
leukemia; AMoL = acute monocytic leukemia; ATM = ataxia telangiectasia mutated; CML = chronic myelocytic 
leukemia; CLL = chronic lymphocytic leukemia; dlEu1/2 = deleted in leukemia; RB1 = retinoblastoma.

Courtesy of Kristin landis-Piwowar, Ph.d., mlS (aSCP), assistant professor, Biomedical diagnostic and Therapeutic 
Sciences, School of Health Sciences, Oakland university.

★ TaBle 42-1 Genetic Abnormalities of Neoplastic Hematological Disorders 
That Can Be Detected by FISH
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■  figure 42-6 Southern blot analysis of the sickle cell mutation is accomplished by first extract-
ing DNA and then  cutting it with Mstll restriction endonuclease that cleaves DNA at a specific 
nucleotide sequence (vertical lines). Because that specific sequence is present many times in the 
human genome, Mstll cuts genomic DNA into many small fragments. The resultant DNA fragments 
are separated by size using gel electrophoresis, dissociated into single strands by soaking in an 
alkaline  solution, and then transferred to a nylon membrane by a blotting procedure. To identify the 
fragment containing the HBB gene, the membrane is soaked in a radiolabeled DNA probe (bar) that 
hybridizes to a complementary segment of the HBB gene. The pattern of bands that the probe rec-
ognizes reflects the size of the corresponding restriction fragments measured in kilobases (kb). An 
HBB gene harboring the sickle mutation (shown as a pink circle) fails to cut with Mstll, thus altering 
the band pattern. In this way, a person affected by sickle cell anemia can be distinguished from a 
carrier (sickle trait) and from a person of normal genotype. Note that restriction endonucleases are 
naturally occurring enzymes that recognize and cleave specific nucleotide sequences in DNA. Each 
restriction endonuclease is named for the bacteria from which it was purified. For example, EcoRl is 
derived from Escherichia coli and cleaves DNA having the sequence 5′@GAATTC@3′, whereas Hindlll 
derived from Haemophilus influenza cleaves at 5′@AAGCTT@3′. In this example, Mstll cleaves the 
normal DNA when it  recognizes the sequence 5′@CCTGAGG@3′, but it cannot cleave DNA harbor-
ing the sickle mutation 5′@CCTGTGG@3′.
Mstll = Microcoleus spp

5' 3'
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5' 3'

Mutated HBB (�-globin) gene:

Probe

1.35kb
Mstll Mstll

After viewing the bone marrow differential and molecular 
results, a diagnosis of CML is made, and Warren is placed 
on imatinib mesylate therapy of 450 mg daily, which he 
tolerates well. After 3 months of treatment, Warren 
exhibits a complete hematologic response and a partial 
cytogenic response with 30% or 6 of 20 Ph+  metaphases 
(by fISH) and 7% International Scale (IS) by qPCr. Treat-
ment is continued, and by his 12-month examination, 
Warren has a complete cytogenetic response of no Ph+  
metaphases, and 60.1% IS. Imatinib treatment is discon-
tinued, but Warren continues to see his physician every 
6 months for follow up testing.

1. What type of molecular diagnostic testing would be 
suitable to follow Warren’s minimal residual disease 
(MRD)?

caSe STuDy (continued from page 888)
One particular application of the microarray is for gene expression 
profiling. Clinicians can seek to determine which genes are being dif-
ferentially expressed in leukemic cells compared with normal cells.13

Microarray technology can be used to classify ALL by analyzing 
gene expression patterns in leukemic cells and to identify expression 
of genes associated with prognosis or to identify candidate genes for 
new anticancer therapies.14

Bead array Technology
A variation of microarray technology can be used with bead array 
techniques. Probes can be immobilized on beads to provide a surface 
for hybridization of amplified samples. Numerous samples can be 
tested simultaneously for a series of SNPs or genotypes. Fluorescent 
color coding beads and labeling the sample with an alternative fluo-
rescent dye allow the hybridized combination to be detected. Soft-
ware analysis provides interpretation of the patient results.15 Luminex 
Corp. has been a pioneer in bead array technology with commercial 
systems adapted to genotyping for CYP2C19 related to clopidogrel 
(Plavix) metabolism.
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Costs for next-generation sequencing are lower than with the traditional 
dye termination methods. Numerous  vendors offer next-generation 
sequencing systems including Applied Biosystems’ SOLID system, Illu-
mina’s HiSeq systems, Life Technologies Ion  Torrent™ Semiconductor 
Sequencing Chips, and Roche’s GS FLX+  system. They can differ in 
output, run time, read length, and accuracy. One system may be more 
suited for a particular genomic sequencing application than another. 
Next-generation sequencing has been used to identify novel mutations 
in disorders such as T-ALL, AML, and CML.6

clinical aPPlicaTionS of Molecular 
DiagnoSTicS in heMaToPaThology
Molecular methods are increasingly valuable for prognostication, 
therapeutic response to treatment, and detection of minimal residual 
disease in hematopathology. Genetic abnormalities can be used for 
predictive prognostic information about a disease when they appear 
either by themselves or when present with other genetic mutations 
(e.g., NPM1 mutations are associated with a good prognosis in the 
absence of FLT3 internal tandem duplication [ITD] mutations, but 
they confer an intermediate prognosis if they are present in conjunc-
tion with FLT3ITD15) (Chapter 26).

Mutation analysis also impacts treatment decisions. Tyrosine 
kinase inhibitors (TKIs) have been used successfully to treat malig-
nancies, and they are examples of the use of gene mutations as poten-
tial therapeutic targets. Malignancies in which the receptor tyrosine 
kinase KIT has a gain of function can respond favorably to TKIs, 
although the strength of the response depends on the type of KIT 
mutation that is present.14

Finally, the presence or absence of MRD has a direct impact 
on prognosis, evaluation of relapse, and decisions concerning fur-
ther treatment. Amplification technologies are especially sensitive in 
detecting MRD because as few as 0.01% of abnormal cells carrying a 
genetic abnormality can be detected. Moreover, molecular responses 
can be associated with disease outcome. For example, detection of 
BCR/ABL1 is diagnostic of CML, and a reduction of BCR/ABL1 by 
3 log or more is sufficient for an excellent prognosis, whereas a rise in 
BCR/ABL1 expression heralds the reappearance of CML.16

Likely, the greatest value of hematopathology is the use of molec-
ular technologies for diagnosis of disease. In the past decade, the num-
ber of identified genetic abnormalities that can serve as  biomarkers 
for  hematological disease has grown explosively. Identification of 
new biomarkers will undoubtedly continue to expand rapidly. It 
is important to note, however, that molecular testing is not always 
straightforward. For example, only about one-half of the patients with 
hemophilia A display an identifiable mutation in the gene encoding 
factor VIII. The other half presumably harbor mutations in other 
genes that result in abnormal proteins whose downstream effect is to 
diminish the expression of viable factor VIII protein.

Refer to Table 42-2 ★ for a list of some molecular tests used in 
clinical laboratories. Included here is a summary of some of the hemato-
pathologies for which molecular testing is available to assist the clinician 
with diagnosis, prognosis, and therapeutic decision  making. The list of 
diagnostic and prognostic factors is growing rapidly, making it difficult 
to determine which markers provide the most beneficial information. It 
is likely that an integrated testing algorithm will emerge.

Direct DNA Sequence Analysis
DNA sequencing is used to determine the nucleotide sequence in a 
segment of DNA by replicating the DNA strands and monitoring the 
order in which labeled nucleotides are added to the new strands. It is 
particularly useful for detecting point mutations located anywhere in 
the DNA segment.

chain Termination Sequencing
Traditional DNA sequencing is based on the Sanger dideoxynucleo-
tide chain termination method. This method involves the addition 
of an unusual dideoxyribonucleotide (ddNTP) that is missing the 3′ 
-OH group necessary for nucleotide addition. The ddNTPs ultimately 
determine the sequence of a target DNA template as they are incorpo-
rated into a growing DNA strand that is complementary to the target 
sequence.4,6

Current sequencing technologies can be based on the chain 
termination methodology and have been adapted to an automated 
format. The automated instrument detects four fluorescent dyes 
with distinct but slightly overlapping wavelengths that are attached 
to the ddNTPs. The instrument produces a series of peaks called 
an electropherogram that correspond to the four bases (A, T, C, G). 
The software assigns a letter to the corresponding dye peak as that 
ddNTP is incorporated into the growing strand of DNA that is com-
plementary to the template. Clinical analysis of the sequence infor-
mation is incorporated into the instrument software and detailed 
reports provide both the sequence data and interpretation relative 
to known mutations or SNPs that are implicated in disease. Numer-
ous software programs can be used initially to develop interpretative 
clinical reports comparing patient sequences with known variations 
related to pathology.4 For a video of DNA sequencing, go to this 
chapter’s Companion Resources.

next generation
Next-generation sequencing technologies have been developed to 
 provide sequencing information for large numbers of templates and 
provide coverage over whole genomes with single-base pair resolution.4 
Financial pressures have driven the development of high-throughput 
sequencing methods that produce thousands of sequences in parallel. 

After 3 years of follow-up testing to track his MRD, 
Warren’s qPCr reveals an increase in IS to 4%. This is 
worrisome because it suggests that he is coming out 
of remission. Imatinib mesylate therapy is resumed, but 
after 2 months of treatment, Warren’s IS had risen to 
10%, indicating a resistance to imatinib treatment. 

Several possible point mutations in BCR/ABL1 can 
result in imatinib resistance.

2. Before increasing Warren’s imatinib dose, what type 
of molecular testing might Warren’s physician order to 
help in the decision about how to manage Warren’s 
disease?

caSe STuDy (continued from page 894)
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hematopathology gene/Mutation/location Molecular Technique notes

Erythrocyte hematopathologies

 Fanconi anemia FANCA, FANCC, FANCE, or FANCG 
(various chromosomes)

Amplification

 Hemochromatosis HFE (6p22.2) Amplification Increases total body iron content; provides 
valuable diagnostic, prognostic information

  Hereditary persistence of fetal 
hemoglobin

HBB, HBG1, HBG2 on chromosome 11 Southern blot, multiplex PCr

 Thalassemia a and b gene deletions/mutations 
on chromosomes 16 and 11

Amplification, sequencing, 
reverse dot-blot

Emphasis is on screening programs to 
detect thalassemia carriers in areas of high 
prevalence and in certain populations

 Hemoglobinopathy Point mutations on HBB result-
ing in hemoglobin S/C/E or HBD/
HBB fusion resulting in hemoglobin 
Lepore on chromosome 11

Amplification, sequencing, 
 multiplex PCr

 Polycythemia vera JAK2 (V617F) (9p24) Amplification, HRM

Leukocyte hematopathologies

 AML CEBPa (19q13.1) Amplification, HRM, 
sequencing

Various CEBPa mutations confer variable 
likelihood of achieving complete remis-
sions; valuable in determining therapy

NPM1 (5q35) Sequencing, HRM, 
 heteroduplex analysis

Characterization of NPM1 mutations 
 provides substantial prognostic value

KIT (4q11-q12) Sequencing, aSO, Hrm, qPCr Mutations are gain of function to a cellular 
tyrosine kinase receptor that culminates in 
a proliferation advantage for the cell

 AML and ALL FLT3 (13q12) Amplification Internal tandem duplication/point mutations 
result in constitutive tyrosine kinase receptor 
activity; increases cell proliferation

Myeloproliferative neoplasms JAK2 (V617F) (9p24) Amplification, sequencing, 
aSO, Hrm, qPCr

Mutation characteristic of polycythemia 
vera; also seen in essential thrombocythemia 
and primary myelofibrosis

MPL (1p34) Amplification, sequencing, 
Hrm, qPCr

  ALL, AML, MDS, plasma cell 
neoplasms

NRAS/KRAS (1p13.2/12p12.1) Sequencing Activating mutations lead to proliferation 
advantages for the affected cell

 CML and ALL BCR/ABL1 t(9;22)(q34;q11.2) FISH, sequencing, ASO Fusion gene confers proliferation advan-
tage to affected cells; mutations provide 
information concerning TKI therapy

  Follicular lymphoma and 
 diffuse large B lymphoma

IGH/BCL2 t(14;18)(q32;q21) fISH, qPCr, microarray Leads to overexpressed BCL-2 protein and 
reduced apoptosis in cells

 Mantle cell lymphoma CCND1/IGH t(11,14)(q13;q32) FISH Dysregulated cell-cycle progression as 
gene for cyclin D is brought under control 
of IGH promoter

 Burkitt lymphoma MYC/IGH t(8;14)(q24.1;q32) FISH Dysregulated cell growth as C-MYC is 
brought under control of the IGH promoter

 Acute promyelocytic leukemia PML/RARA t(15;17)(q22;q12) rT-PCr, fISH PML/RARA rearrangement is important in 
aPl because it is correlated with responsive-
ness to treatment with all-trans retinoic acid

 Childhood ALL ETV6/RUNX1 t(12;21)(p13;q22). Amplification Fusion gene is associated with a favorable 
prognosis and helps determine treatment

Hemostasis disorders

 Warfarin response CYP2C9 on chromosome 10 qPCr, bead array

 Warfarin sensitivity VKORC1 on chromosome 16 qPCr

 Factor V Leiden F5, G1691A SNP on chromosome 1 Amplification

★ TaBle 42-2 Molecular Testing in Hematopathologies
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hematopathology gene/Mutation/location Molecular Technique notes

 Prothrombin g20210a F2, g20210 SNP on chromosome 11 Amplification Inheritance of both g1691a and g20210a 
confers at least a 20-fold increase in risk of 
a venous thromboembolic event

 Hemophilia A/B F8/F9 71000 mutations on X 
chromosome

Amplification, sequencing

Methylenetetrahydrofolate 
reductase deficiency

MTHFR, C677T, and a1298C SNPs 
on chromosome 1

Amplification SNPs result in reduced mTHfr enzyme 
leading to elevated homocysteine; even 
small elevations greatly increase throm-
botic risk

 Von Willebrand disease VWF on chromosome 12 Due to complexity of the VWD genotype, 
VWD diagnosis no longer includes von 
 Willebrand factor (VWF) gene mutations

ALL = acute lymphocytic leukemia; AML = acute myelogenous leukemia; APL = acute promyelocytic leukemia; ASO = allele@specific oligonucleotide; 
CML = chronic myelogenous leukemia; FISH = fluorescent in situ hybridization; HRM = high@resolution melt curve analysis; MDS = myelodysplastic syndrome; 
qPCR = quantitative (real-time) PCr; RT@PCR = reverse transcriptase-PCr; SNP = single nucleotide polymorphism; TKI = tyrosine kinase inhibitor

Erythrocyte Disorders
Most erythrocyte disorders for which molecular testing exists are 
inherited disorders. A rapidly expanding list of molecular testing for 
erythrocyte disorders is emerging in the clinical laboratory today. 
Whereas traditional diagnostic methods are sometimes still  preferred, 
molecular testing can provide reliable information that aids in the 
diagnosis of several erythrocytic diseases. Erythrocyte disorders in 
which molecular testing has been useful but are not listed here include 
hemolytic anemias with membrane structural defects or enzyme 
 deficiencies and porphyrias.

fanconi anemia (fa)
More than 15 genes are implicated in the development of FA 
( Chapter 16); however, most people have a mutation in the FANCA, 
FANCC, FANCE, or FANCG genes.17 Molecular genetic testing 
with amplification methodologies is clinically available for most of 
the genes, but diepoxybutane-induced chromosome breakage remains 
the gold standard of diagnosis.

hemochromatosis (hfe)
Mutations in the HFE gene are seen in HFE-associated hereditary 
hemochromatosis (Chapter 12). Previously, a liver biopsy was the 
gold standard for diagnosis, but more recently, less invasive molec-
ular testing, such as amplification methods, is gaining favor with 
clinicians.18

hereditary Persistence of fetal hemoglobin (hPfh)
HPFH (Chapter14) can result from large deletions of promoters of 
the g@globin genes HBG1 and HBG2. Southern hybridization and 
multiplex PCR are used to identify the mutations.19

Thalassemia
The molecular basis of thalassemia lies in mutations that alter the 
genes encoding either a- or b-chains that comprise hemoglobin 
( Chapter14). Nonmolecular testing (mean cell volume/red blood cell 
count ratio and hemoglobin electrophoresis) continues to be very 
useful in screening for thalassemias. Molecular techniques that utilize 
amplification are cost and time effective, although sequencing remains 
the preferred method for second-line testing.20

hemoglobinopathies
Hemoglobin (Hgb) S, Hgb C, and Hgb E are abnormal variations 
of Hgb A and account for a large percent of hemoglobinopathies 
that develop as a result of amino acid substitutions in the b@globin 
chain of hemoglobin (Chapter 13). Although the abnormal proteins 
can be identified with protein electrophoresis, DNA amplification 
and sequencing of the b@globin gene cluster provide reliable testing 
methodologies.21

Hgb Lepore is a rare hemoglobinopathy in which a fusion occurs 
between the d@globin and the b@globin genes, HBD and HBB.22 
 Multiplex PCR and gel electrophoresis can be used to detect the three 
common Hgb Lepore mutations.

Polycythemia vera
A somatic mutation in Janus kinase 2 (JAK2) at exon 14 causes the 
V617F mutation, which is found in about 97% of patients with poly-
cythemia vera (Chapter 24). Although the single SNP mutation in 
exon 14 is the most common mutation that results in polycythemia 
vera, many cases have a JAK2 exon 12 mutation. These mutations are 
revealed with PCR amplification techniques and HRM analysis.23

Leukemia
Cytogenetic analysis or karyotyping is essential for diagnostic evalu-
ation of hematopathologies, especially the leukemias (Chapter 41). 
Many leukemic disorders result from somatic mutations in either 
a multipotential or lineage-restricted progenitor. Cell signaling 
and downstream growth, differentiation, and proliferation become 
 dysregulated as a result (Chapter 23).

List and briefly describe the four general ways in which 
molecular diagnostics is useful to clinicians in delivering 
care to their patients.

CheCkpoint 42-2
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location of nucleophosmin, in which case an NPM1 mutation can 
be assumed.

Molecular abnormality: Point Mutations and Small 
insertions/Deletions
KIT
KIT encodes a tyrosine kinase receptor (Chapter  24). The most 
 frequent KIT mutations are point mutations and insertions/deletions. 
The mutations are gain of function and result in constitutive activa-
tion that culminates in a proliferation advantage for the cell. Detec-
tion of KIT mutations is important for diagnosis, prognostication, and 
therapeutic strategy (i.e., determination of the suitability of TKIs) of 
myeloproliferative neoplasms because drug responsiveness appears to 
be closely correlated with mutation type. KIT mutations are detected 
using direct sequencing, ASO, HRM, and qPCR.28

Janus Kinase 2 (JAK2)
JAK2 encodes a nonreceptor protein tyrosine kinase that participates 
in signal transduction from a variety of receptors (Chapter 24). These 
include two receptors that participate in signal transduction essential 
for hematopoietic development, the erythropoietin and thrombopoi-
etin receptors. A somatic mutation in JAK2 (1849G7T) causes the 
JAK2(V617F) mutation that is found in about 97% of patients with 
polycythemia vera and in 50% of all patients presenting with essen-
tial thrombocythemia and primary myelofibrosis.29 A variety of 
 molecular techniques, including DNA sequencing, ASO, HRM, and 
qPCR, can detect JAK2 mutations.30

Myeloproliferative Leukemia Virus (MPL) oncogene
The MPL encodes the thrombopoietin receptor. Ligand binding to 
this receptor promotes megakaryopoiesis (Chapter  24). Somatic 
mutations resulting in a W515L substitution in the MPL protein are 
the most frequently noted mutation, but mutations of W515K and 
W515S have also been observed. These mutations are most often seen 
in essential thrombocythemia and primary myelofibrosis.30 Some 
patients have been determined to have a concurrent JAK2 (V617F) 
mutation, the one commonly associated with PV. Mutation detection 
is important for diagnostic purposes, but the prognostic implications 
are uncertain. Direct sequencing, PCR followed by HRM, and qPCR 
have all been used to detect MPL mutations.

NRAS/KRAS
NRAS/KRAS mutations often underlie disrupted cell signaling 
(RAF-MEK-ERK signaling) and produce a proliferation advantage 
in affected cells. NRAS (G12V) and KRAS (G12D) mutations are 
found in myelodysplastic syndromes (Chapter 25). Mutations in these 
genes are also seen in AML, ALL, multiple myeloma, and plasma cell 
 leukemia.31 Sequence analysis is a commonly used technique for 
mutational analysis.

Cytogenetic analysis can reveal chromosomal deviance such as 
translocations, insertions, inversions, deletions, and repeats that are 
strong predictors of leukemia. Molecular DNA testing can reveal 
these same genetic abnormalities by designing nucleic acid probes 
that recognize the abnormal fusion gene. Although DNA technology 
is more sensitive than karyotyping, it is limited to testing for a specific 
gene mutation. On the other hand, karyotyping has the advantage of 
presenting the clinician a global picture of the patient’s entire genetic 
situation. The following sections provide a compilation of  molecular 
abnormalities and examples of the genes commonly involved in 
leukemia.

Molecular abnormality: Deletions or insertions
CEBPA
CEBPa encodes a transcription factor that is a key regulator of 
myeloid proliferation and granulocyte/monocyte differentiation 
(Chapter 26). Mutations to CEBPa occur in 5–15% of AML patients.24 
Mutations are of two types: one mutation results in a lack of an essen-
tial activation domain and the other alters the protein’s ability to bind 
to DNA. CEBPa mutation analysis could be valuable in determin-
ing therapy because certain CEBPa mutations confer a better likeli-
hood of achieving complete remission than others. Suitable methods 
of CEBPa mutation detection include amplification techniques 
sequencing, and HRM analysis followed by sequencing.

FLT3
FLT3 encodes a cell surface tyrosine kinase receptor that is expressed 
on early myelo- and lymphopoietic progenitors (Chapter 26). Two 
mutations are frequently seen in AML. These mutations can present 
with either a normal karyotype or with the characteristic karyotype 
of APL, t(15,17). The most prevalent mutation is an ITD found in 
exon 14 through part of exon 15.14 The size of the duplication is quite 
variable, from 3 nucleotides to 7400, but in any event, the receptor’s 
tyrosine kinase domain (TKD) is left intact. The other mutation is less 
common; it is a missense mutation caused by a single codon deletion 
in a portion of the gene coding for the TKD. Either mutation results 
in constitutive TKD activity leading to aberrant growth and prolifera-
tion, blocked differentiation, and a worse prognosis for the patient.14 
FLT3 ITDs can be detected by PCR followed by analysis of the length 
of the amplicon because ITDs produce abnormally large amplicons.14

NPM1
NPM1 is a proto-oncogene and tumor suppressor gene that encodes 
a multifunctional protein, nucleophosmin. Approximately one-third 
of AML patients exhibit mutations in the NPM1 gene (Chapter 26). 
Generally, these patients present with a normal karyotype,  internal 
tandem duplication in the FLT3 gene, a relatively higher WBC count 
in the peripheral blood, a high bone marrow blast count, and a lack of 
CD34 antigen.25,26 NPM1 mutations with an insertion into exon 12 
cause a frame shift that disrupts the nuclear localization signal and 
results in abnormal cytoplasmic accumulation of  nucleophosmin 
protein. Characterization of NPM1 mutations provides substantial 
prognostic value; patients with them are  significantly more likely to 
achieve a complete response to standard chemotherapy, especially if 
they lack FLT3 mutations.27 Direct sequencing, HRM, and numer-
ous other molecular techniques are used to detect NPM1 muta-
tions. Immunohistochemistry can be used to reveal the cytoplasmic 

NRAS/KRAS mutations are seen in a wide variety of hema-
tological cancers including ALL, AML, and plasma cell 
neoplasms. Explain how mutations in these genes con-
tribute to the etiology of these diseases.

CheCkpoint 42-3
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in 790% of ALL cases with appropriate therapy.34 The fusion gene is 
undetectable by conventional cytogenetic analysis, but PCR amplifica-
tion across the translocation is an established methodology.

Infectious Diseases
Molecular testing for the presence of infectious disease has an applica-
tion for hematological pathologies (Table 42-3 ★). Three of the patho-
gens listed, human T lymphotropic virus type 1 (HTLV1), Epstein-Barr 
virus (EBV), and human herpes virus 8 (HHV8) have been consistently 
linked to lymphoid neoplasms. About 0.1% of people infected with 
HTLV1 eventually develop adult T-cell leukemia/lymphoma. EBV is 
the causative agent of infectious mononucleosis and is believed to be 
an etiologic agent in the development of Burkitt lymphoma as well as 
immunodeficiency-related lymphomas and many Hodgkin lympho-
mas. HHV8 has been isolated from a majority of Karposi sarcomas in 
AIDS patients and can cause other tumors such as primary effusion 
lymphoma (PEL) and multicentric Castleman’s disease (MCD).35

Molecular technology has provided new tools for detecting 
microorganisms based on the unique genetic code of each species. 
DNA amplification strategies are most useful because they are sensi-
tive, specific, and rapid for detecting pathogen-specific nucleic acid 
sequences. Quantitative qPCR assays are useful for monitoring the 
level of organisms during treatment. In situ hybridization is helpful 
for identifying lesion-specific pathogens in biopsy samples.

clinical aPPlicaTionS of Molecular 
DiagnoSTicS in heMoSTaSiS
Molecular testing in disorders of hemostasis is proving to be invaluable 
for diagnosing hemostasis disorders, screening potential  carriers of hemo-
stasis diseases, and making therapeutic decisions. It is beyond the scope of 
this chapter to provide a comprehensive review of all genetic abnormali-
ties that underlie disorders of hemostasis, but a review of some of the most 
commonly encountered molecular aberrations follows.

CYP2C9
CYP2C9 is a cytochrome P450 enzyme that is involved in the metabo-
lism of several medications. CYP2C9 metabolizes 7100  therapeutic 
drugs including warfarin, a widely prescribed anticoagulant, but 

Molecular abnormality: Translocation
The six translocations described here are some examples of the most 
commonly encountered translocations in leukemia/lymphoma. It 
is important to note that individual tumors can be characterized by 
heterogeneity.

BCR/ABL1
The t(9;22)(q34;q11.2)BCR/ABL1 mutation provides valuable infor-
mation for decisions concerning therapy in CML and Philadelphia 
chromosome + ALL (Chapter  24). Mutations in the TKD of the 
BCR/ABL1 fusion gene confer resistance to the prototypical TKI, 
imatinib, used to treat both pathologies.31 Alternative TKIs can be 
beneficial in these patients. FISH, direct sequencing of PCR ampli-
fied products, and ASO are used to detect mutations.31

IGH/BCL2
The t(14;18)(q32;q21)IGH/BCL2 is the mutation associated with 
 follicular lymphoma (Chapter  28) in which the antiapoptotic gene 
BCL2 is brought under the control of the IGH promoter. The influence 
of Ig heavy chain promoter leads to overexpression of the BCL2 protein 
and reduced apoptotic cell death in cells with this mutation. IGH/BCL2 
can be detected by FISH, qPCR, and microarray analysis.32

CCND1/IGH
The t(11,14)(q13;q32)CCND1/IGH mutation is found in nearly all 
mantle cell lymphomas. Translocation places the CCND1 (cyclin D) 
gene next to the IGH promoter. This genetic change triggers the trans-
formed B lymphocyte (lymphoma cell) to overproduce cyclin D1, a 
protein that directs progression of cells from G1 to S phase of the cell 
cycle (Chapters 23, 28). FISH is often the method of choice to detect 
this translocation (Chapter 40).

MYC/IGH
The proto-oncogene MYC (C-MYC) encodes a nuclear protein 
involved in nucleic acid metabolism and mediating the cellular 
response to growth factors. The t(8;14)(q24.1;q32) rearrangement 
leads to dysregulated cell growth because C-MYC is brought under 
control of the promoter for IGH in lymphoproliferative disor-
ders (Chapters 27, 28). The variability in the translocation break 
point in this gene rearrangement makes FISH a good choice for 
detection.

PML/RARA
In APL, the PML gene is juxtaposed with the retinoic acid receptor 
a (RARA) gene by the translocation t(15;17)(q22;q12). Three PML/
RARA translocation patterns have been identified and the rearrange-
ment is important in APL because it correlates with responsiveness 
to treatment with all-trans retinoic acid (ATRA) or arsenic therapy 
(Chapter 26). The rearranged DNA fragment can also be used as a 
specific diagnostic marker to detect MRD following treatment.33 RT-
PCR and FISH are commonly used to detect PML/RARA.

ETV6(TEL)/RUNX1(AML1)
The t(12;21)(p13;q22) translocation fuses the two genes ETV6 and 
RUNX1 and is the most frequent gene fusion in childhood ALL 
(Chapter 27). Unlike other ALL-associated chromosomal transloca-
tions, ETV6/RUNX1 is associated with a favorable prognosis, and its 
identification helps the clinician select an appropriate chemotherapy 
regimen. Eradication of cells carrying the aberrant gene is expected 

Cytomegalovirus (CMV)

Epstein-Barr virus (EBV)

Human herpes virus 8 (HHV8)

Human immunodeficiency virus (HIV)

Human T lymphotropic virus type 1 (HTLV1)

Malaria

Mycobacteria

Mycoplasma

Parvovirus B19

Toxoplasma

★ TaBle 42-3 Pathogens of Hematologic Significance 
Detectable by Molecular Techniques
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Hemophilia A
Hemophilia A can arise from numerous mutations, including inver-
sions, insertions, and deletions of the factor VIII (F8) gene. Carrier 
testing on daughters of either hemophiliacs or carriers and prenatal 
testing of a fetus can be performed with amplification methods.38

Hemophilia B
More than 1000 mutations in the factor IX gene have been reported. 
Carrier status of daughters of men with hemophilia B and at risk 
fetuses is commonly achieved using amplification techniques. Direct 
sequencing of the factor IX (F9) gene is available at large reference 
laboratories.38

Methylenetetrahydrofolate 
Reductase (MTHFR)
A C7T missense mutation in the MTHFR gene results in the 
 substitution of alanine for valine with the downstream effect of 
 elevated levels of plasma homocysteine. Even small increases in 
homocysteine are attributed to increased thrombotic risk. Molecular 
testing for the MTHFR mutation has become readily available in the 
clinical laboratory. The most common methodologies are PCR based.

von Willebrand Disease (VWD)
Due to the complexity of VWD genotype, the criteria for its  diagnosis 
no longer include von Willebrand factor (VWF) gene mutations. The 
International Society of Thrombosis and Hemostasis maintains a 
database of VWF polymorphisms.39

its dosage is difficult to predict because of widely variant patient 
responses. CYP2C9 genotype establishes a patient’s ability to metab-
olize this medication. For example, individuals with the CYP2C9*2 
or CYP2C9*3 genotypes show reduced ability to metabolize warfa-
rin, leading to its prolonged retention in their system. These patients 
require a reduced dose of warfarin for safe anticlotting treatment. 
qPCR is used to determine CYP2C9 polymorphisms.36

VKORC1
This gene’s product encodes the enzyme that is responsible for reduc-
ing vitamin K 2,3-epoxide to an active form so that it can participate in 
the synthesis of several vitamin K-dependent coagulation factors. Fatal 
bleeding can be caused by vitamin K deficiency and by warfarin therapy 
because warfarin is a vitamin K antagonist. Mutations in this gene are 
associated with deficiencies in vitamin K-dependent clotting factors. 
Patients harboring this mutation should be given a reduced warfarin 
dose. As with CYP2C9, molecular testing is most often by qPCR.36

Factor V Leiden (FVL)
A lack of standard nomenclature means that the SNP that is respon-
sible for the factor V (F5) mutation responsible for the development 
of FVL can be referred to in several ways, including G1691A, Arg-
506Gln, and R506Q. Although clotting assays have traditionally been 
used to diagnose this disorder, molecular testing has the advantage of 
determining whether patients are homozygous or heterozygous for 
the mutation. Homozygotes have more than 10 times the clotting risk 
of heterozygotes. Molecular testing includes PCR amplification.37

Prothrombin G20210A
Base substitutions in the prothrombin (F2) gene represent the second 
most prevalent hereditary defect underlying thrombosis risk. An SNP 
is responsible for a gain of function mutation that leads to excessive 
plasma prothrombin. Inheritance of both FVL and G20210A confers 
a significant increase in risk of a venous thromboembolic event. PCR 
is used to detect these mutations.37

Explain how PCr technology can provide quantitative 
results. Suggest several hematologic and hemostasis 
applications of qPCr technology.

CheCkpoint 42-4

Summary
DNA technology provides a powerful new tool for laboratory 
diagnosis of a wide variety of hematologic diseases includ-
ing inherited diseases, infectious diseases, and cancer. Many 
of the erythrocytic and hemostatic diseases that are ame-
nable to molecular diagnosis are inherited diseases whose 
mutations and genetic aberrations are discernable with mul-
tiple molecular techniques. Leukemias and lymphomas have 
chromosomal translocations or clonal gene rearrangements 
that are also easily confirmed with molecular diagnosis. 

All infectious organisms are suitable targets for molecular 
detection because invading organisms have unique genomes 
that can be differentiated from the host genome, denoting 
infection.

The molecular methods commonly used include multi-
ple variations of nucleic acid amplification, fluorescent in situ 
hybridization, and Southern blot analysis. Newer methods such 
as DNA sequencing and microarray technology are also gaining 
a foothold in clinical laboratory testing.
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Review Questions
Level ii  5. Which of the following assays is most appropriate for 

detecting a tumor-associated genetic defect that is present 
in only 0.1% of the cells in a patient sample? (Objective 7)

 A. PCr

 B. Southern blot analysis

 C. karyotyping

 D. immunophenotyping

 6. PCR differs from reverse transcriptase PCR (RT-PCR) in the 
following way(s): (Objectives 2, 7)

 A. Ribonucleotides rather than deoxyribonucleotides are 
added to the reaction mixture of rT-PCr.

 B. following amplification, PCr generates a dNa product, 
whereas rT-PCr generates an rNa product.

 C. rNa rather than dNa serves as the substrate for rT-PCr.

 D. rT-PCr generates a protein product, whereas PCr 
generates a DNA amplicon.

 7. Immunoglobulin and T-cell receptor gene rearrangement 
studies can be used to: (Objective 5)

 A. distinguish B-cell leukemia from B-cell lymphoma

 B. determine whether a lymphoid clone is present in a 
tissue specimen

 C. prove that a tissue sample is benign

 D. detect Epstein-Barr virus in a tissue specimen

 8. Which of the following is true about the molecular genetics 
of cancer? (Objective 3)

 A. Virtually all cancers are thought to harbor genetic defects.

 B. DNA testing can be helpful in making a cancer diagnosis.

 C. The genes responsible for tumor formation are called 
oncogenes.

 D. All of the above

 9. Which of the following is true about the Southern blot 
 procedure? (Objective 2)

 A. The patient’s DNA is cut into fragments using 
 proteinase enzymes.

 B. The electrophoresis step permits the probe to 
 penetrate the gel.

 C. The probe is labeled so that it can hybridize to its 
complementary strand.

 D. Interpretation of results relies on visualization of the 
band pattern.

 10. A technique that uses amplification of a patient sample 
target that is applied to a blot of WT and mutant oligo-
nucleotides is called a(n): (Objectives 2,7)

 A. Southern blot

 B. qPCr

 C. direct sequencing

 D. ASO

Use this case history for questions 1 and 2.

A 38-year-old woman complained of dizziness, fatigue, and 
abdominal pain. On physical examination she appeared pale, 
and her spleen was enlarged. Laboratory studies revealed 
anemia and an elevated leukocyte count of 69 * 109/L. A 
complete spectrum of granulocytic cells from myeloblasts 
to neutrophils was present in the blood, and the number of 
basophils was increased. The laP score was low. The bone 
marrow could not be aspirated, but a biopsy revealed that 
the marrow was packed with myeloid elements. Cytoge-
netics could not be performed because of the lack of an 
adequate marrow aspirate and the inability to induce cell 
division in peripheral blood leukocytes. Blood was submit-
ted for molecular diagnostic testing.

 1. Which genetic defect is the most appropriate target for 
molecular testing to assist in diagnosing the patient’s 
hematologic disorder? (Objective 4)

 A. PML/RARA

 B. BCL2/IGH

 C. BCR/ABL1

 D. BCL1/IGH

 2. Is there any reason to use molecular testing for the patient 
at a later date? (Objectives 3, 6)

 A. No, the positive test results are definitive, and nothing 
more can be accomplished.

 B. yes, the patient can be monitored to detect minimal 
residual disease following therapy.

 C. No, but family members should be tested for the same 
molecular defect.

 D. yes, the translocation break point must be sequenced 
to prove which genes are involved.

 3. Which of the following reagents is most critical for making 
a PCR specific for the F5 gene mutation (FVL) as opposed 
to a prothrombin F2 gene mutation? (Objective 2)

 A. Primers

 B. Nucleotides

 C. DNA polymerase

 D. Buffer

 4. All molecular tests that analyze specific portions of the 
human genome rely on the principle that: (Objective 2)

 A. DNA is different in every cell of a particular individual.

 B. Probes bind to their complementary target sequence 
through the hybridization process.

 C. Restriction endonucleases cut sites that remain the 
same regardless of any mutations.

 D. Heat or alkaline pH can convert single-stranded DNA 
to double-stranded DNA.
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Objectives—Level I
At the end of this unit of study, the student should be able to:
 1. Identify the components of a quality assessment program and 

match sources of error to each component (e.g., pre-examination 
component).

 2. State the importance of a quality assessment program.
 3. State the importance of documentation in a quality assessment 

program.
 4. Describe the use of proficiency testing in the clinical laboratory, includ-

ing required frequency.
 5. Given data, use an appropriate method to determine the reference 

range for an analyte.
 6. Define universal precautions and identify their source.
 7. Demonstrate knowledge of Occupational Safety and Health Adminis-

tration (OSHA) standards and their application in the clinical laboratory.
 8. Given a material safety data sheet (MSDS), identify critical information.
 9. Define accuracy, precision, control material, mean, and standard 

deviation.
 10. Given the appropriate data, calculate the mean and standard deviation 

and create a quality control chart.
 11. Interpret quality control results using established control charts.
 12. Given test results, recognize complete blood count (CBC) data and/

or histogram variations that indicate the presence of white blood cell 
(WBC), red blood cell (RBC), and platelet abnormalities.

 13. Recognize complete blood count (CBC) data that indicate the presence 
of interfering substances such as lipemia, hemolysis, and icteria.

 14. Identify coagulation test results that indicate a problem with sample 
integrity.

Objectives—Level II
At the end of this unit of study, the student should be able to:
 1. Design methods of competency testing.
 2. Apply and interpret statistics used in method evaluation.

(continued)
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904 SECTION Ix   •   QualITy aSSESSmENT

 7. Assess the use of patient samples to monitor daily quality 
control in hematology.

 8. Select the appropriate actions to take when abnormalities 
are detected in hematology or coagulation results.

 9. Recommend procedures to correct for the presence of 
lipemia, hemolysis, and icteria.

 10. Demonstrate the ability to use delta checks in a quality 
control program.

Objectives—Level II (continued)

 3. Determine the components and interpret the results of a 
method evaluation study.

 4. Determine and appraise a method’s reportable range.
 5. Interpret the Westgard rules and explain their use in 

evaluating quality control results.
 6. Describe the use of moving averages to monitor red 

blood cell (RBC) data.

Key Terms
Analytical measurement range 

(AMR)
Analytical sensitivity
Analytical specificity
Analytical time
“Blinded” preanalyzed sample
Clinical Laboratory 

Improvement Amendments 
of 1988 (CLIA ’88)

Clinical and Laboratory 
Standards Institute (CLSI)

Competency assessment
Correlation coefficient (r)
Current Procedure Terminology 

(CPT) code
Critical value
Delta check
Diagnosis related group (DRG) 

code
Health Insurance Portability 

and Accountability Act 
(HIPAA)

International Classification of 
Disease code, 9th or 10th 
revision (ICD-9, ICD-10)

Internal quality control 
program

Linearity
Material safety data sheet 

(MSDS)
Medical decision level
Outlier
Proficiency testing
Quality control (QC) limit
Random variation
Reference interval (RI)
Reportable range
Slope (b)
Split sample
Standard deviation (SD)
Systematic variation
Transcription error
Turnaround time (TAT)
universal precaution
y-intercept (a)

Background Basics
The information in this chapter builds on the concepts learned 
in previous chapters. To maximize your learning experience, you 
should review these concepts before starting this unit of study:

level i and level ii
• Describe the sample collection protocol for hematology and 

hemostasis procedures. (Chapters 36, 37)
• Summarize each of the routine hematology procedures, and 

give potential sources of error. (Chapter 37)
• Summarize the characteristics of an optimally stained 

peripheral blood smear, and give potential sources of error. 
( Chapters 10, 37)

• Summarize each of the screening coagulation tests used in the 
laboratory, and give potential sources of error. (Chapter 36)

• Describe the principles of cell counting used by the automated 
hematology instruments and principles of clot detection for the 
automated coagulation instruments. (Chapters 36, 39)

overview
One of the most important responsibilities of a laboratory professional 
is to ensure the quality of test results. To accomplish this, laboratories 
must establish quality assessment and quality control programs. These 
programs consist of guidelines designed to ensure accurate testing and 
reporting of results. A protocol for reviewing patient results to deter-
mine whether results can be reported must be included. This chapter 
discusses components of these programs. Additional support materi-
als are provided in this chapter’s Companion Resources to facilitate 
understanding of certain concepts (e.g., application of Bull’s testing 
algorithm to quality assessment of RBC parameters).

TesT Coding And reiMBurseMenT
Laboratory professionals are naturally concerned about the quality 
of laboratory test results; an additional consideration, of necessity, 
is ensuring that appropriate tests are being ordered and coded cor-
rectly so the laboratory can be reimbursed for the testing performed. 

In addition to the order for a particular test, the health care provider 
must supply information for purposes of reimbursement by Medicare 
and other third-party payors. This includes the World Health Orga-
nization’s International Classification of Disease, 9th revision 
(ICD-9) or 10th revision (ICD-10) codes that are used in most of 
the world. ICD-10 is scheduled to replace ICD-9 codes in the United 
States on October 1, 2015. The ICD coding system is internationally 
accepted as a method for coding medical diagnosis, conditions, and 
symptoms and the cause of death in all health care settings. One of its 
uses is to help evaluate medical necessity and determine reimburse-
ment for tests and procedures.

Another coding system, the diagnosis related group (DRG), 
was developed for Medicare as a part of the prospective payment sys-
tem for inpatients. Reimbursement for care of hospitalized patients 
by almost all payers does not occur for each test or procedure but for 
the overall diagnosis, the DRG. There are about 500 DRGs. The DRG 
code is assigned when the patient is discharged and is severity adjusted 
(MS-DRG).
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The laboratory uses the Current Procedure Terminology 
(CPT) code (Chapter 1) when billing for outpatient tests. The CPT 
code represents a number assigned to a given laboratory test (as well 
as medical, surgical, and other diagnostic services) by the American 
Medical Association’s CPT Editorial Panel. For example, the ICD-9 
code for a patient with pernicious anemia is ICD-9 281.0 and the CPT 
code for intrinsic factor antibodies is 86340. Third-party payors review 
a test’s CPT code and determine the medical necessity for that specific 
test based on the ICD code for the patient’s condition. Reimbursement 
is based on a predetermined rate within a geographic region for each 
particular test.

QuAliTy AssessMenT
Laboratories must have an established quality assessment program as 
mandated by subpart K—Quality Systems for Nonwaived Testing of 
the Clinical Laboratory Improvement Amendments of 1988 
(CLIA ’88).1 A laboratory’s quality assessment program should be 
designed to monitor all aspects related to testing patient samples2,3 
to ensure accurate testing and reporting of results from all samples 
submitted to the laboratory. Accrediting agencies such as the College 
of American Pathologists (CAP) and The Joint Commission moni-
tor a program’s comprehensiveness and quality. This chapter reviews 
the various aspects to consider in designing a comprehensive quality 
assessment program.

Basic Components
A common approach to developing a quality assessment program is 
to divide it into three components: (1) pre-examination (previously 
referred to as preanalytical), which deals with all aspects affecting the 
test outcome occurring before the testing procedure, (2) examination 
(previously referred to as analytical), which incorporates all aspects 
affecting the testing procedure itself, and (3) post-examination (previ-
ously referred to as postanalytical), which deals with aspects affecting 
the test outcome occurring after the testing procedure (Table 43-1 ★).

Pre-examination Component
The testing process begins with the test order. Patient test requisi-
tions should be designed to be user friendly and to provide adequate 
patient information. At a minimum, this information should include 
the patient’s name and unique patient identifier, age, sex, diagnosis, test 
to be performed, and source of the sample.

The patient should receive appropriate information to prepare 
for the tests; for example, they must abstain from taking aspirin or 
aspirin-like medication before platelet function testing. The labora-
tory’s sample collection procedure manual should provide this infor-
mation in a format easily distributed to the patient and clear enough 
for that person to understand.

One of the most important factors affecting a test’s outcome is 
sample collection4–6 (Chapters 36, 37). As we often hear, “The test 
result is only as good as the quality of the sample.” Many variables 
enter into the sample collection process that can affect the outcome 
(Table 43-2 ★). The sample collection procedure manual and a thor-
ough educational program for the phlebotomist or the individual des-
ignated to perform the phlebotomy (i.e., nursing personnel) should 
address each potential error. In addition, staff should participate in 

periodic continuing education addressing sample collection problems 
and introducing new protocols.

When the sample has been collected, it must be properly labeled 
with patient’s name, unique identification number, collection date and 
time, and phlebotomist’s initials and then transported to the labora-
tory for processing and testing. If testing cannot be done immediately, 
the sample should be stored properly. For example, a sample for rou-
tine coagulation testing must be centrifuged and the plasma must be 
separated from the cells and stored at room temperature if testing is to 
be performed within 4 hours (Chapter 36). All information specific to 
the test to be performed should be included in the sample collection 
procedure manual.

examination Component
The examination component addresses all factors involving the testing 
procedure itself. A test method procedure manual should be available 
in all laboratories. The procedures within this manual should follow 
the guidelines established by the Clinical and Laboratory Stan-
dards Institute (CLSI) and address each test, including its purpose, 
principle, sample requirements, reagents, quality control, step-by-step 

Pre-examination 
components

Patient test requisitions

Patient preparation

Sample collection protocol

Sample transport protocol

Sample processing protocol

Sample acceptability and rejection criteria

Sample storage

Phlebotomy training

Examination components Test method/procedure

Reagents

Internal quality control

External quality control (proficiency 
testing)

Instrument maintenance 

Linearity/reportable range determination

Method evaluation (instrument 
comparison)

Reference range determination or 
verification

Personnel requirements

Competency testing

Continuing education

Post-examination 
components

Reviewing patient results

Posting patient results

Maintaining patient records 

Monitoring turnaround time

Administering and reviewing customer 
satisfaction surveys

Documenting maintenance

★ TABle 43-1 Comprehensive Quality Assessment 
Program
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communication can be phone notification or automated electronic 
messaging. The critical value record should include patient name, 
unique identification number, test result, date and time of notifica-
tion, health care provider who received the test result, and laboratory 
professional who communicated the test result.

Automated instruments can be interfaced with the laboratory 
information system (LIS) to electronically transfer patient results. The 
LIS can also be interfaced with the hospital’s or outpatient facility’s 
computer system to add patient results directly on the patient’s chart. 
Electronic transfer of results minimizes transcription errors. The 
records of patient test results should be maintained within the labo-
ratory according to procedures established for encrypting, archiving, 
and retrieving patient test results.

The laboratory is a business enterprise. Therefore, customer (e.g., 
physician or patient) satisfaction and communication are important 
issues to be addressed in the quality assessment program. A quality 
assessment committee should be established to oversee the quality 
assessment program, establishing protocols and determining changes 
that need to be made and how to implement them. As an example, 
the committee establishes protocols to address customer complaints 
and other communication issues to minimize customer dissatisfac-
tion. Surveys can be used to assess customer satisfaction and identify 
areas that need to be addressed. An important factor affecting satis-
faction level is the turnaround time (TAT) for test results. Critical 
patient care decisions often depend on a laboratory test result. As a 
result, TAT problems represent a common complaint that the com-
mittee will investigate and determine the appropriate action to correct 
a specific TAT problem (e.g., delayed reporting of CBC results to the 
emergency department). Investigating TAT problems is more man-
ageable with computerization (i.e., hospital information system [HIS] 
and LIS). The committee also reviews critical value records to identify 
problems with timely reporting of these values and suggests remedies 
to correct the problems.

In accordance with CLIA ’88 and the Health Insurance Porta-
bility and Accountability Act (HIPAA), each laboratory should 
establish certain measures to ensure the confidentiality of patient 
information in each component of the quality assessment program.1,12 

procedure, reporting method, reference interval(s), critical value(s) if 
appropriate, interpretation of results, potential sources of error, and 
references.7,8

Each laboratory should establish an internal quality control 
program to monitor its testing process to ensure accurate patient test 
results on a daily basis. Quality control is addressed in more detail in 
the “Quality Control” section in this chapter. In addition, each labo-
ratory should establish an external quality control program to assess 
overall quality control, also known as proficiency testing, which 
monitors the specific laboratory’s testing process by comparing it to 
that of peer laboratories.9 This also is addressed in the “Proficiency 
Testing” section of this chapter.

Maintenance of analytical instruments (e.g., automated blood 
cell–counting instrument) must be performed as directed by the 
manufacturer, documented, and be easily accessible for troubleshoot-
ing quality control problems.

Individuals performing the testing procedures must meet the 
personnel requirements established by CLIA ’88, which vary depend-
ing on the test procedure. Continuing education is also required to 
keep testing personnel aware of changes within the testing procedures 
and the practice of the profession.

Post-examination Component
The post-examination component addresses factors that can affect the 
test result and its use in patient treatment.10,11 Procedures should be 
established for reviewing patient results and identifying those results 
that require further attention, such as a critical value (test result that 
exceeds its reference interval to the extent that it indicates potential 
life-threatening condition requiring immediate attention by a physi-
cian) or results that do not match. For example, a sample should be 
retested if the hemoglobin (Hb) and hematocrit (Hct) do not match 
(e.g., Hb * 3 = Hct).

The laboratory should have a policy for reporting critical values. 
It should identify the laboratory professional (e.g., testing personnel or 
supervisor) who is responsible for notifying a health care provider of 
a critical value for a patient and the specific health care provider who 
should receive the test result (e.g., ordering physician). The method of 

source of error effect on Test outcome

Patient misidentification Inaccurate test results

Hemolyzed sample Dilutional effect on analytes, false increase of analytes, and decreased erythrocyte 
counts

Failure to properly mix by inversion collection tubes that contain 
anticoagulant

Clotted sample and falsely decreased cell counts or prolonged coagulation test 
results

Failure to fill collection tube properly under- or over-anticoagulated sample for coagulation testing with citrate tube

Failure to follow the order of the drawa Cross-contamination with collection tube additives

Tourniquet application longer than 1 minute Hemoconcentration of sample

Collection from an IV site Dilutional effect on analytes

Time of draw Analyte dependent (e.g., hemoglobin is highest in the morning)

Patient anxiety or crying Analyte dependent (e.g., increases leukocyte count)

aOrder of the draw refers to the suggested order in which different anticoagulant and nonanticoagulant collection tubes are filled from a single venipuncture. For 
example, a heparin collection tube should be filled before an EDTA collection tube to avoid contamination of the heparin collection tube with potassium EDTA 
(Chapter 37).

★ TABle 43-2 Potential Sources of Errors in Sample Collection and Their Effect on Test Outcome
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Each laboratory should have a comprehensive program to 
respond to an unsatisfactory result. The source of the problem that 
caused the unsatisfactory result can be identified by checking for 
changes in the test procedure or reagents, reviewing the instrument’s 
maintenance log and previous quality control results, and identifying 
changes in testing personnel. When the problem has been identified, 
corrective action can be taken to solve it. The laboratory should main-
tain proficiency testing survey results and documentation of correc-
tive action.

For example, many facilities use unique identifiers rather than patient 
names or social security numbers to identify a sample and its test req-
uisition. For the post-examination component, the laboratory should 
have a policy to ensure and document that the appropriate individual 
receives electronically transmitted test results.

Finally, documented records of all aspects of the quality assess-
ment program should be maintained and retrievable upon request. 
These documents provide important information regarding the rec-
ognition of a problem, the process used to resolve it, and the change 
that occurred as a result of that process.

Explain the importance of each component of the quality 
assessment program to the goal it is intended to meet.

checkpoint 43-1

 1. Direct observation of routine patient test performance, including 
patient preparation if applicable, sample collection, handling, 
processing, and testing

 2. Monitoring of the recording and reporting of test results
 3. Review of intermediate test results or worksheets, quality 

 control records, proficiency testing results, and preventive 
 maintenance records

 4. Direct observation of performance of instrument maintenance 
and function checks

 5. Assessment of test performance by testing previously analyzed 
samples, internally blinded samples, or external proficiency 
 testing samples

 6. Assessment of problem-solving skills

★ TABle 43-3 Six Elements of Competency 
Assessment

Proficiency Testing
Proficiency testing is a required component of a quality assessment 
program and represents an external quality control program that 
monitors the long-term accuracy of the different test systems (e.g., 
prothrombin time by the Beckman Coulter ACL TOP® instrument) 
through comparison to peer laboratories. Since the 1960s, many clini-
cal laboratories have participated in proficiency testing surveys such 
as the CAP survey program. In addition, CLIA ’88 mandated that all 
clinical laboratories performing nonwaived testing (testing method-
ologies not on the waived test list; Chapter 37) participate in a profi-
ciency testing survey at least three times a year.13 Failure to achieve 
an acceptable rating for any given analyte (e.g., prothrombin time) in 
two of three surveys can result in certain sanctions, such as delineation 
of a plan of corrective action for that test procedure or suspension 
of the certification to perform that test procedure, being placed on a 
laboratory.14 The Centers for Medicare and Medicaid Services (CMS) 
issues the sanctions and penalties. To reinstate a test procedure, the 
laboratory must obtain an acceptable rating for that analyte in two 
consecutive proficiency testing surveys.

Laboratories contract with organizations such as CAP or the 
American Proficiency Institute to provide the proficiency testing 
service. A proficiency testing survey consists of unknown samples of 
whole blood or lypholized serum/plasma representing the full range 
of values that would be expected in patient samples. For microscopic 
procedures, the survey can include prepared slides and/or digital 
(photographic) images for evaluation and identification. These sam-
ples are sent to the laboratory at specified time intervals, usually three 
times per year. The laboratory should test proficiency samples as part 
of a typical patient sample run. Results are sent to the survey provider 
for statistical analysis. The survey provider determines the target 
value (TV) for each test result through comparison studies with peer 
laboratories and establishes the acceptable performance (AP) ranges 
based on the CLIA ’88 tolerance limit (TL). For example, hemoglo-
bin’s tolerance limit is 7%. If the target value for hemoglobin sample 
1 is 12.0 g/dL, the acceptable performance range is 11.2–12.8 g/dL 
(AP = TV { TL * TV). The survey provider notifies the labora-
tory and CMS of its findings.

How does a laboratory that has lost its certification to 
perform protein C assays regain that certification?

checkpoint 43-2

Competency Testing
An additional required component of a quality assessment program 
is a competency assessment of all personnel performing non-
waived testing. This assessment takes place twice during the first year 
of employment and annually thereafter. CLIA ’88 identified six ele-
ments of competency that must be evaluated (Table 43-3 ★) but did 
not clearly outline the exact mechanisms to use to evaluate compe-
tency.15,16 Accrediting agencies such as The Joint Commission and 
CAP provide guidance to supervisors and laboratory directors in 
developing assessment tools through their standards and checklists 
(e.g., CAP’s Laboratory General Checklist question GEN.55500). 
Competency assessment must include all six elements as appropriate 
for a given test procedure.

Direct observation checklists, random assignment of proficiency 
testing materials, or “blinded” preanalyzed samples can be used 
to evaluate elements of competency assessment (see Web Table 43-1 
for an example of a direct observation checklist). If the test procedure 
involves microscopic examination for evaluation and identification, 
prepared slides or digital images can be used. Criteria for each assess-
ment tool must be established to judge acceptable performance. In the 
case of a 100-cell leukocyte differential, an acceptable criterion might 
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needs. The more information the committee has on which to base its 
selection, the better the selection will be. Ultimately, the instrument 
selection is based on a particular laboratory’s needs and the cost to 
meet them. For example, a full-service hematology laboratory requires 
an automated blood cell–counting instrument capable of perform-
ing a complete blood count (CBC), platelet count, five-part leukocyte 
differential, reticulocyte count, and immature reticulocyte fraction.

The process of selecting a new methodology or test system is sim-
ilar. The selection committee must consider the cost per test, reagents, 
reagents’ shelf-life and storage requirements, quality control program, 
test’s analytical sensitivity (ability to detect small quantities of the 
analyte), analytical specificity (ability to determine only the analyte 
in question), and linearity (range of concentration over which the test 
method can be used), required instrumentation and equipment, ana-
lytical time, and sample types that can be analyzed (e.g., whole blood, 
serum, cerebrospinal fluid). Both testing personnel and potential cli-
ents should be consulted for their input during the selection process.

Analytical reliability
With the purchase of a new instrument or the introduction of a new 
methodology, the laboratory must verify the performance of the 
instrument and/or method through a series of performance studies. 
To verify an instrument’s analytical reliability, the laboratory profes-
sional must evaluate the instrument with regard to random varia-
tion (variation resulting from chance) and systematic variation 
(variation within the instrument that alters results but is predictable). 
Precision studies are used to assess random variation and evaluate 
the reproducibility of the test method.19,21 To check within run pre-
cision, the laboratory professional should choose at least two patient 
samples and analyze 10–20 aliquots of each sample in the same test 
run. These patient samples should have different concentration levels 
that correspond to an analyte’s medical decision levels (concentra-
tion of an analyte indicating that medical interpretation is required 
for patient care). For example, to check within run precision for hemo-
globin, three patient samples can be chosen: sample 1 Hb = 8.0 g/dL, 
sample 2 Hb = 12.0 g/dL, and sample 3 Hb = 19.0 g/dL. Each sam-
ple is separated into 10 aliquots each of which is analyzed. For each 
set of data, the mean, standard deviation (SD), and coefficient of 
variation are calculated (Table 43-4 ★). Precision can be determined 
by applying a statistical test called the F-test or by comparing the 
calculated coefficient of variation (CV) to the manufacturer’s CV. 
Within run precision is acceptable if the CV is less than or equal to 
the manufacturer’s CV. If the CV is higher than the manufacturer’s CV, 
the laboratory professional should check the data for outliers (data 
point that falls outside the expected range for all data). Any outlier 
should be discarded and the data re-evaluated. If the CV is still unac-
ceptable, significant random variation exists within this method or 
reagent and/or testing personnel errors have affected the study.

Systematic variation is assessed through the methods compari-
son procedure, which allows comparison of patient results between 
the new method and a method that is known to be accurate (e.g., cur-
rent method). Split samples (division of a single sample into two or 
more aliquots) are used. The CLSI recommends that at least 40 patient 
samples be tested over at least 5 working days.21–23 To increase the 
reliability of this comparison, more patient samples should be used. 
The samples should be random so they represent the clinical range of 

be based on the 95% confidence limits of the expert (e.g., hematology 
supervisor or pathologist) results.17 No single method evaluates all 
elements of competency nor is it appropriate for all test procedures. 
Additionally, educational materials (e.g., textbooks, selected journal 
articles, slide study sets, videotapes, computer-based instruction) 
should be available to assist laboratory professionals to improve their 
competency.

To help the laboratory meet this CLIA ’88 requirement, CAP has 
developed its Competency Assessment Program.18 This online pro-
gram allows laboratory directors and supervisors to use established 
assessment tools and to develop laboratory-specific assessment tools 
for a given laboratory procedure. The program documents continu-
ing education credits for each laboratory professional and maintains 
competency assessment records for the laboratory.

What is an appropriate method to assess a laboratory 
professional’s competency in performing prothrom-
bin time (PT) and activated partial thromboplastin time 
(APTT) using an automated coagulation instrument?

checkpoint 43-3

Method Evaluation/Instrument Comparison
Selection, evaluation, and implementation of a new methodology or 
instrument in the hematology/hemostasis laboratory should follow an 
established protocol. This section discusses several important compo-
nents to be included.

selection
Selecting a new methodology or instrument is a daunting task. In 
the ideal setting, a committee should be formed to do this. For a new 
instrument selection, committee membership can include the hema-
tology/hemostasis supervisor, several laboratory professionals, LIS 
personnel, the quality assessment supervisor, a biomedical engineer, 
and the laboratory director.

This committee’s first task is to determine the desirable charac-
teristics of the new instrument.19,20 A needs assessment survey could 
be used for this purpose; it should be completed by those individuals 
who will use the instrument and by those who might be affected by 
its use (Web Table 43-2). Desirable characteristics (Web Table 43-3) 
identified by this survey can then be used to solicit proposals from 
vendors (e.g., sales personnel for Beckman-Coulter, Siemens Medical, 
or Abbott Laboratories).

The selection committee’s careful evaluation of the vendor’s pro-
posal packet narrows the selection process to several possible instru-
ments. Committee members should also seek input from colleagues 
and the literature with regard to new instrumentation available and 
other laboratories’ experiences with specific instrumentation. The 
in-house evaluation of each instrument is a crucial step in the selec-
tion process. At this time, all interested parties would have a hands-
on opportunity to assess the actual performance of the instrument 
in a real-time laboratory. Thus, a more meaningful evaluation can be 
obtained with regard to whether the instrument meets the laboratory’s 
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calculated t-value is less than the critical t-value, no significant differ-
ence exists between the two methods.

Linear regression analysis is also used to detect systematic (con-
stant or proportional) and random errors. Constant systematic errors 
are identified by a change in the y-intercept. A y-intercept with a value 
other than 0 (y 7 0 or y 6 0) indicates that a constant difference 
exists between the new method and the current method regardless of 
the analyte’s concentration. The observation of a constant systematic 
error usually indicates a calibration problem. Proportional systematic 
errors are identified by changes in the slope. A change in the slope 
represents a difference between the new method and the current 
method that is proportional to the analyte’s concentration. That is, the 
higher the concentration, the greater the difference is between the two 
methods. If there is no difference between the current method and 
the new method, the slope is 1.00 { 5%. A proportional systematic 
error is most frequently associated with erroneous calibration. Ran-
dom error can be detected by an increasing standard error of the esti-
mate. Increased dispersion of results about the regression line causes 
an increased standard error of the estimate. No standard criteria exist 
for the interpretation of an acceptable standard error of the estimate. 
Thus, the result should be evaluated in conjunction with the results of 
the precision studies.

samples. Ideally, they should represent different pathologic conditions 
as well (i.e., results outside the reference interval). With the samples 
identified, each is split for analysis by each method. The samples are 
tested in duplicate for each method, and replicate testing should be 
done during the same test run. Analysis of a given sample should be 
completed within 2 hours on both methods and the results docu-
mented. Before statistical analysis can be performed, the results should 
be examined to determine whether any outliers exist, the results are 
linear, and range of results is adequate. Detection of outliers and 
determination of linearity can be made by plotting the new method 
results (Y) versus the current method (X). The coefficient of determi-
nation (r2) is used to determine whether adequate range exists. If the 
results are linear and r2 is greater than or equal to 0.95, simple linear 
regression analysis can be used. Linear regression analysis allows for 
the determination of the y-intercept (a), slope (b), standard error 
of the estimate (sy/x), correlation coefficient (r), and coefficient of 
determination (r2) (Figure 43-1 ■). The general formula for the linear 
regression line is y = a + bx, where y is the predicted mean value of 
y for a given x value. The coefficient of determination evaluates the 
strength of the relationship between the two methods. For example, 
an r2 value of 0.90 for a comparison between current and new meth-
ods means that 90% of the variability in the new method is directly 
predictable from the variability in the current method. Therefore, a 
strong relationship exists between the two methods.

The paired t test can be included as a statistical tool; it compares 
the mean of the differences of test results for the two methods and 
determines whether a statistically significant difference exists between 
the current method and the new method (see Web Table 43-4 for an 
example of a paired t test). The calculated t-value for the two sets of 
results is compared to the critical t-value from a statistical table. If the 

sample 1 sample 2 sample 3

1 7.9 12.0 19.2

2 8.1 12.3 19.4

3 8.0 12.2 19.4

4 8.1 12.2 19.4

5 8.1 12.2 19.3

6 8.0 12.3 19.4

7 8.0 12.3 19.4

8 8.1 12.4 19.5

9 8.1 12.4 19.3

10 8.1 12.3 19.6

Mean 8.1 12.3 19.4

SD 0.07 0.11 0.11

CV 0.86% 0.89% 0.57%

Manufacturer’s CV 61.0% 61.0% 61.0%

Three patient samples were chosen, and 10 aliquots of each sample were 
tested. The mean, standard deviation (SD), and coefficient of variation (CV) 
were determined for each patient sample. Comparison of each calculated 
CV to that of the manufacturer reveals acceptable precision for the hemo-
globin procedure because the calculated CV is less than the manufacturer’s 
CV. This procedure demonstrates the reproducibility of this hemoglobin 
determination. Results are reported in g/dL.

★ TABle 43-4 Within Run Precision Study for  
Hemoglobin Determination by Daman EXCELL-16

■  Figure 43-1 Linear regression analysis for compari-
son of hemoglobin by automated cell-counting instru-
ment (x-axis) and point-of-care instrument (y-axis). Data 
sets are given in Web Table 43-4. Interpretation of the 
linear regression analysis reveals a strong relationship, 
r2 = 0.998, in the hemoglobin method between the 
automated cell-counting instrument and the point-of-
care instrument. No proportional systematic error exists 
because the slope (1.012) is between 0.95 and 1.05. The 
y-intercept (-0.291) is slightly less than 0, which indicates 
a small degree of negative bias or constant systematic 
error. Most laboratories will consider this negligible. Ran-
dom error also is not indicated because the standard error 
of the estimate (0.007) is nearly 0. Overall, this analysis 
demonstrates excellent comparison of methods.
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laboratory’s linearity study. The laboratory follows the instructions 
supplied by the manufacturer to perform the linearity study and 
submits a spreadsheet with the data. The manufacturer then evalu-
ates the data and returns a printed document that details the linearity 
study results. If they fall within the laboratory’s acceptable range for 
nonlinear error, the reportable range is verified. If the results do not 
fall within the acceptable range, the process should be repeated using 
more linearity check samples in the affected part of the range. If the 
results do not verify the instrument’s reportable range, the laboratory 
should modify the reportable range to reflect the instrument’s perfor-
mance characteristics in its current setting.

In addition, The Joint Commission requires that calibration veri-
fication be performed on hematology and coagulation instruments 
every six months if the instrument has a calibration process. The 
calibration verification essentially determines the linear range as just 
described and requires a minimum of three levels of linearity check 
samples that span the analytical measurement range or reportable 
range for each parameter.

With the verification of the reportable range, each laboratory 
should establish its protocol for handling results that exceed the 
reportable range, either above or below. For example, samples with 
results that are above the reportable range are diluted and retested, 
and the subsequent result is multiplied by the dilution factor to obtain 
the accurate result. Hematology results below the reportable range 
require retesting and review of the peripheral blood smear before the 
result is reported as being less than the lower limit of the reportable 
range.

Reference Interval Determination
Hematology and coagulation reference intervals (RIs) are avail-
able in various recognized hematology textbooks and the manufac-
turer’s hematology/coagulation instrument and reagent manuals. 
To use these RIs, a laboratory must verify that the RIs are appropri-
ate for its patient population as required by CLIA ’88.24 Diversity of 
instrumentation, choice of reagents, and patient population served by 
the laboratory influence RIs. The laboratory can choose to validate 
a manufacturer’s RIs or establish an RI. Validating an RI is less time 
consuming and more cost effective. The recommended procedure 
for validating an RI is described in Web Table 43-5.26 Once validated, 

linearity and reportable range determinations
The manufacturer determines an instrument’s linearity or analytical 
measurement range (AMR). For hematology instruments, linearity 
is determined for each directly measured parameter (Table 43-5 ★). 
Verification of the instrument’s reportable range (i.e., analytical 
measurement range) must be included in the method evaluation 
procedure for a new hematology or coagulation instrument or as one 
of the installation procedures for that new instrument.24 To verify 
the reportable range, the laboratory professional should select linear-
ity check samples (i.e., linearity check materials and/or fresh human 
whole blood samples) that span the instrument’s established linear 
range for each directly measured parameter. These linearity check 
samples are then analyzed multiple times to minimize the effect of 
imprecision on the linearity study’s results.

After the data are examined for possible imprecision, they are 
plotted (known result versus measured result) to allow visual assess-
ment of the linearity of these results. The degree of nonlinearity at 
each level is also determined. This degree of nonlinearity or nonlin-
ear error is compared to the predetermined goal for nonlinear error 
established by each laboratory following the guidelines outlined in 
the CLSI Evaluation of the Linearity of Quantitative Measurement 
Procedures: A Statistical Approach.25 Alternatively, the manufac-
turer of the linearity check materials can provide data analysis for a 

Linear regression analysis was performed on results from 
a method comparison of the prothrombin time between 
automated coagulation instrument A and automated 
coagulation instrument B (Web Figure 43-1). The follow-
ing results were obtained:

g@intercept = 0.8157

Slope = 0.9982

Standard error of the estimate = 0.0807

What conclusions can be drawn from these results?

checkpoint 43-4

Parameter unitsa display range AMr

WBC K/mcL (mL) 0–100 0.4–96.1

RBC M/mcL (mL) 0–8 0.22–7.61

Hb g/dL 0–25 3.3–24.6

Hct % 0–80 5.3–75.6

MCV fL 0–150 48.8–115

Platelets K/mcL (mL) 0–1500 9–1375

WBC = white blood cell; RBC = red blood cell; Hb = hemoglobin; Hct = hematocrit; MCV = mean corpus-
cular volume; K = 103; M = 106

aresults are expressed in Standard (uS) units.

Courtesy of Abbott Laboratories, Abbott Park, IL.

★ TABle 43-5 Display Range and Analytical Measurement Range (AMR) 
for Abbott Cell-Dyn Emerald Instrument
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universal Precautions
The Centers for Disease Control and Prevention (CDC) introduced 
universal precautions in 1982.28 With the discovery of the human 
immunodeficiency virus (HIV) and its potential transmission through 
exposure to infected blood or other body fluids, the CDC recognized 
the need for preventative guidelines to minimize potential exposure 
of health care workers to this virus. Universal precautions state that 
health care workers should consider all body fluids as potentially 
infectious. Therefore, health care workers must use the appropriate 
personal protective equipment (PPE) when handling body fluids to 
minimize the risk of exposure to biohazardous agents such as HIV, 
hepatitis B, and other blood-borne pathogens (Chapter 37).

The CDC has updated the original guidelines and continues to 
do so. Current guidelines recommend that all health care workers 
receive the hepatitis B vaccine. See Web Table 43-7 for selected recom-
mendations from the CDC and the Occupational Health and Safety 
Administration (OSHA) designed to minimize the potential exposure 
to and transmission of blood-borne pathogens to laboratory profes-
sionals.29,30 Within a health care facility such as a hospital or medical 
center, the term standard precautions is used to define the facility’s 
policies regarding universal precautions and infection control.

occupational health and safety Administration 
(oshA) standards
OSHA regulates many aspects of the clinical laboratory to ensure 
a safe work environment. Each clinical laboratory must meet 
OSHA’s standards for chemical, physical, and fire safety. For bio-
logic safety, OSHA implemented the Blood-borne Pathogen Stan-
dards in 1992. All OSHA standards require educating and training 
laboratory employees, implementing an exposure control plan, and 
using a record-keeping mechanism. OSHA’s website (www.osha 
.gov) is a source of additional information and details regarding these 
standards.

Material safety data sheets
The material safety data sheet (MSDS) provides safety informa-
tion for laboratory professionals who use hazardous materials. Web 
Figure 43-2 is an example of one. It includes pertinent safety informa-
tion regarding the following for a chemical: proper storage and dis-
posal, precautions that should be taken in handling it, potential health 
hazards associated with exposure to it, and whether the chemical is a 
fire or explosive hazard. Under the Hazard Communication Standard, 
or “Right to Know Law,” laboratory professionals must receive training 
regarding the hazardous chemicals they work with.31 This training 
should include the potential health risks associated with the chemicals, 
interpretation of MSDS and chemical labels, and review of the labora-
tory’s hazard communication program. MSDSs must be available at all 
times to the laboratory professionals.

the RIs can be used as representative for the laboratory and its patient 
population. If the RIs are not validated, the laboratory can choose to 
establish their own RIs, as described below.

Establishing an RI is an arduous task. It involves careful planning 
to define the criteria for subject selection, the data acquisition process, 
and the data analysis. In the ideal situation, RIs should be established 
based on the patient population’s age and sex stratification. For reli-
able estimates of an RI, a minimum of 120 individuals in each age 
and sex category should be tested.26 One method of categorizing age 
groups is by decade of life. However, simple mathematical calculation 
would show an overwhelming number of individuals needed for such 
a process. Winsten suggests a mechanism to decrease the number of 
individuals needed by dividing the patient population into four age 
categories27 (Table 43-6 ★). All subjects should provide brief histories 
to determine their acceptability for the study and be given the appro-
priate instructions to prepare for the blood draw. In addition, each 
subject must sign an institutional review board (IRB) approved con-
sent form. Ideally, 5–10 subjects should be tested per day to minimize 
possible random introduction of a shift in the RI due to instrument 
or reagent differences.

When all data have been acquired, they must be analyzed. 
Computer-based spreadsheets facilitate data analysis. CLSI recom-
mends the use of percentile analysis, a nonparametric method,26 
which is appropriate because the analysis does not make any specific 
assumptions regarding the distribution of data points (e.g., Gauss-
ian or non-Gaussian distribution). Using percentile analysis, the 
upper and lower limits of the RI depend on the ranks of reference 
data arranged in order of increasing values. The lower limit iden-
tifies the estimated 2.5th percentile, and the upper limit identifies 
the estimated 97.5th percentile, thus defining the 95% RI (see Web 
Table 43-6 for an example of percentile analysis to determine an RI).

Define the term reference interval.

checkpoint 43-5

Safety
The laboratory environment includes biohazards, chemical haz-
ards, and physical hazards. All laboratory employees must know the 
requirements for performing their jobs in a manner that protects them 
and their coworkers from these hazards. Several governmental agen-
cies have established guidelines and standards for ensuring the safety 
of the laboratory professional.

If a spill occurred when handling the CEll-DyN CN-free 
Sapphire hemoglobin reagent, what is the appropriate 
procedure to clean it up? Refer to Web Figure 43-2.

checkpoint 43-6 1. Newborns
 2. Prepubertal individuals
 3. Adult (includes postpubertal and premenopausal)
 4. Older adults (includes males 760 years and postmenopausal 

females)

★ TABle 43-6 Winsten’s Recommended Age 
 Categories for Reference Interval Determination
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Interpreting Quality Control Charts
Statistically, 95% of the control results should fall within {2 SD, and 
99% should fall within {3 SD. Careful and continual evaluation of 
the QC charts alerts the laboratory professional to potential problems 
in the testing process before a serious breakdown in the test’s integrity 
occurs. By using the Westgard multirule approach, the problem can be 
identified and corrected.

westgard rules
James O. Westgard, Ph.D., and colleagues developed the Westgard rules 
to evaluate control results when two or more levels of control material 
are used.33 See Table 43-7 ★ for lists and definitions of the most com-
monly used Westgard rules.

evaluation of Quality Control Charts using 
the westgard Multirule Approach
Each laboratory creates its multirule protocol for a given instrument 
by selecting a combination of Westgard rules. The selection depends 
on the acceptable level of false rejection (rejection of a control run that 
is not truly out of control) and error detection (rejection of a control 
run when a true error is detected) and the number of control levels run 
on that instrument.34 The goal of the multirule protocol is to mini-
mize the chance of false rejection of a control run and maximize the 
ability to detect true error. For example, the multirule protocol for an 
instrument using two control levels might be 12s/13s/22s/R4s/41s/10x. 
Westgard uses S as an alternate abbreviation for SD. The 12s rule is used 
as a warning to indicate the possibility that a rule has been violated. If a 
12s warning is observed for one of the control results from the current 
test run, the laboratory professional should evaluate the QC charts and 
consider previous control results to determine whether a violation has 
occurred (Figure 43-3 ■).

Depending on the violation, an identified problem can be classi-
fied as a random or systematic error. A random error occurs by chance 
and can result from missampling or misidentifying the control. This 
type of error can be identified and corrected by carefully repeating 
the control. Systematic errors indicate a problem within the testing 

QuAliTy ConTrol
The clinical laboratory’s quality control program is a critical com-
ponent of the quality assessment program and monitors the test-
ing process to ensure that reliable test results are obtained for the 
patient samples, to detect potential problems within the testing sys-
tem, and to allow correction of the problem before patient results 
are affected.

Control Materials
Control materials are assayed samples with predetermined test results. 
The manufacturer assigns a lot number to each batch of control mate-
rial. Within a given lot number, the assayed characteristics of the con-
trol are the same. Most hematology procedures use stabilized cell 
suspensions that closely match the characteristics of human whole 
blood. The stability of cell suspensions is limited. For most commer-
cially available cell suspensions, the time from a given lot number’s 
start date to its expiration date is 4 months. For coagulation proce-
dures (e.g., PT and APTT), lyophilized control materials are used. 
When reconstituted, the lyophilized control has behavioral charac-
teristics similar to platelet-poor citrated plasma. A given lot number 
for these lyophilized controls is ordered in sufficient quantities to meet 
the laboratory’s testing needs for 1 year. Because a new control limit 
must be determined for each new lot number of control, this is advan-
tageous decreasing the laboratory’s time spent on determining control 
limits and providing a continuous monitor of the testing process over 
reagents and laboratory personnel changes.

Establishing Quality Control (QC) Limits
Quality control (QC) limits must be established for each control 
material before its use within the quality control program. Standard 
protocol for determining quality control limits calls for testing a new 
control material to collect a minimum of 20 data points (control mea-
surements) over 10 working days while monitoring the integrity of 
the testing process with the current control material.32 Initial control 
limits are determined using this data. As more data points are col-
lected, however, the limits should be recalculated using all data points 
to establish truly reliable control limits. The statistics used to establish 
the QC limits are the mean (x) and SD. Using the mean and SD, the 
control limits {1s, {2s, and {3s, are calculated.

The mean and control limits are then used to establish the QC 
chart (also known as a Levey-Jennings chart) (Figure 43-2 ■). The 
QC chart is used to plot the control material results over time to pro-
vide a graphical display of the distribution of control results over a 
given period, usually 1 month.

■  Figure 43-2 Quality control chart for level 1 hemoglo-
bin control depicting control results for days 1-12. The {2 
SD limits are 6.10–6.70 g/dL, with a mean of 6.40 g/dL. 
The quality control results would be interpreted as being 
in control.
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To establish the control limits for a new lot number of 
level 1 PT coagulation control, the following data points 
were collected (results are in seconds): 11.8, 11.6, 12.1, 
12.0, 12.3, 12.6, 11.9, 12.2, 12.0, 11.5, 12.7, 12.1, 11.2, 
12.3, 12.9, 13.0, 12.3, 11.9, 12.4, and 12.5. What are the 
{2s control limits?

checkpoint 43-7
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each laboratory should determine its acceptable range.36 These ranges 
are entered into the instrument’s computer. The majority of hematol-
ogy instruments calculate the moving average from each group of 
20 patient samples and determine whether those moving averages fall 
within the acceptable range (Web Figure 43-3). The instrument alerts 
the laboratory professional if the moving average exceeds the accept-
able range. If a moving average is unacceptable, the laboratory profes-
sional should identify the previous 20 samples because this method of 
monitoring moving averages of an erythrocyte index is sensitive to the 
patient population. If the previous 20 samples were patients from the 
renal dialysis clinic or oncology clinic, the change in moving averages 
could result from the patient population, not an instrument problem. 
A true alert would indicate an instrumentation problem affecting one 
or more of the erythrocyte parameters: erythrocyte count, hemoglo-
bin, or hematocrit (Chapters 37, 39).

Monitoring Quality Control 
with Patient Samples
Patient samples can be retained and used in conjunction with pur-
chased control materials to monitor a hematology instrument’s 
reproducibility over a 24-hour period as a result of the stability of cell 
counts in an ethylenediaminetetracetic acid (EDTA)–anticoagulated 
sample. For example, four or five patient samples are selected from 
the morning test run, each sample is analyzed to determine its mean, 
and the samples are separated into two sets. The first set of separated 
samples that is tested every 4 hours is used to monitor the precision 
of the instrument during a 24-hour period. Using the SD and CV for 
these data, the instrument’s precision is evaluated to determine its 
acceptability. The second set of separated samples that is refrigerated 
for 24 hours monitors precision from day to day. After 24 hours, the 
second set is analyzed to determine each sample’s 24-hour mean. The 
original mean is compared to the 24-hour mean to determine accept-
ability. Each laboratory should establish its own limits for acceptability.

system, which can result from poor calibration, a change in reagent or 
an expired reagent, expired or improperly stored control, or deterio-
rating light source. Review of the daily and periodic maintenance logs 
for the instrument can help identify the problem. Once the problem 
has been identified, the correct solution can be implemented.

westgard rule definition Type of error

12s One control result exceeds a 2s limit. This is considered a warning of a potential out-of-control 
problem.

22s for across runs Two consecutive control results exceed the same 2s limit. Run should be rejected and out-of-control 
problem investigated.

Systematic

41s for across runs Four consecutive control results exceed the same 1s limit. Run should be rejected and out-of-control 
problem investigated.

Systematic

10x for across runs Ten consecutive control results exceed the mean in the same direction (e.g., results are above the 
mean). Run should be rejected and out-of-control problem investigated.

Systematic

41s for across runs and 
between control levels

Two consecutive control results for two control levels exceed the 1s limit in the same direction across 
the last two control runs. Run should be rejected and out-of-control problem investigated.

Systematic

10x for across runs and 
between control levels

Five consecutive control results for two control levels exceed the mean in the same direction across 
the last five control runs. Run should be rejected and out-of-control problem investigated.

Systematic

22s for within run Two consecutive control results for two control levels exceed the 2s limit in the same direction for 
the current control run. Run should be rejected and out-of-control problem investigated.

Systematic

13s for within run One control result exceeds a 3s limit. Run should be rejected and out-of-control problem 
investigated.

Random

R4s for within run One control result exceeds +2s limit, and the other control result exceeds -2s limit when using two 
control levels. Run should be rejected and out-of-control problem investigated.

Random

These rules can be applied “across runs” for two or more runs of a single control or both controls or “within run” for a single control or both controls.

★ TABle 43-7 Westgard Rules

After performing daily quality control on the automated 
hematology instrument, the laboratory professional 
observes a 41s violation for the hemoglobin parameter. 
What type of error is indicated?

checkpoint 43-8

Bull’s Testing Algorithm (Moving Averages)
Moving averages (continuous statistical analysis on consecutive 
patient erythrocyte indices by an automated cell-counting instru-
ment) is a method of using the erythrocyte indices, mean corpus-
cular volume (MCV), mean corpuscular hemoglobin (MCH), and 
mean corpuscular hemoglobin concentration (MCHC) to monitor 
the instrument’s performance in determining the erythrocyte param-
eters (e.g., erythrocyte count or hemoglobin).35 Bull’s testing algorithm 
(X-B analysis) represents a calculation of the moving averages for 
erythrocyte indices of the patient population. It is based on the prem-
ise that the erythrocyte indices within a patient population are stable. 
Therefore, moving averages can be used to monitor the precision and 
accuracy of the instrument’s performance.

To establish the acceptable ranges for the moving averages, MCV, 
MCH, and MCHC, the erythrocyte indices on 500 consecutive patient 
samples are determined and the mean for each index is calculated. 
The acceptable range for each index is {3% of the mean; however, 
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attention. This section describes review protocols and certain correc-
tive actions for abnormal results in hematology and hemostasis.

Hematology
Laboratory professionals use the review protocol to examine patient 
data obtained from an automated cell-counting instrument and deter-
mine whether the CBC results can be reported or further action is 
required.

detection of Abnormal Test results
The initial identification of potential abnormalities in the CBC results 
is accomplished by the instrument’s computer system, which is pro-
grammed to evaluate the numerical data, histograms, and scattergrams 
and to generate suspect flags and user-defined flags (e.g., definitive 
flags) (Chapter 39). The numerical data, histograms, scattergrams, and 
alert flags provide the laboratory professional information that can 
indicate the presence of interfering substances, abnormal cell mor-
phology, or abnormal cells. See Table 43-8 ★ for common abnormal 
results or alert flags and corrective actions taken as a result.38

Another potential use of retained patient samples is as quality 
control materials for the laboratory’s secondary hematology instru-
ment. Patient samples analyzed on the primary hematology instru-
ment, which has been determined to be in control by purchased 
control materials are analyzed on the secondary instrument. The 
results are compared to the primary instrument’s results and, if com-
parable, the secondary instrument is considered in control during the 
same time interval.

review oF PATienT resulTs
Although automated verification or autoverification of patient results 
can be used in the hematology/hemostasis laboratory, the underlying 
criteria for the process come from the laboratory’s protocol for review 
patient results37 (Web Table 43-8). Automated verification allows a 
faster turnaround time for patient results. The laboratory professional 
is responsible for addressing those patient results that require special 

In reviewing a patient’s CBC results, the laboratory pro-
fessional notes an MCHC of 37 g/dL. What corrective 
action should be taken?

checkpoint 43-9

■  Figure 43-3 Quality control charts for hemoglobin 
controls depicting violation of 22s rule. Inspection of the 
current run, day 27, reveals that both control materials 
exceed the -2s limit, indicating a violation of the 22s rule 
within a run. This run should be rejected and the problem 
resolved before patient samples can be run. Because 
the 22s violation indicates a systematic error, the labora-
tory professional should investigate the possibility of a 
reagent, control, or instrument problem.

6.70

Low control

Day

H
G

B
 (

g/
dL

)
H

G
B

 (
g/

dL
)

6.40

6.10

0 5 10 15 20 25 30

12.80

Normal control

Day

12.40

12.00

0 5 10 15 20 25 30

On occasion, CBC results that are spurious (e.g., results that first 
seem to be accurate but on review are invalid) are obtained. These 
results might not be grossly abnormal or flagged by the instrument’s 
computer, but the results do fall significantly outside the reference 
interval. The laboratory professional should be alert for this possibil-
ity because spurious results can indicate a problem with the sample 
itself. Before these CBC results can be reported, the sample should 
be examined for potential sources of error (e.g., clots, lipemia, and 
agglutination). Table 43-9 ★ reviews the spurious hematology results 
that can be encountered in the clinical laboratory including the under-
lying problem that led to the erroneous parameter and the possible 
causes.39–44

use of delta Checks
Delta checks rely on consecutive testing of a particular patient. Com-
parison of current hematology results to the most recently reported 
previous result for a given patient allows the detection of certain ran-
dom errors.45 This method of error detection is termed the delta check 
and has been one of the greatest benefits of the LIS (Web Figure 43-4).

Limits can be defined to determine the allowable difference 
among consecutive results of a specific test (e.g., hemoglobin) over 
an established time interval. The limits define when the LIS will flag 
a result. The delta check difference can be calculated either as a dif-
ference in the absolute value or as a percentage of the difference. 
Regardless of the method used, the delta limit should be set so that 
true changes in test results are not flagged as delta check failures. If 
the time limit between comparisons and the maximum allowable 
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Abnormal result/Alert Flag Confirmation/Corrective Action rationale

Hemoglobin 67.0 g/dL Confirm on alternate instrument. A hemoglobin 67.0 g/dL is a critical value and should be 
confirmed before it is reported.

Hemoglobin * 3 does not equal 
hematocrit {3

Confirm on alternate instrument or perform manual 
hematocrit.

This rule applies to normal individuals only and is used 
to identify common interfering substances in hematocrit 
determination (MCV) or hemoglobin determination (see 
MCHC).

MCHC 7 36 g/dL 1. Perform manual hematocrit.
2. Check for presence of cold agglutinins, lipemia, 

or icteria.
3. Incubate blood sample at 37°C for 15 minutes, 

mix and analyze whether cold agglutinins are 
present.

Poor correlation between hemoglobin and hemato-
crit and an MCHC 7 36 g/dL is associated with cold 
agglutinins, lipemia, and icteria. Cold agglutinins cause 
erythrocyte clumping and result in falsely elevated MCV, 
falsely decreased RBCs, falsely decreased hematocrit, and 
MCHC 7 36 g/dL. Lipemia causes a falsely elevated 
hemoglobin because of the increased turbidity of sample 
and MCHC 7 36 g/dL.

MCHC 7 36 g/dL, no correction 
after warming to 37°C

Examine peripheral blood smear for presence of 
spherocytes.

Spherocytes have a decreased surface area-to-volume 
ratio and typically have an MCHC 7 36 g/dL. After rul-
ing out the possibility of cold agglutinins, the presence of 
spherocytes should be suspected.

Platelet count 650 * 103/mcL 1. Perform platelet estimate on peripheral blood 
smear and examine feather edge for platelet 
clumps.

2. Examine for grapelike cluster clumps of platelets 
associated with EDTA-dependent agglutina-
tion. If present, recollect using sodium citrate 
anticoagulant and multiply result by 1.1 (dilution 
factor).

3. Examine for platelet satellitism.

Presence of platelet clumps or platelet satellitism results 
in falsely decreased platelet counts. Platelet satellitism 
and platelet clumps can be EDTA dependent. Therefore, 
use of sodium citrate as the anticoagulant circumvents the 
mechanism of platelet clumping and platelet satellitism 
and allows determination of the platelet count.

Platelet count

7900 * 103/mcL

Perform platelet estimate on peripheral blood smear. 
Platelet estimate should agree within {25% of the 
platelet count. Examine for presence of erythrocyte 
fragments.

Poor correlation between platelet estimate and platelet 
count could be caused by the presence of erythrocyte 
fragments that are similar in size and volume to platelets. 
Erythrocyte fragments can cause a falsely elevated platelet 
count.

WBC 62.0 * 103/mcL or 
730.0 * 103/mcL

Perform leukocyte estimate on peripheral blood 
smear. Leukocyte estimate should agree within 
{25% of the leukocyte count.

Poor correlation between leukocyte estimate and leuko-
cyte count can be caused by instrument errors or sample 
collection error.

MCV 670 fL, 7110 fL (adult), 
7120 fL pediatrics

Review peripheral blood smear for microcytosis or 
macrocytosis.

Clinically significant changes in MCV are associated with 
nutritional deficiencies and thalassemias.

Automated differential flagged Perform manual differential. Confirm presence of abnormal cells or abnormal erythro-
cyte morphology.

Automated differential vote out Perform manual differential. Because of the presence of abnormal cells, the instrument 
is unable to properly classify the cells and determine the 
automated differential.

The leukocyte differential must be obtained by performing 
a manual differential.

Microcytic/fragmented RBC flags 1. Review erythrocyte morphology on peripheral 
blood smear.

2. Perform platelet estimate on peripheral blood 
smear.

Microcytic erythrocytes or erythrocyte fragments are 
similar in size and volume to platelets. Therefore, the pres-
ence of microcytic cells/fragments can result in a falsely 
elevated platelet count. Poor correlation between the 
platelet estimate and platelet count is associated with this 
observation.

WBC, RBC, or platelets 7  upper 
limit of established reportable 
range (or +  +  +  +  + )

Perform a ½ or 1⁄3 dilution of the sample with diluent. 
Run the sample and multiply the result by the dilu-
tion factor. Report the elevated parameter from the 
diluted sample only.

Cell counts that exceed the upper limit of their reportable 
range require a dilution of that sample to lower the num-
ber of cells present and bring the diluted cell count into 
the instrument’s reportable range. The actual cell count 
is then obtained by multiplying the diluted sample’s cell 
count by the dilution factor.

WBC = white blood cell; RBC = red blood cell; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemo-
globin concentration

★ TABle 43-8 Common Abnormal Results or Alert Flags and Their Corrective Actions
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erroneous Parameter underlying Problem Possible Cause

Pseudoleukocytosis Platelet irregularities Platelet clumps, very large platelets, EDTA-induced platelet aggregation

unexpected cell type Nucleated erythrocytes (if not directly enumerated by instrument), 
micromegakaryocytes, megakaryocyte fragments

unlysed erythrocytes Presence of abnormal hemoglobins such as HbC, patients receiving 
chemotherapy, cold agglutinins

Abnormal precipitates Cryoglobulinemia, cryofibrinogenemia, fibrin strands

Intraerythrocytic parasites Malarial parasites

Carryover between samples in leukocyte 
dilution chamber

Extreme leukocytosis in previous sample

Pseudoleukopenia Cell lysis Storage artifact, leukemia (especially CLL), uremia, immunosuppression

Aggregates counted as single cells Presence of segmented neutrophil aggregates induced by certain anti-
coagulants such as EDTA

Sample collection issue Clotted sample

Pseudoincreased hemoglobin Turbidity Elevated leukocyte count, hyperlipemia, paraproteinemia, cryoglobuli-
nemia, cryofibrinogenemia, abnormal hemoglobin (e.g., HbS and HbC)

Interference at 540 nm Carboxyhemoglobinemia

Pseudodecreased hemoglobin Interference at 540 nm Sulfhemoglobinemia

unlysed erythrocytes Presence of abnormal hemoglobins (e.g., HbC), patients receiving 
chemotherapy

Inappropriate dilution Overfilled collection tubes

Pseudoincreased RBC count Other cells counted Elevated leukocyte count, elevated numbers of very large platelets

Abnormal precipitates Cryoglobulinemia, cryofibrinogenemia

Pseudodecreased RBC count Aggregates counted as single cells Cold agglutinins, warm agglutinins

Very small erythrocytes that fall below 
lower threshold for RBC count

Erythrocyte fragments, microcytes (MCV 650 fL)

Sample collection issue In vitro hemolysis, clotted sample

Pseudoincreased MCV Other cells sized as RBCs Elevated leukocyte count

Aggregates sized as single cells Cold agglutinins, warm agglutinins

Osmotic swelling Hyperglycemia, hypernatremia, K2 EDTA in excess, storage at room 
temperature

Pseudodecreased MCV Instrument-related artifact Hypochromic erythrocytes

Other cells/particles sized as RBCs Very large platelets, cryoglobulinemia, cryofibrinogenemia

Osmotic shrinking Hypo-osmolar states such as hyponatremia

Pseudoincreased hematocrit, 
automated

Artificial increase in MCV Elevated leukocyte count (750,000 mcL [mL]), hyperglycemia, 
hypernatremia

Artificial increase in erythrocyte count Cryoglobulinemia, cryofibrinogenemia, elevated numbers of very large 
platelets

Pseudodecreased hematocrit, 
automated

Artificial reduction in MCV Hypo-osmolar states

Artificial reduction in erythrocyte count Cold agglutinins, warm agglutinins, erythrocyte fragments, microcytes, 
in vitro hemolysis, clotted sample

Pseudoincreased hematocrit, 
manual

Increased plasma trapping Polycythemia, microcytosis, presence of sickle cells, spherocytosis

Centrifuge force too low, decreased centrifugation

Burn victim

Decreased erythrocyte flexibility Prolonged storage

Pseudodecreased hematocrit, 
manual

Decreased plasma trapping Prolonged centrifugation, increased centrifugal force

Sample collection issue In vitro hemolysis

Technique-related issue Incomplete sealing of the microhematocrit tube

Increased cell shrinkage Excess EDTA; K3 EDTA rather than K2 EDTA or Na2EDTA

Pseudoincreased MCH Spuriously high hemoglobin (See hemoglobin)

Spuriously low erythrocyte count (See erythrocyte count)

Pseudodecreased MCH Spuriously low hemoglobin (See hemoglobin)

Spuriously high erythrocyte count (See erythrocyte count)

★ TABle 43-9 Spurious Hematology Results, Underlying Problems, and Possible Causes a, b, c
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(supernatant). The corrected hemoglobin is calculated by subtracting 
the plasma hemoglobin result from the whole blood hemoglobin result 
(Hemoglobincorrected = Hemoglobinoriginal - Hemoglobinsupernatant). 
Alternatively, the plasma can be removed from the centrifuged sample 
and replaced with an equal volume of saline. The cells are resuspended 
in the saline, and the corrected hemoglobin is obtained by performing 
a hemoglobin determination on this sample. The MCH and MCHC 
should be recalculated using the corrected hemoglobin result and ini-
tial red blood cell count and hematocrit regardless of the correction 
method used for the hemoglobin.

Certain patients develop IgM antibodies or cold agglutinins 
directed against erythrocyte antigens. As the blood sample cools, 
these antibodies begin to agglutinate erythrocytes. The automated 
cell-counting instrument evaluates the agglutinated erythrocytes as 
one cell, resulting in a decreased erythrocyte count, increased MCV, 
decreased hematocrit, and MCHC 736 g/dL. Incubation of the 
blood sample at 37°C for 15 minutes disrupts the antigen–antibody 
reaction and dissociates the agglutinated erythrocytes. The warmed 
sample should be mixed thoroughly and analyzed immediately; 

differences have been carefully set, correct results will not be flagged. 
Therefore, the most likely causes of a delta check is a sample mislabel-
ing or random testing error.

In the hematology laboratory, certain tests, especially the erythro-
cyte indices, platelet counts, prothrombin time (PT), and other coagu-
lation studies, have very little intraindividual variation. A delta check 
for one of these parameters should result in an investigation before any 
results are reported (see Web Table 43-9 for the investigation process).

Correction for Interfering Substances
The presence of lipemia, icterus, or hemolysis in the plasma of an 
EDTA-anticoagulated blood sample can cause an artificial elevation 
of the hemoglobin because of increased absorbance of light from the 
instrument’s light source by the diluted sample (Chapter 37). The pres-
ence of interfering substances is commonly detected by the application 
of the Rule of 3, or hemoglobin * 3 = hematocrit { 3. To correct 
for the presence of these substances, an aliquot of the well-mixed blood 
sample is placed in another test tube and centrifuged at 1500 rpm for 
5 minutes. A hemoglobin determination is performed on the plasma 

Erroneous Parameter Underlying Problem Possible Cause

pseudoincreased mChC spuriously high hemoglobin (see hemoglobin)

spuriously low hematocrit or product of 
mCV * erythrocyte count

(see hematocrit)

pseudodecreased mChC spuriously low hemoglobin (see hemoglobin)

spuriously high hematocrit or product of 
mCV * erythrocyte count

(see hematocrit)

pseudothrombocytosis, automated Very small erythrocytes or rbC 
fragments

erythrocyte fragments, microcytes (mCV 650 fl), microspherocytes 
in burn victims

Cytoplasmic fragments of nucleated 
cells

Cytoplasmic fragmentation of blasts in acute leukemia or leukemic 
cells in certain lymphomas

microorganisms: bacteria, fungi, or 
parasites

bacterial septicemia, infection with Candida sp. similar in size to plate-
lets, presence of Plasmodium falciparum trophozoites

abnormal precipitates Cryoglobulinemia, cyrofibrinogenemia

pseudothrombocytopenia, 
automated

aggregates counted as single cell or 
aggregates exceed upper threshold and 
are not counted

eDta-induced platelet aggregation

platelet satellitism platelets surround WbCs in eDta-induced process, in particular seg-
mented neutrophils

Very large platelets that exceed upper 
threshold for platelet count

abnormally large platelets seen in myeloproliferative neoplasms or 
myelodysplastic syndromes

sample collection issue Clotted sample

pseudoincreased reticulocyte 
count, automated

inaccurate gating of rbCs platelet clumps, very large platelets, WbC fragments

other rbC inclusions howell-Jolly bodies, pappenheimer bodies, heinz bodies, basophilic 
stippling

intraerythrocytic parasites Plasmodium spp., Babesia
abnormal precipitates Cold agglutinins, paraproteinemia

autofluorescence of rbCs porphyria, certain drugs

EDTA = ethylenediaminetetraacetic acid; HbC = hemoglobin C; Cll = chronic lymphocytic leukemia; Hbs = hemoglobin s ; RbC = red blood cell; mCV = mean 
corpuscular volume; K2 EDTA = dipotassium ethylenediaminetetraacetic acid; K3 EDTA = tripotassium ethylenediaminetetraacetic acid; na2 EDTA = disodium 
ethylenediaminetetraacetic acid; mCH = mean corpuscular hemoglobin; mCHC = mean corpuscular hemoglobin concentration; WbCs = white blood cells
abrigden ml, Dalal bi. spurious and artifactual test results i: Cell counter-related abnormalities. Lab Med. 1999;30(5):325–34.
bZandecki m, genevieve F, gerard J, godon a. spurious counts and spurious results on haematology analysers: a review. part 1: platelets. Int Jnl Lab Hem. 
2007;29:4–20.
cZandecki m, genevieve F, gerard J, godon a. spurious counts and spurious results on haematology analysers: a review. part ii: White blood cells, red blood cells, 
haemoglobin, red cell indices and reticulocytes. Int Jnl Lab Hem. 2007;29:21–41.

★ TablE 43-9 Continued
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The laboratory professional observes that the 3.2% 
sodium citrate tube for a PT and APTT is only two-thirds 
full. Explain the effect this will have on the patient’s coag-
ulation results.

checkpoint 43-10

its results are reportable unless the platelet count decreases by more 
than 50 * 103/mcL. Warming the sample occasionally causes loss of 
platelets. If this occurs, the original platelet count should be reported. 
Some patients exhibit a strong cold agglutinin titer, and the results 
do not correct after extended warming. In this situation, a manual 
hematocrit should be performed, and the following additional results 
should be reported from the original sample: white blood count, 
hemoglobin, and platelet count. The other CBC parameters cannot 
be reported.

Hemostasis
As in hematology, patient results for coagulation tests should be 
reviewed for accuracy. This includes ensuring correct procurement 
of samples, checking for interfering substances, and using delta checks.

overanticoagulation/underanticoagulation
As discussed in Chapter 36, the proper ratio of blood:anticoagulant is 
9:1 for the coagulation sample. All sample tubes should be examined 
visually to ensure that they have been properly filled. Comparison 
tubes can be prepared by adding water to empty collection tubes up to 
the expected fill level. Coagulation sample collection tubes containing 
690% of the expected volume must be rejected because the sample is 
overanticoagulated because of a decrease in the 9:1 ratio.

The ratio of blood:anticoagulant is affected when a patient’s 
hematocrit exceeds 55%. The sample has less plasma to be anticoagu-
lated compared to a sample with a normal hematocrit (e.g., 45%). This 
results in an overanticoagulated sample and falsely prolonged clot-
ting times. The effect on clotting times (i.e., PT and APTT) has been 

observed with the use of 3.2% sodium citrate as an anticoagulant.46,47 
The correct amount of anticoagulant to use is determined by the for-
mula given in Web Figure 43-5 and is based on the patient’s hematocrit.

interfering substances
Hemolyzed samples are unacceptable for coagulation testing because 
thromboplastin-like substances have been released, resulting in 
shortened clotting times. Coagulation instruments based on photo-
optical detection could be unable to test samples that contain inter-
fering substances such as lipemia or icteria because these substances 
affect the endpoint detection (e.g., absorbance). An electromechani-
cal ( Chapter 36) or manual clot detection method should be used to 
obtain accurate results from these samples.

use of delta Checks
Each hemostasis laboratory must determine appropriate limits for 
delta checks. In general, a change in the PT of {5 seconds or in the 
APTT of {15 seconds from a sample tested in the previous 24 hours 
could indicate a mislabeled sample.

Summary
This chapter reviewed the three components of a laboratory’s 
quality assessment program: pre-examination, examination, and 
post-examination. The pre-examination component includes all 
aspects, such as sample collection, handling, and test requisi-
tion that could occur before testing and affect the results. The 
examination component includes all testing aspects including 
proficiency testing and personnel competency. Proficiency test-
ing monitors the reliability of a laboratory’s test results by com-
parison to those of its peers and provides a good indication of a 
test method’s long-term accuracy. Competency testing ensures 
that laboratory professionals are proficient in performing, 
interpreting, and troubleshooting test procedures within their 
assigned area. The post-examination includes aspects, such as 
review of patient results and turnaround time, that occur after 
the testing is performed and could affect the results.

When a new instrument or method is introduced to the 
laboratory, method evaluation studies must be performed to 
compare the new method to the current method, assess the 
new one for random and systematic variation, and validate the 
reportable range. Precision studies assess random variation, 
and linear regression analysis assesses systematic variation. 
A laboratory that chooses to use the manufacturer’s reference 

intervals must validate them to be able to use them for that 
laboratory and patient population. A laboratory can choose to 
establish its own reference interval. OSHA and other federal 
and state agencies mandate safety procedures to which each 
laboratory must adhere.

The laboratory’s quality control program including the 
use of Westgard rules and moving averages monitors a test 
method’s day-to-day reliability and provides an early indication 
of potential problems with it. Each laboratory creates its mul-
tirule protocol for an instrument by selecting a combination of 
Westgard rules.

Review of patient results is necessary to ensure that results 
reflect the patient’s condition. This review is a critical compo-
nent of the quality assessment program. The laboratory pro-
fessional’s ability to recognize and take corrective action when 
abnormal patient results occur is at the heart of the medical 
laboratory science profession. Review and recognition of abnor-
mal patient results followed by corrective action represent the 
final steps before a test result is reported. The physician uses 
the reported test results to make critical decisions in a patient’s 
diagnosis and treatment or management of disease. Therefore, 
a good quality assessment program directly affects patient care.
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Review Questions
Level i

 1. Which source of error represents a pre-examination factor? 
(Objective 1)

 A. Failure to refrigerate the thromboplastin reagent

 B. Failure to correct the platelet count when using 
sodium citrate

 C. Failure to invert collection tubes properly

 D. Failure to perform daily maintenance on cell-counting 
instrument

 2. Under CLIA ’88, how frequently should proficiency testing 
be performed? (Objective 4)

 A. once a year

 B. twice a year

 C. three times a year

 D. four times a year

 3. When validating a manufacturer’s reference interval, what 
is the minimum number of subject samples that should be 
used? (Objective 5)

 A. 10

 B. 20

 C. 60

 D. 120

 4. Which governmental organization implemented universal 
precautions? (Objective 6)

 A. OSHA

 B. CDC

 C. FDA

 D. CMS

 5. Which of the following is an OSHA recommendation to be 
followed in the clinical laboratory? (Objective 7) (Refer to 
Web Table 43-7)

 A. Gloves should be worn when working with blood but 
are not required when performing a venipuncture.

 B. Safe needle devices should be used when performing 
a venipuncture or capillary puncture.

 C. Mouth pipetting is acceptable for transferring liquid 
reagents (e.g., saline or deionized water).

 D. Hand washing is necessary only if hands become con-
taminated with blood or other body fluids.

 6. Which critical information regarding a chemical is found on 
its MSDS? (Objective 8)

 A. expiration date

 B. lot number

 C. storage requirements

 D. intended use

 7. You are responsible for determining the control limits for 
the low fibrinogen control. The data points were collected, 
and the mean (x = 64 mg/dL) and SD (s = 3.0 mg/dL) 
were determined. What are the 3SD limits? (Objective 10)

 A. 61.0–67.0 mg/dL

 B. 58.0–70.0 mg/dL

 C. 55.0–73.0 mg/dL

 D. 52.0–76.0 mg/dL

 8. How should the laboratory professional interpret the 
PT control results for the current control run if the {2 
SD control limits are 11.80–14.20 seconds for level I and 
25.00–28.00 seconds for level II? (Objective 11)

Level I 11.6 seconds
Level II 24.6 seconds

 A. as acceptable

 B. as unacceptable

 9. Which of the following parameters will the presence of 
lipemia affect? (Objective 13)

 A. RBC, Hb, Hct, MCV, MCH, MCHC

 B. RBC, Hct, MCV, MCHC

 C. Hb, MCH, MCHC

 D. Hct, MCV, MCHC

 10. In interpreting a patient’s CBC results, the laboratory pro-
fessional notes that the platelet count is 25 * 103/mcL. 
Which of the following could be associated with this find-
ing? (Objective 12)

 A. observation of erythrocyte fragments on the blood 
smear

 B. presence of cryoglobulins

 C. observation of platelet clumps at the feather edge of 
the blood smear

 D. presence of intracellular parasites such as malaria
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 6. Regarding question 5, which is the most likely cause of the 
error? (Objective 5)

 A. failure to adequately mix the control materials

 B. improper storage of the control materials

 C. depleted supply of lysing reagent

 D. expired diluting fluid

 7. For the automated hematology instruments, moving aver-
ages of erythrocyte indices can be used to monitor the 
instrument’s performance in determining which parameter: 
(Objective 6)

 A. leukocyte

 B. erythrocyte

 C. platelet

 D. reticulocyte

 8. Initial interpretation of a patient’s CBC results showed an 
MCHC of 38 g/dL. The laboratory professional warmed the 
sample to 37°C and retested it. No change was observed. 
The appropriate course of action is to: (Objective 8)

 A. observe the blood smear for the presence of 
spherocytes

 B. replace the patient’s plasma with an equal volume of 
saline and then reanalyze

 C. recollect patient sample using sodium citrate and 
analyze it

 D. examine the blood smear for the presence of 
nucleated erythrocytes

 9. The following coagulation test results were obtained: 
PT = 7.5 seconds and APTT = 20 seconds. How should 
the laboratory professional approach these findings? 
(Objective 8)

 A. report the results to the patient’s chart

 B. observe the sample for the presence of hemolysis

 C. check the sample for small clots

 D. examine the collection tube to determine whether it 
was underfilled

 10. Which source of error would a delta check detect? (Objec-
tive 10)

 A. depleted reagent supply

 B. improper calibration of the instrument

 C. deteriorating light source

 D. failure to correctly label the patient’s sample

Level ii

 1. Which is the first step in selecting a new instrument? 
(Objective 3)

 A. conducting a needs assessment survey

 B. determining the cost per test

 C. performing an in-house evaluation of the instrument

 D. evaluating the quality control program

 2. Which performance study in the method evaluation pro-
cess assesses random variation? (Objective 3)

 A. precision study

 B. method comparison study

 C. linearity study

 D. calibration study

 3. Given the following linear regression results, which is the 
appropriate interpretation? (Objective 2)

y-Intercept 0.869
Slope 1.027
Standard error of the estimate 0.014

 A. No significant difference exists between the new 
method and current method results.

 B. A proportional systematic error exists between the 
new method and current method results.

 C. A random error exists between the new method and 
current method results.

 D. A constant systematic error exists between the new 
method and current method results.

 4. To verify the hemoglobin reportable range on an auto-
mated hematology instrument, the laboratory’s first step 
is to: (Objective 4)

 A. calibrate the instrument and perform quality control

 B. select the statistical method for data analysis

 C. determine the laboratory’s goal for nonlinear error

 D. choose linearity check materials that span the instru-
ment’s reportable range

 5. After performing daily quality control on the automated 
hematology instrument, the laboratory professional 
observes a 22s violation for the hemoglobin, MCH, and 
MCHC parameters. All other parameters were in control. 
What type of error is indicated? (Objective 5)

 A. random

 B. systematic

Companion Resources
http://www.pearsonhighered.com/healthprofessionsresources/

The reader is encouraged to access and use the companion resources created for this chapter. Find additional information to help 
organize information and figures to help understand concepts.
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Appendix B: Hematopoietic 
and Lymphoid Neoplasms: 

Immunophenotypic and 
Genetic Features

Disease Category Diagnosis Immunophenotype Chromosome Translocation Genotypic Finding

Mature B-cell 
neoplasms

Chronic lymphocytic 
 leukemia/small lymphocytic 
lymphoma

CD19+ , CD20+dim, 
CD5+ , CD10- , CD23+ , 
FMC@7- , sig+dim

No specific abnormality; 
could have del(13q14.2), 
trisomy 12, del(11q21), 
del(17p13.1), del(6q21) 
t(14;19)(q32.3;19q13)

No specific abnormality; 
subtypes with and without 
somatic hypermutation IGHV

B-cell prolymphocytic 
leukemia

CD19+ , CD20+ , CD5+/- , 
CD23+/- , FMC@7+

No specific abnormality; 
complex karyotype and 
del(17p.1) frequent

No specific abnormality; 
TP53 mutations frequent

Hairy cell leukemia CD19+ , CD10- , CD5- , 
CD11c+ , CD25+ , CD103+ , 
annexin@A1+ , sig+

No specific abnormality BRAF mutation in most

Follicular lymphoma CD19+ , CD10+ , CD5- , 
bcl@2+ , sig+

t(14;18)(q32.3;q21.3) IGH@/BCL2 rearrangement

Mantle cell lymphoma CD19+ , CD10- , CD5+ , 
CD23+/- , FMC@7+ , 
cyclin@D1+ , sig+

t(11;14)(q13;q32.3) CCND1/IGH@ 
rearrangement

Extranodal marginal zone 
lymphoma of mucosa 
 associated lymphoid tissue 
type (MALT lymphoma)

No specific phenotype

CD19+ , CD20+ , CD5- , 
CD10- , sig+ ; could have 
plasmacytic differentiation

Variety of associated 
 translocations that vary in 
frequency among sites

t(11;18)(q22;q21), t(1;14)
(p22;q32.3), t(14;18)
(q32.3;q21), t(3;14)
(p14.1;q32.3), +3, +18

No specific abnormality;
BIRC3/MALT1 fusion, or
BCL10, MALT1, FOXP1; tran-
scriptional deregulation

Lymphoplasmacytic 
lymphoma

No specific phenotype 
CD19+ , CD20+ , CD5- , 
CD10- , sig+  lymphoid cells 
and plasmacytic differentiation

No specific abnormality; 
often del(6q)

No specific abnormality; 
MYD88 L265

Diffuse large B-cell 
lymphoma

No specific phenotype 
CD19+ , CD20+ , CD5+/- , 
CD10+/-

No specific abnormality; 
could have abnormalities of 
3q27, t(14;18)(q32.3;q21)

No specific abnormality; 
could have BCL6, BCL2, or 
MYC rearrangement, often 
with IGH.

Burkitt lymphoma CD19+ , CD10+ , CD5- , 
sig+

t(8;14)(q24.1;q32.3) or 
t(8;22)(q24.1;q11.2), t(2;8)
(p11.2;q24.1)

MYC/IGH@, IGK@, or IGL@
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(continued )

Disease Category Diagnosis Immunophenotype Chromosome Translocation Genotypic Finding

plasma cell neoplasms CD138+ , CD38+bright, 
cig+ , often with CD56+ , 
CD19-

No specific abnormality; 
often translocations involv-
ing 14q32.3 and cyclin-D1 
(11q13), MAF (16q22-q23), 
FGFR3/WHSC1 (4p16.3), 
cyclin-D3 (6p21), and MAFB 
(20q11.1-q13.1)

No specific abnormality
IGH@ and CCND1, MAF, 
FGFR3/WHSC1, MAFB often 
rearranged

Mature T-cell neoplasms T-cell prolymphocytic 
leukemia

No specific phenotype.

CD2+ , CD3+ , CD7+ , 
CD4+/- , CD8+/- , TCL1+ .

inv(14)(q11.2q32.3), t(14;14)
(q11.2;q32.3), t(x;14)
(q28;q11.2); also, idic(8p11), 
t(8;8)(p11-12;q12), + (8q), 
and del(12p13)

No specific abnormality;
often TRA@ juxtaposed 
with TCL1A and TCL1B or 
MTCP1; ATM mutation; often 
TP53 mutation

T-cell large granular 
 lymphocytic leukemia

CD3+ , usually CD8+ , often 
with decreased expression of 
CD5 or CD7, CD57+ , CD16+

No specific abnormality No specific abnormality

sézary syndrome CD3+ , CD4+ , CD5+ , CD7- No specific abnormality; 
complex karyotypes common

No specific abnormality; 
often TP53 mutation

Anaplastic large cell 
lymphoma

Could express T-cell antigens 
(e.g., CD2, CD3, CD5, CD7), 
but often “null” phenotype 
lacking antigens

t(2;5)(p23;q35.1), or t(1;2)
(q21.2;p23), or inv(2)
(p23q35), or others

ALK rearranged with NPM1, 
TPM3, ATIC, or others

peripheral T-cell lymphoma, 
Nos

No specific phenotype

CD3+ , CD4+/- , CD8-/+ , 
CD5+/- , CD7+/-

No specific abnormality; 
complex karyotypes common

No specific abnormality

precursor lymphoid 
neoplasms

B lymphoblastic leukemia/
lymphoma (B LL) with t(9;22)
(q34.1;q11.2)

CD19+ , CD10+ , CD34+ , 
TdT+ , often with aberrant 
expression of CD13 and/or 
CD33

t(9;22)(q34.1;q11.2) BCR-ABL1 usually in minor 
breakpoint cluster region 
leading to p190 fusion 
protein

B LL with t(v;11q23) CD19+ , CD10- , CD15+ , 
TdT+

11q23 breakpoint MLL rearranged

B LL with t(12;21)(p13;q22.3) CD19+ , CD10+ , CD34+ , 
TdT+ , often with aberrant 
expression of CD13

t(12;21)(p13;q22.3) ETV6-RUNX1

Hyperdiploid B LL 
(54-65 chr.)

CD19+ , CD10+ , CD34+ , 
CD45-

Gain of chromosomes 4, 10, 
17, 21, and x most common

Genetic gain related to 
 chromosomes involved

Hypodiploid B LL 
(644 chr.)

CD19+ , CD10+ Modal chromosome number 
from 45 to near-haploid

Genetic loss related to 
 chromosomes involved

B LL with t(5;14)(q31;q32.3) CD19+ , CD10+ t(5;14)(q35.1;q32.3) IL3/IGH@
B LL with t(1;19)
(q23.3;p13.3)

CD19+ , CD10+ , Cm+ t(1;19)(q23.3;p13.3) PBX1/TCF3

Acute myeloid 
leukemia (AML)

AML with t(8;21)(q22;q22.3) CD13+ , CD33+/- , Mpo+ , 
CD34+ , HLA@Dr+ , aberrant 
CD19+  blasts in addition to 
maturing granulocytes

t(8;21)(q22;q22.3) RUNX1T1/RUNX1

AML with inv(16)
(p13.11q22.1) or t(16;16)
(p13.11;q22.1)

CD13+ , CD33+ , Mpo+ , 
CD34+ , HLA@Dr+  blasts, 
often in addition to maturing 
granulocytes or monocytes

inv(16)(p13.11;q22.1) or 
t(16;16)(p13.11;q22.1)

CBFB/MYH11

Acute promyelocytic 
leukemia

CD13+ , CD33, 
Mpo+ , CD34- , HLA@Dr-  
immature cells

t(15;17)(q24.1;q21.1);

Also the following variants:

t(11;17)(q23;q21.1)

t(5;17)(q35.1;q21.1)

t(11;17)(q13;q21.1) dup(17q)

PML/RARA;

Also the following variants:

ZBTB16/RARA

NPM1/RARA

NUMA1/RARA

STAT5B/RARA
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Disease Category Diagnosis Immunophenotype Chromosome Translocation Genotypic Finding

AML with t(9;11)(p22;q23) CD13+ , CD33+ , Mpo+ , 
CD34- , HLA@Dr+  blasts, in 
addition to monocytic cells

t(9;11)(p22;q23) MLLT3/MLL

AML with t(6;9)(p23;q34) No specific phenotype t(6;9)(p23;q34) DEK/NUP214
AML with inv(3)(q21q26.2) 
or t(3;3)(q21;q26,2)

No specific phenotype 
Expression of CD41 has been 
reported

inv(3)(q21q26.2)

t(3;3)(q21;q26.2)

Abnormalities EVI

RPN1/EVI1

AML with t(1;22)(p13;q13) CD41 and/or CD61 t(1;22)(p13;q13) RBM15/MKL1
AML with mutated NPM1 usually lack CD34. Frequently 

express monocytic antigens 
CD14 or CD11b

Most have normal karyotype

occasionally +8 and del(9q)

NPM1 mutation

FLT3-iTD ∼40%

AML with mutated CEBPA No specific phenotype Most have normal karyotype CEBPA mutation

FLT3-iTD ∼20930%

AML with myelodysplasia-
related changes

No specific phenotype -5/del(5q), -7/del(7q), 
complex karyotype, and 
others

Multiple genes

Therapy-related AML/MDs No specific phenotype del(5), del(7), complex 
 karyotype, and others

11q23 and 21q22.3 
aberrations

Alkylating agent/radiation 
related

MLL and RUNX1 rearranged 
(topoisomerase-ii inhibitor 
related)

Myelodysplastic 
syndromes

rCuD

rArs

rCMD

rAEBi, rAEBii

MDs, unclassifiable

del(5q)

Heterogeneous: lymphoid anti-
gens on myeloid cells, over- or 
underexpression of antigens, 
immature/mature antigens on 
mature/immature cells

Heterogeneous: 
-5/5q- , -7/7q- , and 
complex karyotype most 
frequent cytogenetic 
aberrations

Normal karyotype seen in 
50% of cases

5q-  only

Heterogeneous:

AXL1, EGR1, EVI1, MDS/
EVI1, FLT3, JAK2, NPM1, 
NRAS/KRAS, RPS14, TP53

Myeloproliferative 
neoplasms

Chronic myelogenous 
 leukemia, BCR-ABL1 
positive

Maturing neutrophilic cells and 
increased basophils

Could see nonspecific aberrant 
antigen expression

t(9;22)(q34.1;q11.2), 
 philadelphia chromosome (ph)

Disease progression asso-
ciated with an extra ph, 
+8, +19, or i(17q)

BCR-ABL1 usually in major 
breakpoint cluster region 
leading to p210 fusion 
protein

polycythemia vera Could see nonspecific aberrant 
antigen expression

No specific cytogenetic 
abnormality; could see 
+8, +9, del(20q), del(13q), 
and del(9p)

JAK2 V617F mutation (also 
seen in other myeloprolifera-
tive neoplasms)

primary myelofibrosis No specific abnormality 
identified

No specific cytogenetic 
abnormality del(13) (q12-22) 
or der(6)t(1;6) (q21-q23;p21.3) 
suggestive of pMF; could see 
del(20q) , partial trisomy 1q, 
+9, +8

JAK2 V617F mutation in 
∼50%; MPL W515K/L 
mutation in ∼5%

Essential thrombocythemia Could see nonspecific aberrant 
antigen expression

Could see del(20q), +8, 
abnormalities of 9q

JAK2 V617F mutation in 
∼40950%; MPL W515K/L 
mutation in ∼1%.

Myeloid and lymphoid 
neoplasms with eosino-
philia and abnormalities 
of PDGFRA, PDGFRB or 
FGFR1

Myeloid or lymphoid 
neoplasms with PDGFRA 
rearrangement; myeloid 
neoplasms with PDGFRB 
rearrangement; myeloid or 
lymphoid neoplasms with 
FGFR1 abnormalities

No specific abnormality identi-
fied. Could see aberrant mast 
cell expression of CD2 and 
CD25

Cryptic del(4)(q11-q12), t(1;4)
(q44;q12), t(4;10(q12;p11); 
t(5;12)(q33.1;p12) transloca-
tions with 8p12

FIP1L1-PDGFRA fusion

PDGFRB rearrangement; 
variety of FGFR1 fusion 
genes
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Appendix C: 2008 WHO 
Classification of Hematologic, 

Lymphopoietic, Histiocytic/
Dendritric Neoplasms

 I. Mature Myeloid Neoplasms

 1. Myeloproliferative Neoplasms (MPN)

Chronic myelogenous leukemia (CML), Philadelphia 
chromosome, (9;22)(q34;q11), BCR/ABL1 positive

Chronic neutrophilic leukemia (CNL)

Essential thrombocythemia (ET)

Polycythemia vera (PV)

Primary myelofibrosis (PMF)

Chronic eosinophilic leukemia, not otherwise 
 specified (CEL, NOS)

Mastocytosis

Cutaneous mastocytosis

Systemic mastocytosis

Mast cell leukemia

Mast cell sarcoma

Extracutaneous mastocytoma

Myeloproliferative neoplasm, unclassifiable (MPN, U)

 2. Myeloid and Lymphoid Neoplasms with Eosinophilia 
and Abnormalities of PDGFRA, PDGFRB, or FGFR1

Myeloid and lymphoid neoplasms with PDGFRA 
rearrangement

Myeloid neoplasms with PDGFRB rearrangement

Myeloid and lymphoid neoplasms with FGFR1 
abnormalities

 3. Myelodysplastic/Myeloproliferative Neoplasms 
(MDS/MPN)

Chronic myelomonocytic leukemia (CMML)

Atypical chronic myeloid leukemia, BCR/ABL1 nega-
tive (aCML)

Juvenile myelomonocytic leukemia (JMML)

Myelodysplasatic/myeloproliferative neoplasm, 
unclassifiable (MDS/MPN,U)

Provisional entity

Refractory anemia with ring sideroblasts and 
marked thrombocytosis

 4. Myelodysplastic Syndromes (MDS)

Refractory cytopenia with unilineage dysplasia

Refractory anemia (RA)

Refractory neutropenia (RN)

Refractory thrombocytopenia (RT)

Refractory anemia with ring sideroblasts (RARS)

Refractory cytopenia with multilineage dysplasia 
(RCMD)

Refractory anemia with excess blasts (RAEB)

MDS associated with isolated del(5q)

MDS, unclassifiable (MDS, U)

Childhood MDS

Provisional

Refractory cytopenia of childhood

 II. Acute Myeloid Leukemia (AML) and Related Precursor 
Neoplasms

 1. AML with Recurrent Genetic Abnormalities

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 
CBFB-MYH11

Acute promyelocytic leukemia (APL) with t(15;17)
(q22;q12); PML-RAR
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AML with t(9;11)(p22;q23); MLLT3-MLL

AML with t(6;9)(p23;q34); DEK-NUP214

AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); 
RPN1-EVI1

AML (megakaryoblastic) with t(1;22)(p13;q13); 
RBM15-MKL1

AML with gene mutations

mutated NPM1

mutated FLT3

mutated CEBPA

mutated KIT

 2. AML with Myelodysplastic-Related Changes

 3. Therapy-Related Myeloid Neoplasms

 4. AML, NOS

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Acute erythroid leukemia (AEL)

Pure erythroid leukemia

Erythroleukemia, erythroid/myeloid

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

 5. Myeloproliferations Related to Down Syndrome

Transient abnormal myelopoiesis (TAM)

Myeloid leukemia associated with Down syndrome

 6. Blastic Plasmacytoid Dendritic Cell Neoplasm

 7. Myeloid Sarcoma

 III. Acute Leukemia of Ambiguous Lineage

Acute undifferentiated leukemia

Mixed phenotype acute leukemia with t(9;22)
(q34;q11.2); BCR/ABL1

Mixed phenotype acute leukemia with t(v;11q23); MLL 
rearranged

Mixed phenotype acute leukemia, B/myeloid, NOS

Mixed phenotype acute leukemia, T/myeloid, NOS

Provisional

Natural killer (NK) cell lymphoblastic leukemia/
lymphoma

 IV. Precursor Lymphoid Neoplasms

 1. B Lymphoblastic Leukemia/Lymphoma

B lymphoblastic leukemia/lymphoma, NOS

B lymphoblastic leukemia/lymphoma with recurrent 
genetic abnormalities

B lymphoblastic leukemia/lymphoma with t(9;22)
(q34;q11.2); BCR-ABL1

B lymphoblastic leukemia/lymphoma with 
t(v;11q23); MLL rearranged

B lymphoblastic leukemia/lymphoma with t(12;21)
(p13;q22); TEL-AML1 (ETV6-RUNX1)

B lymphoblastic leukemia/lymphoma with 
hyperdiploidy

B lymphoblastic leukemia/lymphoma with 
 hypodiploidy (hypodiploid ALL)

B lymphoblastic leukemia/lymphoma with t(5;14)
(q31;q32); IL3-IGH

B lymphoblastic leukemia/lymphoma with t(1;19)
(q23;p13.3); E2A-PBX1 (TCF3-PBX1)

 2. T Lymphoblastic Leukemia/Lymphoma

 V. Mature B-Cell Neoplasms

Chronic lymphocytic leukemia/small lymphocytic lymphoma

B-cell prolymphocytic leukemia

Splenic marginal zone lymphoma

Hairy cell leukemia

Splenic B-cell lymphoma/leukemia, unclassifiable

Lymphoplasmacytic lymphoma

Waldenström macroglobulinemia

Heavy chain diseases

a-heavy chain disease

g-heavy chain disease

m-heavy chain disease

Plasma cell neoplasms

Monoclonal gammopathy of undetermined 
 significance (MgUS)

Plasma cell myeloma

Solitary plasmacytoma of bone

Extraosseous plasmacytoma

Monoclonal immunoglobulin deposition diseases

Osteosclerotic myeloma

Extranodal marginal zone lymphoma of mucosa- 
associate lymphoid tissue (MALT lymphoma)

Nodal marginal zone lymphoma

Pediatric nodal marginal zone lymphoma

Follicular lymphoma

Pediatric follicular lymphoma

Primary cutaneous follicle center lymphoma

Mantle cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) NOS

T-cell/histiocyte rich large B-cell lymphoma

Primary DLBCL of the CNS

Primary cutaneous DLBCL, leg type

EBV positive DLBCL of the elderly

DLBCL associated with chronic inflammation
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lymphomatoid granulomatosis

primary mediastinal (thymic) large B-cell lymphoma

intravascular large B-cell lymphoma

AlK positive large B-cell lymphoma

plasmablastic lymphoma

large B-cell lymphoma arising in HHV8-associated mul-
ticentric Castleman disease

primary effusion lymphoma

Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermedi-
ate between diffuse large B-cell lymphoma and Burkitt 
lymphoma

B-cell lymphoma, unclassifiable, with features intermedi-
ate between diffuse large B-cell lymphoma and classical 
Hodgkin lymphoma

 VI. Mature T-Cell and NK Cell Neoplasms

t-cell prolymphocytic leukemia

t-cell large granular lymphocytic leukemia

Chronic lymphoproliferative disorder of NK cells

Aggressive nK cell leukemia

systemic eBV positive t-cell lymphoproliferative disease 
of childhood

Hydroa vacciniforme-like lymphoma

Adult t-cell leukemia/lymphoma

extranodal nK/t-cell lymphoma, nasal type

enteropathy-associated t-cell lymphoma

Hepatosplenic t-cell lymphoma

subcutaneous panniculitis-like t-cell lymphoma

mycosis fungoides

sézary syndrome

primary cutaneous Cd30+  t-cell lymphoproliferative 
disorders

lymphomatoid papulosis

primary cutaneous anaplastic large cell lymphoma

primary cutaneous g-d-t-cell lymphoma

Primary cutaneous CD8+  aggressive epidermotropic 
cytotoxic T-cell lymphoma

Primary cutaneous CD4+  small/medium T-cell lymphoma

peripheral t-cell lymphoma, nOs

Angioimmunoblastic t-cell lymphoma

Anaplastic large cell lymphoma, ALK positive

Anaplastic large cell lymphoma, ALK negative

 VII. Hodgkin Lymphoma

 1. nodular lymphocyte predominant

 2. Classical

nodular sclerosis

lymphocyte rich

mixed cellularity

lymphocyte depleted

 VIII. Histiocytic and Dendritic Cell Neoplasms

Histiocytic sarcoma

langerhans cell histiocytosis

langerhans cell sarcoma

interdigitating dedritic cell sarcoma

follicular dendritic cell sarcoma

fibroblastic reticular cell tumor

indeterminate dendritic cell tumor

disseminated juvenile xanthogranuloma

 IX. Post-Transplant Lymphoproliferative Disorders (PTLD)

early lesions

plasmacytic hyperplasia

infectious mononucleosis-like ptld

polymorphic ptld

monomorphic ptld (B- and t-/nK cell types)

Classical Hodgkin lymphoma type ptld

those entities in italics are provisional. At the time this classification was made, there was not enough evidence to recognize 
them as distinct entities.

Adapted from: swerdlow sH, Campo e, Harris nl et al. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues. 
lyon, france: iArC; 2008.

Vardiman JW, thiele J, Arber dA et al. the 2008 revision 
of the World Health Organization (WHO) classification of 
myeloid neoplasms and acute leukemia: rationale and impor-
tant changes. Blood. 2009;114:937–51.

Campo e, swerdlow sH, Harris nl et al. the 2008 WHO clas-
sification of lymphoid neoplasms and beyond: evolving con-
cepts and practical applications. Blood. 2011;117:5019–32.
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of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed. 
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Abetalipoproteinemia (hereditary acanthocytosis) rare, 
autosomal recessive disorder characterized by the absence of serum 
b@lipoprotein, low serum cholesterol, low triglyceride, and low phos-
pholipid and an increase in the ratio of cholesterol to phospholipid.
Acanthocyte abnormally shaped erythrocyte with spicules of 
varying length irregularly distributed over the cell membrane’s outer 
surface; has no central area of pallor. Also known as spur cell.
Achlorhydria absence of hydrochloric acid in stomach gastric 
secretions.
Acquired aberration chromosome abnormality (either 
numerical or structural) that occurs at some time after birth and 
involves only one cell line.
Acquired immune deficiency syndrome (AIDS)  disease 
caused by infection with human immunodeficiency virus type I 
(HIV-1) that selectively infects helper T lymphocytes (CD4+ ), caus-
ing rapid depletion of these cells. This causes a deficiency in cell-
mediated immunity. Patients have repeated infections with multiple 
opportunistic organisms and an increase in malignancies.
Acquired inhibitor See Circulating inhibitor (anticoagulant).
Acrocentric having a chromosome that has the centromere close 
to the terminal end so that the short arm is much shorter than the 
long arm. The short arm consists only of a stalk and a small amount 
of DNA called a satellite.
Acrocyanosis See Raynaud’s phenomenon.
Activated partial thromboplastin time (APTT) screening 
test used to detect deficiencies in the intrinsic and common pathway 
of the coagulation cascade.
Activated lymphocyte See Reactive lymphocyte.
Activated protein C resistance (APCR) hemostatic condi-
tion in which activated protein C is not able to inactivate F-V, which 
could cause or contribute to thrombosis. In most cases, it is caused by 
a mutation in F-V in which Arg 506 is replaced with Gln (F-VLeiden).
Acute leukemia malignant hematopoietic stem cell disorder 
characterized by unregulated proliferation and block in maturation 
of a mutated stem cell or progenitor cell resulting in accumulation of 
immature and nonfunctional hematopoietic cells in the bone mar-
row, peripheral blood, and other organs.
Acute lymphocytic leukemia (ALL) malignant disorder 
characterized by unregulated proliferation and block in maturation 
of a mutated lymphoid progenitor cell resulting in accumulation of 

lymphoid cells in the bone marrow. Peripheral blood smear reveals 
the presence of many undifferentiated or minimally differentiated 
cells.
Acute myeloid leukemia (AML) malignant myeloprolifera-
tive disorder characterized by unregulated proliferation and a block 
in maturation of a mutated hematopoietic stem cell or myeloid pro-
genitor cell resulting in accumulation of primarily undifferentiated 
or minimally differentiated myeloid cells in the bone marrow and 
peripheral blood.
Acute phase reactant plasma protein that rises rapidly in 
response to inflammation, infection, or tissue injury.
Acute undifferentiated leukemia (AUL) critical disorder 
in which the morphology, cytochemistry, and immunophenotype of 
the proliferating blasts lack sufficient information to classify them as 
myeloid or lymphoid origin.
ADAMTS-13 See a disintegrin-like and metalloprotease with 
thrombospondin.
Adaptive immune response interaction of the T lymphocyte, 
B lymphocyte, and macrophage in a series of events that allows the 
body to attack and eliminate foreign antigens.
ADCC See Antibody-dependent cell cytotoxicity.
Adipocyte cell whose cytoplasm is largely replaced with a single 
fat vacuole; fat cell.
A disintegrin-like and metalloprotease with thrombos-
pondin type motif (ADAMTS-13) metalloprotease enzyme 
responsible for cleavage of the ultralarge multimers of VWF released 
from endothelial cells into the VWF multimer sizes normally found 
in the circulation. Mutations in or deficiencies of this enzyme is a risk 
for thrombosis.
Adsorbed plasma platelet-poor fluid part of blood that is 
adsorbed with either barium sulfate or aluminum hydroxide to 
remove the coagulation factors II, VII, IX, and X (the prothrombin 
group). Factors V, VIII, XI, XII, and fibrinogen (I) are present in 
adsorbed fluid which is one of the reagents used in the substitution 
studies to determine a specific factor deficiency.
Advanced HIV disease stage of infection with the retrovirus 
HIV in which there are decreased CD4+  T lymphs and the presence 
of conditions that require antiretroviral therapy
Afibrinogenemia condition in which coagulation factor I, also 
called fibrinogen, is absent in the peripheral blood. It can be caused 
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by a mutation in the gene controlling the production of this plasma 
protein or by an acquired condition in which the plasma protein is 
pathologically converted to fibrin.
Aged serum protein-rich liquid portion of blood that lacks coag-
ulation factors fibrinogen (I), prothrombin (II), V, VIII. It is prepared 
by incubating normal serum for 24 hours at 37°C. Factors VII, IX, X, 
XI, and XII are present in aged serum, which is one of the reagents 
used in substitution studies to determine a specific factor deficiency.
Agglutinate clumping of erythrocytes as a result of interactions 
between membrane antigens and specific antibodies.
Agglutination the process of erythrocyte clumping.
Aggregating reagent chemical substance (agonist) that pro-
motes platelet activation and aggregation by attaching to a receptor 
on the platelet’s surface.
Agonist chemical substance that can attach to a platelet mem-
brane receptor and activate platelets, causing them to aggregate (e.g., 
collagen, ADP). It is used in the laboratory to test platelet function 
using a platelet aggregometer or platelet function analyzer.
A@granule (AG) See Alpha (a) granule.
Agranulocytosis absence of white blood cells in the peripheral 
blood.
AIDS-related complex (ARC) second recognized clinical 
stage of a person infected with the HIV virus. This category includes 
immune-compromised patients with mild symptoms of weight 
loss, fever, lymphadenopathy, thrush, chronic rash, or intermittent 
diarrhea.
Alder-Reilly anomaly benign condition characterized by the 
presence of functionally normal leukocytes with large purplish gran-
ules in their cytoplasm when stained with a Romanowsky stain.
Aleukemic leukemia disorder in which the abnormal malig-
nant cells are found only in the bone marrow.
Allele one of two or more genes that correspond to the same trait 
and occupy the same position on paired chromosomes.
Alloantibody blood protein produced in one individual in 
response to the antigens of another individual of the same species.
Allogeneic pertaining to an allograft in which donor and host 
belong to the same species but are not genetically identical.
Allogeneic stem cell transplantation process of moving 
stem cells between genetically dissimilar animals of the same species.
Alloimmune hemolytic anemia hemolytic disorder gener-
ated when blood cells from one person are infused into a genetically 
unrelated person. The recipient’s lymphocytes recognize antigens on 
the infused donor cells as foreign, stimulating the production of anti-
bodies that react with donor cells and cause hemolysis.
Alpha (A) granule small particle of platelet storage contain-
ing a variety of proteins that are released into an area after platelet 
activation.
Analytical measurement range instrument’s linearity field.
Analytical sensitivity ability to detect small amounts of an 
analyte.
Analytical specificity ability to detect only the analyte in 
question.

Analytical time period between entering a specimen into the test 
system and reporting the result by the instrument.
Anaplastic large cell lymphoma subtype of T/NK cell neo-
plasm characterized by large bizarre anaplastic cells that can resemble 
Reed-Sternberg and Hodgkin variant cells; cells are usually positive 
for the CD30 antigen but usually lack CD15 expression and evidence 
of Epstein-Barr virus infection; often positive for leukocyte common 
antigen (LCA) and epithelial membrane antigen (EMA).
Anemia disorder characterized by decrease in the normal concen-
tration of hemoglobin or erythrocytes; can be caused by increased 
erythrocyte loss or decreased erythrocyte production and can result 
in hypoxia.
Anemia of chronic disease abnormal state caused by decrease 
in hemoglobin that accompanies many chronic conditions such as 
rheumatoid arthritis. It is characterized by low serum iron but nor-
mal iron stores. There is a block in iron release from macrophages for 
iron recycling mediated by hepcidin produced in response to IL-6, an 
inflammatory cytokine. Also called anemia of inflammation.
Anemia of inflammation other term for anemia of chronic 
disease.
Aneuploid used to describe a condition in which the number of 
chromosomes per cell does not equal a multiple of the haploid number, 
n; for example, in human cells, a chromosome count of 45, 47, 48, etc.
Anisocytosis general variation in erythrocyte size.
Anisoylated plasminogen streptokinase activator com-
plex (APSAC) conglomerate of the enzyme streptokinase that is a 
chemically altered complex of streptokinase and plasminogen and is 
used as a thrombolytic agent in the treatment of thrombosis.
Annexin II endothelial cell receptor for tPA that functions as a 
coreceptor for both tPA and PLG. Binding and activation of tPA and 
PLG help maintain a fibrinolytic potential on undamaged vascular 
surfaces.
Antibody immunoglobulin produced in response to an antigenic 
substance.
Antibody-dependent cell cytotoxicity (ADCC) mecha-
nism of the recognition and lysis of organisms by NK cells through 
binding IgG to the NK cell CD16 receptor. Any target organism coated 
with IgG can be bound to NK cells and lysed. Monocytes, macrophages, 
and neutrophils also have this receptor and act in a similar manner.
Anticardiolipin antibody (ACA) immunoglobulin pro-
duced by an organism in response to a constituent of its own tissues; 
is directed against negatively charged phospholipids. See Antiphos-
pholipid antibody.
Anticoagulant chemical substance added to whole blood to 
prevent it from clotting. Depending on its type, in vitro clotting is 
prevented by the removal of calcium (EDTA) or the inhibition of the 
serine proteases such as thrombin (heparin).
Antigen any foreign substance that evokes antibody production 
(an immune response) and reacts specifically with that antibody.
Antigen-dependent lymphopoiesis development of immu-
nocompetent lymphocytes into effector T and B lymphocytes that 
mediate the immune response through production of lymphokines 
and antibodies. The process, which occurs in secondary lymphoid 
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tissue, is initiated when mature lymphocytes come into contact with 
an antigen.
Antigen-independent lymphopoiesis development of 
lymphoid stem cells into immunocompetent T and B lymphocytes 
(virgin lymphocytes). This process occurs in the primary lymphoid 
tissue under the regulation of hematopoietic growth factors.
Antigen-presenting cell (APC) macrophage in the immune 
response; the macrophage phagocytizes substances foreign to the 
host and presents the foreign substance’s antigenic determinants on 
its membrane to antigen-dependent T lymphocytes.
Antihuman globulin (AHG) protein used in a laboratory pro-
cedure designed to detect the presence of antibodies directed against 
erythrocyte antigens on the erythrocyte membrane.
Antioncogene unit of heredity that codes for a normal substance 
that suppresses tumor formation. Maturation and/or absence of both 
alleles allows tumor growth. Also called tumor-suppressor gene.
Antiphospholipid antibody immunoglobulin produced in 
response to an antigenic substance and directed against antigens that 
consist of a negatively charged phospholipid. Clinically important 
antiphospholipid immunoglobulins include anticardiolipin anti-
body (ACA) and lupus anticoagulant (LA). In some individuals, 
these immunoglobulins are associated with thrombosis and other 
hemostatic defects.
Antiphospholipid antibody syndrome clinical condi-
tion characterized by the presence of high titers of antiphospholipid 
immunoglobulin, thrombocytopenia, and recurrent arterial and 
venous thromboses, often affecting young males.
Aperture small opening with electrodes located on either size 
through which blood cells are drawn into an electronic cell counter. 
Electrical resistance is detected as the cell passes through the aperture.
Apheresis separation, removal, or withdrawal of whole blood 
from the donor or patient and separated into its components, one 
of which is retained; the remaining constituents are recombined and 
returned to the individual.
Aplasia failure of hematopoietic cells to generate and develop in 
the bone marrow.
Aplastic anemia disorder characterized by peripheral blood 
pancytopenia and hypoplastic marrow. It is considered a pluripoten-
tial stem cell disorder.
Aplastic crisis abrupt, transient cessation of erythropoiesis that 
occurs in some hemolytic anemias and infections.
Apoferritin cellular protein that combines with iron to form fer-
ritin; found attached only to iron, not in the free form.
Apotransferrin iron transport protein without iron attached. 
When the protein has iron attached, it is referred to as transferrin.
Apoptosis programmed cell death resulting from activation of a 
predetermined sequence of intracellular events; “cell suicide.”
APSAC See Anisoylated plasminogenstreptokinase activator 
complex.
APTT See Activated partial thromboplastin time.
Arachidonic acid (AA) unsaturated essential fatty acid, usu-
ally attached to the second carbon of the glycerol backbone of 

phospholipids, released by phospholipase A2; a precursor of prosta-
glandins and thromboxanes.
Arachnoid mater delicate membrane that covers the central 
nervous system; middle layer of the meninges.
Artificial oxygen carrier (AOC) a class of manufactured 
blood that has two groups including hemoglobin-based oxygen carriers 
(HBOCs) in solution and perfluorocarbons (PFCs). The HBOCs con-
sist of purified human or bovine hemoglobin and recombinant hemo-
globin. The oxygen dissociation curve of HBOCs is similar to that of 
native human blood. Hemoglobin tests based on colorimetric analysis 
could give erroneous results. PFCs are fluorinated hydrocarbons with 
high gas-dissolving capacity. They do not mix in aqueous solution and 
must be emulsified. In contrast to HBOCs, a linear relationship exists 
between PO2 and oxygen content in PFCs. Thus, relatively high O2 par-
tial pressure is required to maximize delivery of O2 by PFCs.
Ascite effusion and accumulation of fluid in the peritoneal cavity.
Ascitic fluid liquid substance that abnormally collects in the peri-
toneal cavity of the abdomen.
Atypical chronic myeloid leukemia (aCML, BCR/
ABL1−) variant condition of MDS/MPN characterized by pri-
mary involvement of the neutrophil series with leukocytosis involving 
dysplastic immature and mature neutrophils. Multilineage dysplasia 
is common. Does not have the BCR/ABL1 gene mutation.
Atypical lymphocyte See Reactive lymphocyte.
Auer rod reddish-blue staining needlelike inclusion within the 
cytoplasm of leukemic myeloblasts that occur as a result of abnormal 
cytoplasmic granule formation. Their presence on a Romanowsky-
stained smear is helpful in differentiating acute myeloid leukemia 
from acute lymphoblastic leukemia.
Autoantibody immunoglobulin produced in response to an 
antigenic substance in the blood capable of reacting with the subject’s 
own antigens.
Autocrine See Autocrine signaling.
Autocrine signaling process that produces a signal that acts on 
the same cell that produced it.
Autohemolysis process of destruction of the subject’s own 
erythrocytes by hemolytic agents in the subject’s blood.
Autoimmune hemolytic anemia (AIHA) condition that 
results when individuals produce antibodies against their own eryth-
rocytes. The antibodies are usually against high-incidence antigens.
Autologous derived from self.
Autologous stem cell transplantation infusion of a per-
son’s own stem cells.
Autosome chromosome that does not contain genes for sex dif-
ferentiation; in humans, chromosome pairs 1–22.
Autosplenectomy extensive splenic damage secondary to infarc-
tion; often seen in older children and adults with sickle cell anemia.
Azurophilic granule small particle (primary) within myelo-
cytic leukocytes that has a predilection for the aniline component of a 
Romanowsky-type stain. This particle appears bluish purple or  bluish 
black when observed microscopically on a stained blood smear. It first 
appears in the promyelocyte.
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The defect is a quantitative decrease or abnormal function of the 
GPIb/IX/V complex resulting in the platelets’ inability to adhere to 
collagen.
BFU-E See Burst-forming unit–erythroid.
Bilineage acute leukemia malignant blood cell condition 
that is characterized by the presence of two separate populations of 
malignant cells, one of which phenotypes as lymphoid and the other 
as myeloid.
Bilirubin breakdown product of the heme portion of the hemo-
globin molecule. Initial steps in the degradation of hemoglobin result 
in a lipid-soluble form (unconjugated or indirect bilirubin) that trav-
els in the blood stream to the liver. There it is converted into a water-
soluble form (conjugated or direct bilirubin) that can be excreted into 
the bile.
Bioavailability degree and rate at which a free drug is available 
to produce its effect.
Biphasic antibody immunoglobulin that binds to erythrocytes 
at room temperature or below and causes hemolysis when the blood 
warms to 37°C.
Biphenotypic acute leukemia malignant blood cell disorder 
in which there is an unregulated proliferation and block in matura-
tion of mutated progenitor cells that have myeloid and lymphoid 
markers on the same population of neoplastic cells.
Birefringence quality of a substance that can change the direc-
tion of light rays that are directed at a substance; can be used to iden-
tify crystals.
2,3-bisphosphoglycerate (2,3-BPG) product of the glyco-
lytic pathway that affects the oxygen affinity of hemoglobin. It serves 
in the biochemical feedback system that regulates the amount of oxy-
gen released to the tissues. As the concentration of 2,3-BPG increases, 
hemoglobin’s affinity for oxygen decreases and more oxygen is 
released to the tissue. Also referred to as 2,3- diphosphoglycerate 
(2,3-DPG).
Bite cell erythrocyte with a portion of the cell missing; seen in 
G6PD deficiency and drug-induced oxidant hemolysis.
Blast crisis evolution of a chronic hematopoietic neoplasm to an 
acute leukemia. Various genetic changes in the leukemic stem cells 
accompany this terminal stage of the disease.
Blast transformation complex cell process that occurs after 
contact and binding of an antigen to the antigen receptors of T- and 
B-immunocompetent lymphocytes; result is the clonal amplification 
of cells responsible for the expression of immunity to that specific 
antigen.
Bleeding time and PFA 100 screening test that measures 
platelet function.
Blinded preanalyzed sample previously tested specimen 
that is integrated randomly into a specimen run and possesses no 
identifying feature (e.g., number or designation) to indicate that it dif-
fers from current patient specimens. Only the individual who selected 
and relabeled it as part of a quality control program can identify them.
Blister cell cell with a clear area next to the membrane on one 
side; thought to be formed when the phagocyte removes a Heinz body 
in the cell and is seen in G6PD deficiency.

Backlighting highlighting a parameter that falls outside its refer-
ence interval or a user-defined action limit; alerts the clinical labora-
tory professional to a potential problem or error that requires further 
investigation.
Band neutrophil cell type that is immediate precursor of the 
mature granulocyte. It can be found in either the bone marrow or 
peripheral blood. The nucleus is elongated, and nuclear chromatin 
is condensed. The cytoplasm stains pink, and there are many specific 
granules. The cell is 9915 mcM (mm) in diameter. Also called stab or 
unsegmented neutrophil.
Barr body (drumstick) chromatin body; inactive X chromo-
some that appears as an appendage of the neutrophil nucleus but are 
not visible in every neutrophil.
Basophil mature granulocytic cell characterized by the pres-
ence of large readily stained granules that are purple blue or pur-
ple black with Romanowsky stain. The cell is 10914 mcM (mm) in 
diameter, and the nucleus is segmented. Granules are cytochemi-
cally positive with periodic acid-Schiff (PAS) and peroxidase and 
contain histamine and heparin peroxidase. This granulocytic cell 
constitutes 60.2 * 109/L or 0–1% of peripheral blood leukocytes, 
functions as a mediator of inflammatory responses, and has recep-
tors for IgE.
Basophilia increased concentration of circulating basophils.
Basophilic normoblast nucleated precursor of the erythrocyte 
that is derived from a pronormoblast. The cell is 10916 mcM (mm) in 
diameter. The nuclear chromatin is coarser than the pronormoblast, 
and nucleoli are usually absent. Cytoplasm is more abundant, and it 
stains deeply. The cell matures to a polychromatophilic normoblast. 
Also called prorubricyte.
Basophilic stippling presence of precipitating ribonucleopro-
teins and mitochondrial remnants that compose erythrocyte inclu-
sions. Observed on Romanowsky-stained blood smears as diffuse 
or punctate bluish-black granules in toxic states such as drug (lead) 
exposure. Diffuse, fine basophilic stippling can occur as an artifact.
B-cell acute lymphoblastic leukemia (B-ALL) immuno-
logic type of cancer of the blood and bone marrow in which the neo-
plastic cell is a B lymphoid cell; it has subtypes.
B-cell receptor (BCR) specific entity on the B lymphocyte 
membrane that reacts with antigen.
bcl-2 gene hereditary unit on chromosome 18 producing bcl-2 
protein. The translocation t(14;18) found in follicular lymphoma 
leads to bcl-2 overexpression and inhibition of lymphocyte cell death.
Beer-Lambert’s law formula for the mathematical basis for 
colorimetry. The equation is A = C * L * K. A is absorbance, C 
is the concentration of the colored substance, L is the depth of the 
solution through which the light travels, and K is a constant.
Bence-Jones proteinuria excessive immunoglobulin light 
chain found in the urine from patients with multiple myeloma.
Benign nonmalignant tissue formed from highly organized, dif-
ferentiated cells that do not spread or invade surrounding tissue.
Bernard-Soulier syndrome rare autosomal-recessive heredi-
tary platelet disorder characterized by a moderate to severe thrombo-
cytopenia, giant platelets, and abnormal platelet function.
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Capitated payment reimbursement method for health care by 
third-party payers in which the insurer contracts with certain health 
care providers who agree to provide services for a defined popula-
tion on a per-member fee schedule. The insurer determines who the 
providers will be.
Carboxyhemoglobin compound formed when hemoglobin 
is exposed to carbon monoxide; it is incapable of oxygen transport.
Carboxylation addition of a carboxyl group to coagulation fac-
tors in the prothrombin group (II, VII, IX, X, proteins C, S, Z) in the 
liver; it is necessary for the factor to become functional. Vitamin K is 
required for this reaction.
Cardiac tamponade critical clinical condition in which the 
pericardial sac fills with fluid and restricts the heartbeat and venous 
return to the heart.
Caspase cysteine protease responsible for cell alterations in 
apoptosis.
Catalytic domain area in a protein that is common to all ser-
ine proteases involved in blood clotting. Cleavage of a peptide bond 
occurs here and converts the proenzyme to its active form.
CD designation name of a cluster of differentiation of a group of 
monoclonal antibodies recognizing the same protein marker antigen 
on a cell. The antibodies are used to classify cell types and stages of 
maturation.
Cell cycle biochemical and morphological stages a cell passes 
through leading up to its division; includes G1, S, G2, and M phases.
Cell cycle checkpoint place in the cell cycle at which its prog-
ress can be halted until conditions are suitable for the cell to proceed 
to the next stage.
Cell-mediated immunity resistant response mediated by T 
lymphocytes that requires interaction between histocompatible T 
lymphocytes and macrophages with antigen. At least three important 
T lymphocyte subsets are involved: helper, regulatory and cytotoxic.
Cellular hemoglobin concentration mean (CHCM) eryth-
rocyte index that represents the average hemoglobin concentration 
of individual cells analyzed. It is derived from the hemoglobin his-
togram. Interference with the hemoglobin determination resulting 
from turbidity or lipemia can be identified by comparing it to the 
MCHC.
Central nervous system (CNS) part of the nervous system 
that consists of the brain and spinal cord.
Centriole cytoplasmic organelle that is the point of origin for the 
contractile protein known as spindle fiber.
Centromere primary constriction that attaches sister chromatids 
in a chromosome, dividing them into long and short arms.
Cerebrospinal fluid (CSF) liquid substance normally pro-
duced to protect the brain and spinal cord. Produced by the choroid 
plexus cells and absorbed by the arachnoid pia, it circulates in the 
subarachnoid space.
Ceruloplasmin ferroxidase that converts Fe++ to Fe+++ for bind-
ing to transferrin. Export of iron from nonintestinal cells, including 
macrophages, requires this protein.
CFU-E See Colony-forming unit-erythroid.

Blood coagulation formation of a blood clot, usually consid-
ered a normal process.
Blood island cluster of cells in the yolk sac of the human embryo 
that gives rise to yolk sac erythroblasts.
B lymphoid cell antigen CD marker that when present is 
unique to and useful in differentiating a B-cell ALL from other types 
of acute leukemia.
Bohr effect result of pH on hemoglobin-oxygen affinity; serves 
as one of the most important buffer systems in the body. As the H+ 
concentration in tissues increases and the affinity of hemoglobin for 
oxygen decreases, oxygen unloading is permitted.
Bone marrow aspirate fluid withdrawn from the bone mar-
row by aspiration using a special needle (e.g., Jamshidi needle) and 
syringe. The fluid represents the specialized soft tissue that fills the 
medullary cavities between the bone trabeculae. Its examination is 
useful in evaluating hematopoietic cellular morphology, distribution, 
and development; observing for presence of abnormal cells; and esti-
mating cellularity.
Bone marrow trephine biopsy removal of a small piece of a 
soft highly vascular modified connective tissue within the core of bone 
that contains hematopoietic tissue, fat, and trabcula. Examination of 
the trephine biopsy is useful in observing the tissue’s architecture 
and cellularity and allows interpretation of the spatial relationships 
of bone, fat, and marrow cellularity.
Bordetella pertussis gram-negative aerobic coccobacilli that 
causes whooping cough. The hematologic picture in whooping cough 
is leukocytosis with lymphocytosis. The lymphocytes are small cells 
with folded nuclei.
Bronchoalveolar lavage sample of fluid obtained by a diag-
nostic procedure of infusing and removing a sterile saline solution 
into the alveolar and bronchial airspaces of the lung via a broncho-
scope. It is performed to detect diseases of the lower respiratory tract.
Buffy coat layer of white blood cells and platelets that lies between 
the plasma and erythrocytes in centrifuged blood sample.
Burkitt cell lymphoblast that is found in Burkitt’s lymphoma.
Burst-forming unit erythroid Committed red blood cell 
progenitor that develops into the unipotential CFU-E stem cell. It is 
relatively insensitive to EPO except in high concentrations. GM-CSF 
stimulates it to enter the cell cycle.
Butt cell circulating neoplastic lymphocyte with a deep inden-
tation (cleft) of the nuclear membrane. Butt cells can be seen when 
follicular lymphoma involves the peripheral blood.
Cabot ring reddish-violet erythrocyte inclusion resembling the 
figure 8 on Romanowsky-stained blood smears that can be found in 
some cases of severe anemia.
Cancer-initiating cell cell from which cancer originally 
emerges; sometimes called the cell of origin, it has the capacity for 
unlimited self-renewal.
Cancer stem cell cell within a tumor that is capable of extensive 
proliferation in vitro (in colony-forming assays) and in vivo (in trans-
plantation models). It is believed to be rare within a tumor but has 
infinite proliferative potential that drives the formation and growth 
of tumors.
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Chronic idiopathic thrombocytopenic purpura 
(ITP) immune form of thrombocytopenia that occurs most often 
in young adults and lasts longer than 6 months.
Chronic lymphocytic leukemia (CLL) disorder character-
ized by a neoplastic growth of lymphoid cells in the bone marrow 
and an extreme elevation of these cells in the peripheral blood. It is 
characterized by leukocytosis, 620% blasts, and a predominance of 
mature lymphoid cells; classified by WHO as a mature B-lymphoid 
neoplasm.
Chronic idiopathic myelofibrosis (CIMF) myeloprolifera-
tive neoplasm characterized by excessive proliferation of all cell lines 
as well as progressive bone marrow fibrosis and blood cell production 
at sites other than the bone marrow, such as the liver and spleen. Also 
called agnogenic myeloid metaplasia, myelofibrosis with myeloid 
metaplasia, and primary myelofibrosis.
Chronic myelogenous leukemia (CML) neoplasm charac-
terized by a neoplastic growth of primarily myeloid cells in the bone 
marrow and an extreme elevation of these cells in the peripheral 
blood. The two phases of the disease are chronic and blast crisis. The 
chronic phase has 620% blasts in the bone marrow or peripheral 
blood, whereas the blast crisis phase has 720% blasts. Individuals 
with this disease have the BCR/ABL1 translocation, which codes for 
a unique P210 protein. Also referred to as chronic granulocytic leu-
kemia (CGL).
Chronic myelomonocytic leukemia (CMML) subgroup of 
the myelodysplastic syndromes characterized by anemia and a vari-
able total leukocyte count. An absolute monocytosis (71 * 109/L) 
is present; immature erythrocytes and granulocytes can be present. 
There are 65% blasts in the peripheral blood. The bone marrow is 
hypercellular with proliferation of abnormal myelocytes, promono-
cytes, and monoblasts, and there are 620% blasts.
Chronic neutrophilic leukemia myeloproliferative neoplasm 
(MPN) characterized by a sustained increase in neutrophils in the 
peripheral blood with a slight shift to the left. The Ph chromosome 
and BCR/ABL1 translocation are absent.
Chronic nonspherocytic hemolytic anemia group of 
chronic conditions marked by a deficiency of red blood cells or of 
hemoglobin in the blood and premature erythrocyte destruction. 
Spherocytes are not readily found, which is helpful when differenti-
ating these conditions from hereditary spherocytosis.
Chylous body effusion that has a milky, opaque appearance from 
the presence of lymph fluid and chylomicrons.
Circulating inhibitor (anticoagulant) acquired pathologic 
protein, primarily immunoglobulins (IgG or IgM) with antibody 
specificity toward a factor involved in fibrin formation. Circulating 
inhibitors that interfere with the factor’s activity are associated with 
a number of conditions, such as hemophilia, autoimmune diseases, 
malignancies, certain drugs, and viral infections.
Circulating leukocyte pool population of neutrophils actively 
circulating within the peripheral blood stream.
Circulating pool See Circulating leukocyte pool.
Clinical and Laboratory Standards Institute (CLSI)  
volunteer-driven organization that promotes the development and use of 

CH50 functional hemolytic titration assay to measure lysis, the 
endpoint of complement activation. It measures the amount of 
patient serum required to lyse 50% of a standardized concentration 
of antibody-sensitized sheep red blood cells. Because all complement 
proteins are required for lysis to occur, any single complement factor 
deficiency causes a negative reaction (no lysis).

Charcot–Leyden crystal material formed from eosinophil 
granules that is found in tissues with large numbers of eosinophils.

Cheidak–Higashi anomaly multisystem disorder inherited in 
an autosomal recessive fashion and characterized by recurrent infec-
tions, hepatosplenomegaly, partial albinism, and central nervous 
system (CNS) abnormalities; neutrophil chemotaxis and killing of 
organisms is impaired. Giant cytoplasmic granular inclusions are in 
leukocytes and platelets.

Chemokine cytokine with chemotactic activity.

Chemotaxin chemical messenger that causes migration of cells 
in one direction. Also called chemokine.

Chemotaxis migration in response to a chemical signal or 
stimulation.

Chimerism state of being when cells from two different zygotes 
are expressed in one individual.

Chloride shift phenomenon in which a plasma chlorine ion dif-
fuses into the erythrocyte when a free bicarbonate ion diffuses from 
the erythrocyte into the plasma.

Cholecystitis inflammation of the gallbladder.

Cholelithiasis formation of calculi or bile stones in the gallblad-
der or bile duct.

CHr reticulocyte hemoglobin content provided by Advia 120 and 
2120 System by Bayer Diagnostics; analogous to the MCH index of 
erythrocytes.

Chromatid structure of DNA during G0 and G1 of the cell cycle. 
After S phase, DNA has been replicated, and the chromosome consists 
of two parallel, identical chromatids held together at the centromere.

Chromogenic assay spectrophotometric measurement of 
an enzyme’s activity based on the release of a colored pigment fol-
lowing enzymatic cleavage of the pigment-producing substrate 
(chromogen).

Chromosome nuclear structure seen during mitosis and mei-
osis consisting of supercoiled DNA with histone and nonhistone 
proteins; consists of two identical (sister) chromatids attached at the 
centromere.

Chronic basophilic leukemia rare myeloproliferative neo-
plasm (MPN). It is characterized by an extreme increase in basophils 
in the peripheral blood. The cell of origin is the common myeloid 
progenitor cell or the CFU-Baso, a bipotential progenitor cell capable 
of differentiating into either basophil or mast cell lineages.

Chronic eosinophilic leukemia, not otherwise speci-
fied Clonal myeloproliferative neoplasm that presents with 
eosinophilia Ú1.5 * 109/L in blood that is not classified as another 
neoplastic condition and does not have the PDGFRA, PDGFRB, or 
FGFR1 mutations.
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Cold agglutinin syndrome condition associated with the 
presence of cold-reacting autoantibodies (IgM) directed against 
erythrocyte surface antigens. This causes clumping of the red cells at 
room or lower temperatures.
Colony-forming unit visible aggregation (in vitro) of cells that 
developed from a single stem cell.
Colony-forming unit-erythroid (CFU-E) unipotential stem 
cell derived from the BFU-E. It has a high concentration of EPO 
 membrane receptors and with EPO stimulation transforms into a 
pronormoblast, the earliest recognizable erythroid precursor.
Colony-stimulating factor cytokine that stimulates the 
growth of immature leukocytes in the bone marrow.
Column chromatography laboratory separation method based 
on the differential distribution of a liquid or gaseous sample (mobile 
phase) that flows through a sequence of specific substance (station-
ary phase). Depending on the chemical characteristics of the station-
ary phase, the substance of interest can bind to the stationary phase 
and remain in the column or directly pass through the column and 
remain in the mobile phase. If the substance remains in the column, a 
second mobile phase (elution buffer) is used to release the substance 
from the stationary phase and allow it to pass through the column.
Commitment state of two cells derived from the same precursor 
cell each of which takes a separate route of development.
Committed/progenitor cell parent or ancestor organism that 
differentiates into one cell line.
Common coagulation pathway one of the three interacting 
pathways in the coagulation cascade. The common pathway includes 
three rate-limiting steps: (1) activation of factor X by the intrinsic and 
extrinsic pathways, (2) conversion of prothrombin to thrombin by 
activated factor X, and (3) cleavage of fibrinogen to fibrin.
Comparative genomic hybridization (CGH) assay that 
can be used to analyze changes in chromosome copy number (copy 
number variants) and critical regions of the DNA for well-defined 
genetic abnormalities.
Compensated hemolytic disease disorder in which the 
erythrocyte life span is decreased but the bone marrow is able to 
increase erythropoiesis enough to compensate for the decrease; ane-
mia does not develop.
Compensation process of adjusting the settings on the flow 
cytometer or performing a mathematical correction for overlap of 
light emitted by several fluorochromes either before or after the data 
are collected.
Competency assessment mechanism for determining the 
requisite ability that personnel have to perform a given laboratory 
procedure. It includes recognition of specimen collection errors, 
interpretation of test results to detect possible instrument or  specimen 
problems and of quality control results, investigation of instrument or 
specimen problems, and proper reporting of results.
Complement any one of the 11 serum proteins that causes lysis 
of the cell membrane when sequentially activated.
Complementary DNA synthetic DNA transcribed from an RNA 
template by the enzyme reverse transcriptase. Also known as cDNA.

voluntary laboratory standards and guidelines; its mission is “to develop 
best practices in clinical and laboratory testing and promote their use 
throughout the world using a consensus-driven process that balances 
the viewpoints of industry, government, and the healthcare professions.” 
(http://www.clsi.org/Content/NavigationMenu/AboutCLSI/Vision 
MissionandValues/Vision_Mission_Value.htm).
Clinical Laboratory Improvement Amendments of 1988 
(CLIA ’88) regulations that mandate standards in clinical labora-
tory operations and testing signed into federal law in 1988.
Clonal hypereosinophilia progenitor cell disorder of eosin-
ophils that is classified as either myeloid and lymphoid neoplasms 
with eosinophilia and abnormalities of PDGFRA, PDGFRB, or 
FGFR1 or as chronic eosinophilic leukemia, not otherwise specified 
(CEL-NOS).
Clonality presence of identical cells derived from a single progeni-
tor. It can be detected by identifying only one of the immunoglobulin 
light chains (k or l) on B cells or the presence of a population of cells 
with a common phenotype.
Clonogenic ability of a cell to form a clone.
Clot extravascular coagulation whether occurring in vitro or in 
blood shed into the tissues or body cavities.
Clot retraction cohesion of a fibrin clot that requires adequate, 
functionally normal platelets. Retraction of the clot occurs over a 
period of time and results in the expression of serum and a firm mass 
of cells and fibrin.
Cluster analysis method of classifying floating thresholds of 
large group of specific cell populations based on size and staining 
or absorption characteristics. It uses an instrument that can accom-
modate for shifts in abnormal cell populations from one sample to 
another sample.
CLSI See Clinical and Laboratory Standards Institute.
Coagulation factor soluble inert plasma protein that interacts 
to form fibrin after an injury.
Cobalamin cobalt-containing complex that is common to all sub-
groups of the vitamin B12 group.
Codocyte See Target cell.
Codon sequence of three nucleotides that encodes a particular 
amino acid.
Coefficient of determination (r2) statistic that represents 
the square of the correlation coefficient. It is a measure of the strength 
of the relationship between two data sets.
Coefficient of variation relative standard deviation or 
 standard deviation expressed as a percentage of the mean for a set 
of data.
Cofactor coagulation component that functions together with 
other coagulation factors. It is required for the conversion of specific 
zymogens to the active enzyme form.
Coincidence in an electronic cell counter, a phenomenon when 
two or more cells cross the sensing zone at the same time and are 
evaluated as only one cell.
Cold agglutinin disease See Cold agglutinin syndrome.
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and the frequency (z-axis) of that characterized cell type. This informa-
tion is used to create a three-dimensional plot and to draw a line along 
the valley between two peaks to separate the two cell populations.
Correlation coefficient (r) multiplier or factor that measures 
the distribution of data about the estimated linear regression line.
Coverglass smear a thin film of blood prepared by placing a 
drop of blood in the center of one cover glass and then placing a sec-
ond cover glass on top of the blood at a 45° angle to the first cover 
glass. The two cover glasses are pulled apart, creating two cover glass 
smears.
Critical limit critical high and low value for a test result. Values 
above or below these values pose a life-threatening situation and are 
termed panic values.
Critical value laboratory result that reflects a life-threatening 
situation determined by a physician and for which an intervention 
is possible.
Crossover reciprocal exchange of genetic material between 
chromatids; normally occurs in meiosis to increase the diversity of 
the species.
Cross-reacting material negative (CRM− ) description 
of defective clotting factor that can be identified by both abnormal 
functional and immunologic tests.
Cross-reacting material positive (CRM+ ) description of 
functionally defective clotting factor that can be identified by immu-
nologic means.
Cross-reacting material reduced (CRMR) description of 
defective clotting factor that is identified by an equal decline of both 
functional and immunological assays.
Cryoprecipitate preparation of proteins containing fibrino-
gen, von Willebrand factor, and factor VIII prepared by freezing and 
thawing plasma; used for replacement therapy in patients with hemo-
philia A and von Willebrand disease.
Cryopreserved preserved cell stored at very low temperatures 
while maintaining cell viability.
Cryosupernatant product that lacks large VWF multimers that 
are present in fresh frozen plasma yet still contains the VWF-cleaving 
protease missing in thrombotic thrombocytopenic purpura (TTP) 
patients.
Culling the spleen’s filtration and destruction of senescent/ 
damaged red cells.
Current Procedure Terminology (CPT) coding system 
in which numbers are assigned to laboratory tests (as well as medi-
cal, surgical, and other diagnostic services) by the American Medi-
cal Association’s CPT Editorial Panel. Used for billing and record 
keeping.
Cyanosis bluish color of the skin and mucous membranes that 
develops as a result of excess deoxygenated hemoglobin in the blood.
Cyclin/Cdk kinase protein that regulates the transition between 
the various phases of the cell cycle.
Cytochemistry chemical staining procedure used to identify 
various constituents (enzymes and proteins) within white blood 
cells. It is useful in differentiating blasts in acute leukemia, especially 

Complete blood count (CBC) hematology screening test 
that includes the white blood cell (WBC) count, red blood cell (RBC) 
count, hemoglobin, hematocrit, and, often, platelet count. It can also 
include red cell indices.
Compression syndrome condition of altered physiological 
function of an organ or tissue because of impingement by an abnor-
mal mass.
Compound heterozygote individual possessing two different 
abnormal alleles of a gene.
Conditioning regimen a treatment process in which high-dose 
chemotherapy and/or irradiation given to a patient before stem cell 
transplantation.
Congenital present at birth.
Congenital aberration chromosome abnormality (either 
numerical or structural) that is present at the time of birth in all cell 
lines or in several cell lines in the case of mosaicism.
Congenital amegakaryocytic thrombocytopenia 
(CAMT) condition present at birth with decreased marrow mega-
karyocytes and decreased platelets in the peripheral blood which 
eventually converts into bone marrow failure and aplastic anemia. 
Most cases are caused by mutations of the gene for the thrombopoi-
etin receptor (c-mpl).
Congenital Heinz body hemolytic anemia inherited 
disorder characterized by anemia resulting from decreased erythro-
cyte life span. Erythrocyte hemolysis results from the precipitation 
of hemoglobin in the form of Heinz bodies, which damage the cell 
membrane and cause cell rigidity.
Congenital thrombocytopenia with radioulnar synosto-
sis (CTRUS) disorder present at birth that presents with decreased 
marrow megakaryocytes and decreased platelets in the peripheral 
blood, which eventually converts into bone marrow failure and aplas-
tic anemia. Most cases are caused by mutations within the HOXA11 
gene (which codes for a regulatory protein involved in the develop-
ment of hematopoietic and bone tissue).
Consolidation therapy second phase of cancer chemotherapy 
whose function is to damage or kill those malignant cells that were not 
destroyed during the induction phase.
Constitutional aberration genetic abnormality present in 
every cell in a patient’s body.
Constitutional cytogenetic aberration genetic abnormal-
ity found in every cell of the body.
Consumption coagulopathy See Disseminated intravascular 
coagulation.
Contact group coagulation factors in the intrinsic pathway involved 
with the initial activation of the coagulation system including factors XII, 
XI, prekallikrein, and high-molecular-weight kininogen. Activation of 
the factors requires contact with a negatively charged surface.
Continuous flow analysis automated method of analyzing 
blood cells that allows measurement of cellular characteristics such 
as individual cells that flow singly through a laser beam.
Contour gating subclassification of cell populations based on 
two characteristics such as size (x-axis) and nuclear density (y-axis) 
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Demyelination destruction, removal, or loss of the lipid sub-
stance that forms a myelin sheath around the axons of nerve fibers; a 
characteristic finding in vitamin B12 deficiency.
Dense granule small particle in platelet that stores nonmeta-
bolic ADP, calcium, and serotonin as well as other compounds 
released from activated platelets.
Dense tubular system (DTS) complex made up of mem-
branes in the platelet that originate from the smooth endoplasmic 
reticulum of the megakaryocyte. It is one of the storage sites for cal-
cium ions within platelets, and its channels do not connect with the 
platelet’s surface.
Densitometer instrument that can be used to measure the den-
sity of materials using different wavelengths of light and filters.
Densitometry laboratory testing method that determines the 
pattern and concentration of protein fractions separated by elec-
trophoresis by measuring the amount of light absorbed by each 
dye-bound protein fraction as it passes a slit through which light is 
transmitted. The amount of light absorbed (optical density) is directly 
proportional to the protein’s concentration.
Deoxyhemoglobin hemoglobin without oxygen.
Diagnosis Related Group (DRG) code system of about 
500 medical conditions developed for Medicare as a part of the pro-
spective payment system for inpatients. Reimbursement for care of 
hospitalized patients by almost all payers is not for each test or pro-
cedure but for the overall diagnosis. It is assigned when the patient is 
discharged and is severity adjusted (MS-DRG).
Diamond-Blackfan anemia congenital, progressive erythro-
cyte hypoplasia that occurs in very young children. There is no leu-
kopenia or thrombocytopenia.
Diapedese passage of blood cells through the unruptured capil-
lary wall. For leukocytes, this involves active locomotion.
Diapedesis See Diapedese.
Differentiation discernment of the appearance of various prop-
erties in cells that were initially equivalent.
2,3-diphosphoglycerate (2,3-DPG) See 2,3-bisphospho-
glycerate (2,3-BPG).
Dilute Russell viper venom time (dRVVT) test recom-
mended as the screening test for detection of lupus anticoagulant; 
Russell viper venom (RVV) activates FX, resulting in clot formation. 
If LAs/aPLs are present, the patient’s dRVVT is longer than that of 
the normal control.
Diploid number of chromosomes in somatic cells that are 2n. For 
human cells, 2n = 46.
Direct antiglobulin test (DAT) laboratory test used to detect 
the presence of antibody and/or complement that is attached to the 
erythrocyte. It uses antibody directed against human immunoglobu-
lin and/or complement. Also called the antihuman globulin (AHG) 
test.
Disseminated intravascular coagulation (DIC) complex 
condition in which the normal clotting process is altered (resulting 
in systemic rather than localized activation) by an underlying con-
dition. Resulting complications can include thrombotic occlusion 

when morphologic differentiation on Romanowsky-stained smears 
is impossible.
Cytogenetic remission absence of recognized cytogenetic 
abnormalities associated with a given neoplastic disease (previously 
identified in a patient) after therapy.
Cytogenomic microarray analysis molecular genetic assess-
ment technique that can be used to examine gene composition.
Cytokine protein produced by many cell types; it modulates the 
function of other cell types. The group includes interleukins, colony-
stimulating factors, and interferons.
Cytomegalovirus (CMV) herpes virus that replicates only in 
human cells; has a widespread distribution and is spread by close con-
tact with an infected person.
Cytoplasm protoplasm of a cell outside the nucleus.
Cytotoxic T cell (Cytotoxic T lymphocyte) effector cell 
produced from T immunoblasts.
DcytB duodenal cytochrome–B reductase; ferric reductase that 
decreases ferric iron to the ferrous state at the enterocyte brush border.
D-dimer cross-linked fibrin degradation product that is the 
result of plasmin’s proteolytic activity on a fibrin clot. The presence 
of D-dimers is specific for fibrinolysis.
Decay-accelerating factor regulating complement protein 
found on cell membranes that accelerates decay (dissociation) of 
membrane-bound complement (C3bBb). Its absence leads to exces-
sive sensitivity of these cells to complement lysis.
Deep vein thrombosis (DVT) formation of a blood clot in the 
deep veins (usually a leg vein).
Degranulation process in phagocytosis by which the neutrophil 
granules fuse with the phagosome and release their contents.
Dehydrated hereditary stomatocytosis (DHS) horizon-
tal red blood cell membrane defect in which the cell is abnormally 
permeable to cations; net loss of intracellular K+ exceeds the passive 
Na+ influx, and net intracellular cation and water content are thus 
decreased; the cell dehydrates and appear targeted, contracted, and 
spiculated. Also known as hereditary xerocytosis.
Delayed bleeding symptom of severe coagulation fac-
tor  disorders in which a wound bleeds a second time after initial 
 stoppage. It occurs because the primary hemostatic plug is not ade-
quately  stabilized by the formation of fibrin.
Delta check comparison of current hematology results to the 
most recently reported previous result for a given patient; helps detect 
certain random errors.
Delta (D) storage pool disease autosomal dominant 
 disorder characterized by a decrease in dense granules in the 
platelets.
Demarcation membrane system cytoplasmic membrane 
system in the megakaryocyte that separates small areas of the cell’s 
cytoplasm that eventually become a platelets.
Demargination movement of neutrophils that are loosely 
attached to endothelial cells lining the blood vessels into the circula-
tion; can cause a pseudoneutrophilia.
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(PAS), indicating that the tissue contains glycogen or glycoprotein. 
It appears as finely distributed chromatin, nucleoli, or intranuclear 
inclusions.
Dysfibrinogenemia hereditary condition in which the fibrino-
gen molecule has a structural alteration.
Dyshematopoiesis abnormal formation and/or development 
of blood cells within the bone marrow.
Dyspepsia symptom caused by abnormalities in the process of 
digestion.
Dysplasia abnormal cell development.
Dyspoiesis abnormal development of blood cells frequently 
characterized by asynchrony in nuclear to cytoplasmic maturation 
and/or abnormal granule development.
Ecchymosis bruise (bluish-black discoloration of the skin) that is 
larger than 3 mm in diameter caused by bleeding from arterioles into 
subcutaneous tissues without disruption of intact skin.
Echinocyte spiculated erythrocyte with short, equally spaced 
projections over the entire outer surface of the cell.
Edematous marked by the swelling of body tissues from the 
accumulation of tissue fluid.
Effector lymphocyte antigen-stimulated white blood cell that 
mediates the efferent arm of the immune response.
Effector T lymphocyte T lymphocyte that has encountered 
antigen and undergone blast transformation; morphologically 
 indistinguishable from original T lymphocyte.
Efficacy ability to produce the desired effect (e.g., anticoagulation).
Effusion abnormal accumulation of fluid.
Egress action of going out or exiting; describes the exit of blood 
cells from the blood to the tissue.
ELISA See Enzyme-linked immunosorbent assay.
Elliptocyte abnormally shaped erythrocyte that is an oval to 
elongated ellipsoid with a central area of pallor and hemoglobin at 
both ends. Also known as ovalocyte, pencil cell, and cigar cell.
Embolism blockage of an artery by a piece of blood clot or other 
foreign matter, resulting in obstruction of blood flow to the tissues.
Embolus piece of blockage or other foreign matter that circulates 
in the blood stream and usually becomes lodged in a small vessel 
obstructing blood flow.
Endomitosis round of nuclear DNA synthesis without nuclear 
or cytoplasmic division.
Endoplasmic reticulum (ER) cytoplasmic organelle in 
eukaryotic cells that consists of a network of interconnected tubes 
and flattened membranous sacs. If the ER has ribosomes attached, it 
is known as granular or rough endoplasmic reticulum (RER), and 
if ribosomes are not attached, it is known as smooth endoplasmic 
reticulum (SER).
Endosteum membrane that lines the bone medullary cavity that 
contains the bone marrow.
Endothelial cell flat cells that line the cavities of the blood and 
lymphatic vessels, heart, and other related body cavities.

of vessels, bleeding, and ultimately organ failure. DIC is initiated by 
multiple triggers, most involving damage to the endothelial lining of 
vessels.
DMT1 integral membrane protein that transports ferrous iron 
across the apical enterocyte plasma membrane.
DNA (deoxyribonucleic acid) blueprint that cells use to 
catalog, express, and propagate information; the fundamental sub-
stance of heredity that is carried from one generation to the next. It 
is a double-stranded molecule composed of complementary nucleo-
tide sequences. The two strands of the substance are held together by 
hydrogen bonds formed according to the following rules of comple-
mentary nucleotide pairing: G bonds with C; A bonds with T; other 
combinations cannot bond.
DNA index (DI) DNA content of tumor cells relative to a diploid 
population of cells. It is calculated as the DNA content of cells in the 
tumor in the G0/G1 phase of the cell cycle relative to the DNA content 
of G0/G1 cells in a diploid control.
DNA sequencing Determining the nucleotide string in a seg-
ment of the blueprint that cells use to catalog, express, and propagate 
information by replicating its strands and monitoring the order in 
which labeled nucleotides are added to the new strands.
Double heterozygous having two different mutated genes that 
result in combination disorders. In the hemoglobinopathies, the most 
common structural hemoglobins inherited with thalassemia are HbC, 
HbS, HbE.
Döhle body oval aggregate of rough endoplasmic reticulum 
that stains light gray blue (with Romanowsky stain) found within the 
 cytoplasm of neutrophils and eosinophils; associated with severe bac-
terial infection, pregnancy, burns, cancer, aplastic anemia, and toxic 
states.
Donath-Landsteiner antibody biphasic IgG associated with 
paroxysmal cold hemoglobinuria; reacts with erythrocytes in capil-
laries at temperatures below 15°C and fixes complement to the cell 
membrane. Upon warming, the terminal complement components 
on erythrocytes are activated, causing cell hemolysis.
Downey cell outdated term used to describe morphologic varia-
tions of the reactive lymphocyte.
Drug-induced hemolysis rupture or destruction of red blood 
cells that occurs when a drug attaches to the erythrocyte membrane 
and alters it in some way.
Drug-induced hemolytic anemia hemolytic disorder pre-
cipitated by ingestion of certain drugs. The process can be immune 
mediated or nonimmune mediated.
Drumstick see Barr body.
Dry tap result of a bone marrow procedure when bone marrow 
cannot be aspirated. This situation can be caused by inadequate tech-
nique or alterations in the bone marrow architecture such as extensive 
fibrosis or very increased cellularity.
Dura mater dense membrane covering the central nervous sys-
tem; outermost layer of the meninges.
Dutcher body intranuclear membrane-bound inclusion 
found in plasma cells. The body stains with periodic acid-Schiff 
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with oxygen to form oxyhemoglobin. The cell develops from the 
pluripotential stem cell in the bone marrow under the influence of 
the hematopoietic growth factor erythropoietin and is released to the 
peripheral blood as a reticulocyte. Its average life span is about 120 
days after which it is removed by cells in the mononuclear–phagocyte 
system. The average concentration is about 5 * 1012/L for males and 
4.5 * 1012/L for females.

Erythrocytosis abnormal increase in the number of circulating 
erythrocytes as measured by the erythrocyte count, hemoglobin, or 
hematocrit.

Erythron summation of the stages of erythrocytes in the marrow 
or peripheral blood and within vascular areas of specific organs such 
as the spleen.

Erythrophagocytosis phagocytosis of an erythrocyte by a his-
tiocyte that can be seen within its cytoplasm as a pink globule or, if 
digested, a clear vacuole on stained bone marrow or peripheral blood 
smears.

Erythropoiesis formation and maturation of erythrocytes in the 
bone marrow. It is under the influence of the hematopoietic growth 
factor erythropoietin.

Erythropoietin hormone secreted by the kidney that regulates 
erythrocyte production by stimulating the stem cells of the bone mar-
row to mature into erythrocytes. Its primary effect is on the commit-
ted stem cell CFU-E.

Essential thrombocythemia  myeloproliferative neo-
plasm primarily affecting the megakaryocytic element in the bone 
marrow. There is extreme thrombocytosis in the blood (usually 
71000 * 109/L). Also called primary thrombocythemia, hemor-
rhagic thrombocythemia, and megakaryocytic leukemia.

Euchromatin region of the chromosome that contains geneti-
cally active DNA, is light staining, and replicates early in the cell 
cycle’s S phase. See Heterochromatin.

Evan’s syndrome condition characterized by a warm autoim-
mune hemolytic anemia and concurrent severe thrombocytopenia.

Exchange transfusion simultaneous withdrawal of blood and 
infusion with compatible blood.

Exon protein-coding DNA sequence of a gene.

Extracellular matrix noncellular component of the hematopoi-
etic microenvironment in the bone marrow.

Extramedullary erythropoiesis red blood cell production 
occurring outside the bone marrow.

Extramedullary hematopoiesis formation and development 
of blood cells at a site other than the bone marrow.

Extravascular occurring outside of the blood vessels.

Extrinsic pathway one of the three interacting coagulation fac-
tor sequences in the coagulation cascade initiated when tissue factor 
comes into contact with blood and forms a complex with FVII. The 
complex activates FX. The term extrinsic is used because the sequence 
of factor activation requires tissue factor, a factor outside of blood.

Extrinsic Xase complex complex of tissue factor and FVIIa 
that forms when a vessel is injured and serves to activate FX.

Endothelial cell protein C receptor (EPCR) molecule 
on the membrane of endothelial cells of larger vessels that binds and 
immobilizes protein C, augmenting its activation by the thrombin: 
thrombomodulin complex.
End point detection place where the completion of a reaction 
is marked by some change such as formation of a clot or color change.
Engraftment process of infusing stem cells into the bone mar-
row microenvironment resulting in hematopoietic recovery.
Enzyme protein that catalyzes a specific biochemical reaction but 
is not itself altered in the process.
Enzyme-linked immunosorbent assay analysis used to test 
for proteins using immunologic principles; one use in coagulation 
testing is to detect antibodies against heparin–PF4 complexes.
Eosinophil mature granulocyte cell characterized by the pres-
ence of large acidophilic granules that are pink to orange pink with 
Romanowsky stains. The cell is 12917 mcM (mm) in diameter, and 
the nucleus has 2–3 lobes. Granules contain acid phosphatase, glyc-
uronidase cathepsins, ribonuclease, arylsulfatase, peroxidase, phos-
pholipids, and basic proteins. Eosinophils have a concentration of 
60.45 * 109/L in the peripheral blood. The cell membrane has 
receptors for IgE and histamine.
Eosinophilia increase in the concentration of eosinophils in the 
peripheral blood (70.5 * 109/L) associated with parasitic infection, 
allergic conditions, hypersensitivity reactions, cancer, and chronic 
inflammatory states.
Epigenetic related to heritable changes in gene expression not 
caused by changes in DNA sequence.
Epistaxis hemorrhage from the nose.
Epitope structural portion of an antigen that reacts with a specific 
antibody. Also called antigenic determinant.
Epstein-Barr virus (EBV) infectious agent that attaches to the 
membrane surface of B lymphocytes by a specific receptor designated 
CD21.
Error detection identification of a laboratory’s multirule quality 
control procedure to detect a true mistake in the testing system and 
reject the control run.
Erythroblast nucleated erythrocyte precursor in the bone mar-
row. If normal, it can be referred to as normoblast.
Erythroblastic island composite of erythroid cells in the bone 
marrow that surrounds a central macrophage. These cell groups are 
usually disrupted when bone marrow smears are made but can be 
found in erythroid hyperplasia. The least mature cells are closest to 
the center and the more mature cells are on the periphery. The central 
macrophage is thought to transfer iron to the developing cells.
Erythroblastosis fetalis hemolytic anemia in newborns 
caused by an antigen–antibody reaction when fetal-maternal blood 
group incompatibility involves the Rh factor or ABO blood groups. 
Antibody from the mother traverses the placenta and attaches to anti-
gens on the fetal cells.
Erythrocyte red blood cell (RBC) that has matured to the non-
nucleated stage. The cell is about 7 mcM (mm) in diameter and con-
tains the respiratory pigment hemoglobin, which readily combines 

Z04_MCKE6011_03_SE_GLOS.indd   948 01/08/14   4:31 pm



 949Glossary

Fibrin monomer structure resulting when thrombin cleaves the 
A and B fibrinopeptides from the a- and b-chains of fibrinogen.
Fibrinogen group assemblage of coagulation factors activated 
by thrombin and consumed during the formation of fibrin and there-
fore absent from serum. It includes factors I, V, VIII, and XIII; also 
called consumable group.
Fibrinolysis breakdown of fibrin.
Fibrin polymer complex of covalently bonded fibrin mono-
mers. The bonds between glutamine and lysine residues are formed 
between terminal domains of g-chains and polar appendages of 
a-chains of neighboring residues.
Fibronectin extracellular-matrix glycoprotein capable of bind-
ing heparin.
Fibrosis abnormal formation of fibrous tissue.
Flame cell an abnormal plasma cell with reddish-purple cyto-
plasm. The red tinge is caused by the presence of a glycoprotein and 
the purple of ribosomes.
Flow chamber specimen-handling area of a flow cytometer where 
cells are forced into single file and directed in front of the laser beam.
Fluorescence in situ hybridization (FISH) technique in 
which whole chromosomes (metaphase or interphase) are hybrid-
ized to a complementary probe that is labeled with a fluorochrome 
and visualized by microscopy.
Fluorochrome molecule excited by light of one wavelength and 
emits light of a different wavelength.
Folate large group of compounds whose parent substance is folic 
acid; composed of three parts: peteridine, p-amino-benzoic acid, and 
chain of glutamic acid residues. The function of the active form, tetra-
hydrofolate (THF), is to transfer one-carbon compounds from donor 
molecules to acceptor molecules in intermediary metabolism.
Folic acid parent substance of folates.
Forward light scatter laser light spread in a forward direction 
in a flow cytometer; is related to particle size (e.g., large cells produce 
more forward spread than smaller cells).
Free erythrocyte protoporphyrin (FEP) protoporphyrin 
within an erythrocyte that is not complexed with iron. Its concentra-
tion increases in iron-deficient states. In the absence of iron, erythrocyte 
protoporphyrin combines with zinc to form zinc protoporphyrin (ZPP).
French-American-British (FAB) classification system for 
hematopoietic disorders based on cell lineage as determined by the 
morphology and results of cytochemical stains; has been replaced by 
the WHO 2008 classification.
Fresh frozen plasma (FFP) colorless fluid portion of blood 
that is frozen at -18° C or colder within 6 hours of collection; formed 
by removal of all cellular components.
F-test statistical tool used to compare features of two or more sets 
of data.
Functional anemia decrease in hemoglobin concentration 
accompanied by a decrease in oxygen delivery to the tissues.
Functional hyposplenism reduced splenic function not 
caused by the loss of splenic tissue but by the accumulation of cells 
sequestered in the spleen.

Exudate effusion formed by increased vascular permeability and/
or decreased lymphatic resorption; indicates a true pathologic state in 
the anatomic region, usually either infection or tumor.
FAB classification See French-American-British classification.
Factor V Leiden (FVL) single point mutation of the FV gene 
(F5), involving replacement of Arg 506 with Gln(FVR506Q) that makes 
the mutant FVa molecule resistant to inactivation by APC by alter-
ing an APC cleavage site and leads to thrombophilia; FV serves as a 
cofactor in the APC inactivation of FVIIIa. FVL is a much less effec-
tive cofactor in this inactivation of FVIIIa, which contributes to the 
thrombophilic state.
Factor VIII: C assay method that determines the amount of 
FVIII.
Factor VIII concentrate lyophilized preparation of condensed 
F-VIII used for replacement therapy of FVIII in patients with hemo-
philia A.
Factor VIII inhibitor IgG immunoglobulin with antibody speci-
ficity to FVIII that inactivates the factor. The antibodies are time and 
temperature dependent. It is associated with hemophilia.
Factor VIII/VWF complex plasma form of VWF associated 
with FVIII.
Faggot cell a neoplastic myeloid precursor that has a large col-
lection of Auer rods and/or phi bodies.
False rejection failure of a control run that is not truly out of 
control whose result falls outside the control limits or violates a West-
gard rule; is caused by the inherent imprecision of the test method.
Fanconi anemia (FA) autosomal recessive disorder character-
ized by chromosomal instability. Patients have a complex assortment 
of congenital anomalies in addition to a progressive bone marrow 
hypoplasia.
Favism sensitivity to a species of bean, Vicia faba; commonly 
found in Sicily and Sardinia in individuals who have inherited 
glucose-6-phosphate dehydrogenase (G6PD) deficiency. Its char-
acteristics are fever, acute hemolytic anemia, vomiting, and diarrhea 
after ingestion of the bean or inhalation of the plant pollen.
Fee for service payment method for health care in which con-
sumers choose their own health care providers and the provider 
determines the fees for the services. The patient or a third-party payer 
pay the fees.
Ferritin iron-phosphorus-protein that forms a compound when 
iron complexes with the protein apoferritin. It is a storage form of 
iron found primarily in the bone marrow, spleen, and liver. Small 
amounts can be found in the peripheral blood proportional to that 
found in the bone marrow.
Ferroportin protein that transports ferrous iron across the baso-
lateral membrane of enterocytes. The only known cellular exporter of 
iron, it is involved in the membrane transport of iron from macro-
phages and hepatocytes. Also known as IREG1.
Fibrin degradation product (FDP) breakdown product 
of fibrin or fibrinogen that is produced when plasmin’s proteolytic 
action cleaves this molecule. The four main products are fragments 
X, Y, D, and E. The presence of fibrin degradation products indicates 
either fibrinolysis or fibrinogenolysis.
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It dehydrogenates glucose-6-phosphate to form 6-phosphogluco-
nate in the hexose monophosphate shunt. This reaction produces 
NADPH from NADP and provides reducing power to the erythro-
cyte, protecting the cell from oxidant injury.
Glutathione tripeptide that takes up and gives up hydrogen and 
prevents oxidant damage to the hemoglobin molecule. A deficiency 
of it is associated with hemolytic anemia.
Glycocalin portion of glycoprotein Ib of the platelet mem-
brane external to the platelet surface; contains binding sites for von 
 Willebrand factor and thrombin.
Glycocalyx amorphous coat of glycoproteins and mucopolysac-
charides covering the surface of cells, particularly the platelets and 
endothelial cells.
Glycolysis anaerobic conversion of glucose to lactate and pyruvic 
acid resulting in the production of energy (ATP).
Glycoprotein Ib a substance on the platelet surface that contains 
the receptor for von Willebrand factor and is critical for initial adhe-
sion of platelets to collagen after an injury.
Glycoprotein IIb/IIIa complex of membrane proteins on the 
platelet surface that is functional only after activation by agonists and 
then becomes a receptor for fibrinogen and von Willebrand factor. It 
is essential for platelet aggregation.
Glycosylated hemoglobin hemoglobin (HbA1c) that has glu-
cose irreversibly attached to the terminal amino acid of the b-chains.
Golgi apparatus cytoplasmic organelle composed of flat-
tened sacs or cisternae arranged in stacks. It functions to concentrate 
and package the products of secretory cells. It does not stain with 
Romanowsky stains and appears as a clear area usually adjacent to 
the nucleus.
Gower hemoglobin embryonic intracellular erythrocyte pro-
tein that is detectable in the yolk sac for up to 8 weeks of gestation; 
composed of two zeta (z) chains and two epsilon (P) chains.
Graft-versus-host disease (GVHD) tissue injury secondary 
to HLA-mismatch grafts resulting from immunocompetent donor T 
lymphocytes that recognize HLA antigens on the host cells and initi-
ate a secondary inflammatory response.
Graft versus leukemia favorable effect seen when immuno-
competent donor T cells present in the allograft destroy the recipient’s 
leukemic cells.
Granulocytopenia decrease in neutrophils below the reference 
range (1.8 * 109/L).
Granulocytosis increase in neutrophils above the reference range 
(7.0 * 109/L), usually seen in bacterial infections,  inflammation, 
metabolic intoxication, drug intoxication, and tissue necrosis.
Granulomatous distinctive pattern of chronic reaction in which 
the predominant cell type is an activated macrophage with epithelial-
like (epithelioid) appearance.
Gray platelet syndrome (A@storage pool  disease) rare 
hereditary disorder characterized by the lack of a-granules of 
thrombocytes.
Hairy cell neoplastic cell of hairy cell leukemia characterized by 
circumferential, cytoplasmic, hairlike projections.

Functional iron-deficiency anemia disorder caused by a lack 
of iron because it cannot be mobilized from storage sites to meet the 
need of developing erythroblasts.
G@Carboxylation a post-translational modification of a protein 
that adds an extra carboxyl group (COOH) to the g@carbon of the 
glutamic acid residues; requires reduced vitamin K; the prothrombin 
group of coagulation factors as well as protein C, S, and Z require this 
conversion to become active
Gammopathy abnormal condition with an increase in serum 
immunoglobulins.
Gating in flow cytometry, the process of isolating cells with the 
same light-scattering or fluorescence properties by electronically 
placing a gate around them.
Gene functional segment of DNA that serves as a template for 
RNA transcription and protein translation. Regulatory sequences 
control its expression so that only a small fraction of the estimated 
100,000 units is ever transcribed by a given cell.
Gene cluster group of closely linked units of heredity that can 
be affected as a group.
Gene promoter DNA sequence that RNA polymerase binds to 
in order to begin transcription of a unit of heredity.
Gene rearrangement process in which segments of DNA are 
cut and spliced to produce new DNA ones. During normal  lymphocyte 
development, reorganization of the immunoglobulin and the T-cell 
receptor DNAresults in new sequences that encode the antibody and 
surface antigen receptor proteins necessary for immune function.
Gene therapy treatment that places a normally functioning unit 
of heredity into an affected individual’s appropriate target cell.
Genome total aggregate of inherited genetic material that in 
humans consists of 3 billion base pairs of DNA divided among 46 
chromosomes including 22 pairs of autosomes numbered 1–22 and 
the two sex chromosomes.
Genomics study of all nucleotide sequences, including struc-
tural units of heredity, regulatory sequences, and noncoding DNA 
 segments in an organism’s chromosomes.
Genotype hereditary constitution of an individual, often refer-
ring to a particular DNA locus.
Germinal center lightly staining core of a lymphoid follicle 
where B-cell activation occurs.
Germline cell lineage that pass their genetic material to progeny
Glanzmann thrombasthenia rare hereditary platelet disorder 
characterized by a genetic mutation in one of the genes coding for the 
glycoproteins IIb or IIIa and resulting in the inability of platelets to 
aggregate.
Global testing analyzing the entire hemostatic process  including 
coagulation, anticoagulant effects, fibrin formation and stabilization, 
clot retraction, and fibrinolysis on a whole blood sample by use of a 
specialized instrument.
Globin protein portion of the hemoglobin molecule.
Glossitis inflammation of the tongue.
Glucose-6-phosphate-dehydrogenase (G6PD) enzyme 
within erythrocytes that is important in carbohydrate metabolism. 
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Heme nonprotein portion of hemoglobin and myoglobin that 
contains iron nestled in a hydrophobic pocket of a porphyrin ring 
(ferroprotoporphyrin); responsible for the characteristic color of 
hemoglobin.
Hemochromatosis clinical condition resulting from abnormal 
iron metabolism characterized by accumulation of iron deposits in 
body tissues.
Hemoconcentration increased concentration of blood compo-
nents from loss of plasma from the blood.
Hemoglobin intracellular erythrocyte protein that is responsible 
for transporting oxygen and carbon dioxide between the lungs and 
body tissues.
Hemoglobin distribution width measure of the distribution 
of intracellular erythrocyte protein within an erythrocyte population. 
It is derived from the hemoglobin histogram generated by the Bayer/
Technicon instruments.
Hemoglobin electrophoresis method of identifying intra-
cellular erythrocyte proteins based on differences in their electrical 
charges.
Hemoglobinemia presence of hemoglobin in the plasma.
Hemoglobinopathy disease that results from an inherited 
abnormality of the structure or synthesis of the globin portion of the 
hemoglobin molecule.
Hemoglobinuria presence of free hemoglobin in the urine.
Hemojuvelin (HJV) glycosylphosphatidylnositol-anchored 
protein that has been shown to regulate hepcidin expression.
Hemolysis destruction of erythrocytes resulting in the release 
of hemoglobin. In hemolytic anemia, the premature destruction of 
erythrocytes.
Hemolysis, elevated liver enzymes and low platelet 
(HELLP) syndrome obstetric disorder characterized by hemo-
lysis (H), elevated liver enzymes (EL), and a low platelet count (LP); 
its etiology and pathogenesis are not well understood. It can cause 
microangiopathic hemolytic anemia.
Hemolytic anemia disorder characterized by a decreased eryth-
rocyte concentration from premature destruction of the erythrocyte.
Hemolytic disease of the fetus and newborn 
(HDFN) alloimmune disease characterized by fetal red blood cell 
destruction as a result of incompatibility between maternal and fetal 
blood groups.
Hemolytic transfusion reaction one of two types of interac-
tion between foreign (nonself) erythrocyte antigens and plasma anti-
bodies from a transfusion of blood: immediate (within 24 hours) and 
delayed (occurring 2 to 14 days after transfusion).
Hemolytic uremic syndrome (HUS) disorder characterized 
by a combination of microangiopathic hemolytic anemia, acute renal 
failure, and thrombocytopenia.
Hemopexin plasma glycoprotein (b@globulin) that binds the 
heme molecule in plasma in the absence of haptoglobin.
Hemophilia A sex-linked (X-linked) hereditary hemorrhagic 
disorder caused by a genetic mutation of the gene coding for coagu-
lation FVIII.

Ham test specific laboratory test for paroxysmal nocturnal hemo-
globinuria (PNH). When erythrocytes from a patient with PNH are 
incubated in acidified serum, the cells lyse as the result of complement 
activation. Also called acid-serum lysis test.
Haploid having an n number of chromosomes in a gamete; con-
sisting of one of each of the autosomes and one of the sex chromo-
somes. For human cells, it is 23; n = 23.
Haplotype one of the two alleles at a genetic locus.
Haptoglobin serum a2@globulin glycoprotein that transports 
free plasma hemoglobin to the liver.
HDFN See Hemolytic disease of the fetus and newborn.
Health Insurance Portability and Accountability Act 
(HIPAA) law that mandates health care entities to establish mea-
sures that ensure the confidentiality of patient information.
Heinz body substance in the erythrocyte composed of dena-
tured or precipitated hemoglobin; appears as purple-staining body 
on supravitally stained (crystal violet) blood smears.
HELLP syndrome See Hemolysis, elevated liver enzymes and 
low platelet (HELLP) syndrome.
Helper T cell (TH) effector lymphocyte subset that provides 
helper activity for B cells, macrophages, and other T cells; subsets 
include TH1, TH2, and TH17.
Helmet cell abnormally shaped erythrocyte with one or several 
notches and projections on either end that look like horns. The shape 
is caused by trauma to the erythrocyte. Also called keratocyte and 
horn-shaped cell.
Hematocrit packed cell volume of erythrocytes in a given volume 
of blood following centrifugation expressed as a percentage of total 
blood volume or as a liter of erythrocytes per liter of blood (L/L). Also 
referred to as packed cell volume (PCV).
Hematogone precursor B lymphocyte present normally in the 
bone marrow.
Hematologic remission in a patient treated for a hematologic 
neoplasm, it is the state of absence of neoplastic cells in the peripheral 
blood and bone marrow and the return to normal levels of hemato-
logic parameters.
Hematology study of formed cellular blood elements.
Hematoma localized collection of blood under the skin or in 
other organs caused by a break in a blood vessel wall.
Hematopoiesis production and development of blood cells nor-
mally occurring in the bone marrow under the influence of hemato-
poietic growth factors.
Hematopoietic microenvironment specialized, localized 
surrounding in hematopoietic organs that supports the development 
of hematopoietic cells.
Hematopoietic progenitor cell blood precursor cell devel-
opmentally located between stem cells and the morphologically rec-
ognizable blood precursor cells; includes multilineage and unilineage 
cell types.
Hematopoietic stem cell blood precursor cell capable of giv-
ing rise to all lineages of blood cells.
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is characterized by marked erythrocyte fragmentation. The defect is 
most likely a spectrin abnormality in the erythrocyte cytoskeleton.
Hereditary spherocytosis chronic hemolytic anemia caused 
by an inherited erythrocyte membrane disorder. The vertical interac-
tion defect is most commonly the result of a combined spectrin and 
ankyrin deficiency. The defect causes membrane instability and pro-
gressive membrane loss. Secondary to membrane loss, cells become 
spherocytes and are prematurely destroyed in the spleen. The condi-
tion is usually inherited as an autosomal dominant trait.
Hereditary stomatocytosis rare hemolytic anemia inherited 
in an autosomal dominant fashion. The erythrocyte membrane is 
abnormally permeable to cations. The cell becomes overhydrated, 
resulting in the appearance of stomatocytes or dehydration resulting 
in the appearance of targeted or contracted and spiculated cells. Also 
called hereditary hydrocytosis. See overhydrated hereditary stomatocy-
tosis, OHS; dehydrated hereditary stomatocytosis, DHS.
Hereditary xerocytosis congenital disorder in which the 
erythrocyte is abnormally permeable to sodium and potassium with 
an increased potassium efflux. The erythrocyte becomes dehydrated 
and appears as either a target or spiculated cell. The cell is rigid and 
becomes trapped in the spleen. Now referred to as dehydrated heredi-
tary stomatocytosis (DHS).
Heterochromatin region of the chromosome that contains 
genetically inactive DNA, is dark staining, and replicates late in the S 
phase of the cell cycle.
Heterologous related to morphologically nonidentical chromo-
somes that have different gene loci.
Heterophile antibody immunoglobulin that can react against 
a heterologous antigen that did not stimulate the production of 
immunoglobulin. In infectious mononucleosis, this immunoglobu-
lin is in response to infection with Epstein-Barr virus and react with 
sheep, horse, and beef erythrocytes.
Heterozygous related to different genes at a gene locus.
Hexose-monophosphate shunt (HMP) metabolic path-
way that converts glucose-6-phosphate to pentose phosphate. This 
pathway couples oxidative metabolism with the reduction of nicotin-
amide adenine dinucleotide-phosphate (NADPH) and glutathione, 
which provides the cell with reducing power and prevents injury by 
oxidants.
HFE See human hemochromatosis protein.
Histogram graphical representation of the number of cells within 
a defined parameter such as size.
HIV-I See human immunodeficiency virus type I.
Hodgkin lymphoma malignancy that most often arises in 
lymph nodes and is characterized by the presence of Reed-Sternberg 
cells and variants with a background of varying numbers of benign 
lymphocytes, plasma cells, histiocytes, and eosinophils. The malig-
nant cell’s origin is still controversial.
Homologous pertaining to two morphologically identical chro-
mosomes that have identical gene loci but can have different gene 
alleles because one member of the pair is of maternal origin and the 
other is of paternal origin.
Homozygous pertaining to identical genes at a gene locus.

Hemophilia B sex-linked (X-linked) hereditary hemorrhagic 
disorder caused by a genetic mutation of the gene coding for coagu-
lation FIX.
Hemorrhage loss of a large amount of blood either internally or 
externally.
Hemorrhagic disease of the newborn severe bleeding 
disorder in the first week of life caused by deficiency of vitamin K.
Hemosiderin water insoluble, heterogeneous iron–protein com-
plex found primarily in the cytoplasm of cells (normoblasts and his-
tiocytes in the bone marrow, liver, and spleen); the major long-term 
storage form of iron. It is readily visible microscopically in unstained 
tissue specimens as irregular aggregates of golden yellow to brown 
granules. It can be visualized with Prussian-blue stain as blue granules 
that are normally distributed randomly or diffused.
Hemosiderinuria presence of iron-containing protein in the 
urine as a result of intravascular hemolysis and disintegration of renal 
tubular cells.
Hemostasis localized, controlled process that arrests bleeding 
after an injury.
Heparin polysaccharide that inhibits coagulation of blood by 
preventing thrombin from cleaving fibrinogen to form fibrin; com-
mercially available in the form of a sodium salt for therapeutic use as 
an anticoagulant.
Heparin-associated thrombocytopenia (HAT) abnormal 
drop in the number of platelets associated with specific anticoagu-
lant (heparin) therapy in some patients from a nonimmune-mediated 
direct platelet activation effect.
Heparin-induced thrombocytopenia (HIT) abnormal 
drop in the number of blood cells involved in forming blood clots 
associated with anticoagulant ( heparin) therapy in some patients 
resulting from an immune-mediated destruction of these cells from 
drug (heparin)-dependent platelet-activating IgG antibodies pro-
duced against the platelet factor 4 (PF4)-heparin complex.
Hepcidin master iron-regulating protein that regulates iron 
recycling/balance via interaction with ferroportin; a negative regu-
lator of intestinal iron absorption.
Hephaestin protein that facilitates export of iron across the 
basolateral enterocyte membrane and oxidizes Fe++ iron to Fe+++ 
for binding to apotransferrin.
Hereditary elliptocytosis autosomal-dominant condition 
characterized by the presence of increased numbers of elongated 
and oval erythrocytes. The abnormal shape results from a horizon-
tal interaction defect with abnormal spectrin, deficiency, or defect in 
band 4.1 or deficiency of glycophorin C and abnormal band 3.
Hereditary erythroblastic multinuclearity with posi-
tive acidified serum test (HEMPAS) congenital eryth-
rocytic multinuclearity with positive acidified serum lysis that is 
type II congenital dyserythropoietic anemia (CDA), which is char-
acterized by both abnormal and ineffective erythropoiesis. Type 
II is distinguished by a positive acidified serum test but a negative 
sucrose hemolysis test.
Hereditary pyropoikilocytosis (HPP) rare but severe 
hemolytic anemia inherited as an autosomal recessive disorder. It 
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proliferation can be acute injury, chronic irritation, or prolonged, 
increased hormonal stimulation. In hematology, a hyperplastic bone 
marrow is one in which the proportion of hematopoietic cells to fat 
cells is increased.

Hypersplenism disorder characterized by enlargement of the 
spleen and pancytopenia in the presence of a hyperactive bone marrow.

Hypocellularity decreased state of hematopoietic precursors in 
the bone marrow.

Hypochromic pertaining to lack of color in erythrocytes with an 
enlarged area of pallor caused by a decrease in the cell’s hemoglobin 
content. The mean corpuscular hemoglobin concentration (MCHC) 
and mean corpuscular hemoglobin (MCH) are decreased.

Hypodiploid having 62n of chromosomes per cell; for human 
cells, this would be 646.

Hypofibrinogenemia condition in which there is an abnor-
mally low fibrinogen level in the peripheral blood. It can be caused 
by a mutation in the gene controlling the production of fibrinogen or 
an acquired condition in which fibrinogen is pathologically converted 
to fibrin.

Hypogammaglobulinemia condition associated with a 
decrease in resistance to infection as a result of decreased g@globulins 
(immunoglobulins) in the blood.

Hypoplasia condition of underdeveloped tissue or organ usually 
caused by a decrease in the number of cells. This bone marrow type 
is one in which the proportion of hematopoietic cells to fat cells is 
decreased.

Hypoproliferative having decreased production of any cell type.

Hypoxia deficiency of oxygen to the cells.

Hypoxia-inducible factor-2 (HIF-2) transcription factor that 
regulates erythropoietin synthesis and a spectrum of other hypoxic 
responses; activated under hypoxic conditions.

Idiopathic pertaining to disorders or diseases in which the patho-
genesis is unknown.

Idiopathic thrombocytopenic purpura (ITP) See Immune 
thrombocytopenia.

Immature reticulocyte fraction (IRF) index of reticulocyte 
maturity provided by flow cytometry that can be helpful in evaluating 
bone marrow erythropoietic response to anemia, monitoring anemia, 
and evaluating response to therapy.

Immune hemolytic anemia disorder caused by premature, 
immune-mediated destruction of erythrocytes. Diagnosis is con-
firmed by the demonstration of immunoglobulin (antibodies) and/
or complement on the erythrocytes.

Immune response body’s defense mechanism that includes 
producing antibodies to foreign antigens.

Immune thrombocytopenia (ITP) autoimmune disorder in 
which autoreactive antibodies bind to platelets, shortening the plate-
let life span. Platelets are decreased. Also referred to as idiopathic 
thrombocytopenic purpura.
Immune tolerance immune regulatory mechanisms that gov-
ern response to self-antigens.

Horizontal interaction side-by-side interrelationship involv-
ing the proteins of the erythrocyte membrane.

Howell-Jolly body erythrocyte inclusion composed of nuclear 
remnants (DNA). On Romanowsky-stained blood smears, it appears 
as a dark purple spherical granule usually near the cell’s periphery. It 
is commonly associated with megaloblastic anemia and splenectomy.

Human hemochromatosis protein (HFE) transmembrane 
protein that associates with b2-microglobulin. It binds to the trans-
ferrin receptor (TfR) on cells. It is involved in regulating iron absorp-
tion and uptake. Mutations are associated with a decrease in hepcidin, 
resulting in hemochromatosis.

Human immunodeficiency virus type I virus that causes 
acquired immunodeficiency syndrome (AIDS).

Human platelet antigen unique alloantigens associated with 
the surface of the blood cells involved in clotting.

Humoral immunity protection imparted as a result of B lympho-
cyte activation. The B lymphocyte differentiates to a plasma cell that 
produces antibodies specific to the antigen that stimulated the response.

Hybridization process in which one nucleotide strand binds to 
another strand by forming hydrogen bonds between complementary 
nucleotides.

Hydrodynamic focusing technique that allows cells/particles 
to flow in a single column because of differences in the pressures of 
two columns of fluid in a flow chamber of a flow cytometer. The par-
ticles are contained in an inner column of sample fluid surrounded by 
a column of stream sheath fluid. The gradient between the sample and 
sheath fluid keeps them separate (laminar flow) and is used to control 
the diameter of the column of sample fluid. The central column of 
sample fluid is narrowed to isolate single cells that pass through a laser 
beam like a string of beads.

Hydrops fetalis genetically determined hemolytic disease (thal-
assemia) resulting in production of an abnormal hemoglobin (hemo-
globin Bart’s, g4) that is unable to carry oxygen. No alpha (a) globin 
a@chains are synthesized. There is gross edema of the entire body.

Hypercoagulable state condition associated with an imbal-
ance between clot-promoting and clot-inhibiting factors. leading to 
an increased risk of developing thrombosis.

Hyperdiploid having 72n chromosomes per cell; for human 
cells, this would be 746.

Hypereosinophilic syndrome persistent blood eosinophilia 
71.5 * 109/L with tissue infiltration, absence of clonal genetic aber-
rations, and no apparent cause of the increase in eosinophils.

Hyperhomocysteinemia medical condition characterized by 
elevated level of homocysteine in the blood as a result of impaired 
homocysteine metabolism. It can be due to acquired or congenital 
causes. It is associated with premature atherosclerosis and arterial 
thrombosis.

Hyperplasia enlargement of an organ or tissue caused by an 
increase in the number of cells per unit volume of tissue. This can 
result from an increase in the number of cells replicating, an increase 
in the rate of replication, or prolonged survival of cells. The cells usu-
ally maintain normal size, shape, and function. The stimulus for the 
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Internal quality control program system designed to verify 
the validity of laboratory test results as part of the daily laboratory 
operations. Typically, it is monitored using Levy-Jennings plots and 
Westgard rules.

International Classification of Disease code method for 
indicating medical diagnosis, conditions, symptoms, and cause of 
death in all health care settings; accepted worldwide. One of its uses 
is to help evaluate medical necessity and determine reimbursement 
for tests and procedures,

International normalized ratio (INR) method of reporting 
prothrombin time results when monitoring long-term oral antico-
agulant therapy. Results are independent of the reagents and methods 
used.

International sensitivity index (ISI) list of values provided by 
the manufacturer of thromboplastin reagents indicating the respon-
siveness of the particular lot of reagent compared to the international 
reference thromboplastin.

Intrinsic coagulation pathway one of the three interacting 
sequences of coagulation factors in the coagulation cascade. The 
intrinsic passage sequence is initiated by exposure of the contact 
coagulation factors (FXII, FXI, prekallikrein, and high-molecular-
weight kininogen) with vessel subendothelial tissue. The intrinsic 
sequence activates FX.

Intrinsic factor glycoprotein secreted by the parietal cells of 
the stomach that is necessary for binding and absorption of dietary 
cobalamin (vitamin B12).

Intrinsic pathway See Intrinsic coagulation pathway.

Intrinsic Xase complex network of FIXa, FVIIIa, phospho-
lipid, and calcium that assembles on membrane surfaces.

Intron DNA base sequence that interrupts the protein coding 
sequence of a gene; this sequence is transcribed into RNA but is cut 
out of the message before it is translated into protein.

Iron-deficiency anemia microcytic, hypochromic disorder 
caused by a deficiency of total body iron, resulting in iron-restricted 
erythropoiesis. This is the last stage of the disorder when all laboratory 
tests for iron status become abnormal.

Iron-responsive element (IRE) stem-loop-stem structure 
in either the 5′ or 3′ noncoding regions of mRNA recognized and 
bound by iron-binding proteins (IRE-BP or iron-regulatory pro-
tein [IRP]). The IRP binding affinity for the IRE is determined by 
the amount of cellular iron; the IRP binds to the IRE region when 
iron is scarce and dissociates when it is plentiful. When bound, 
the IRP modulates the translation of the mRNA. The translation 
of the proteins involved in iron metabolism including ferritin, 
ferroportin, ALAS2, transferrin, and DMT1 is regulated by this 
mechanism.

Iron-responsive element-binding protein (IRE-BP) pro-
tein that binds to a stem-loop structure of some mRNAs which is 
known as the iron-responsive element (IRE). The IRE-BP binding 
affinity for the IRE is determined by the amount of cellular iron and 
is involved in the regulation of translation of proteins involved in iron 
metabolism.

Immunoblast T or B lymphocyte that is mitotically active as a 
result of stimulation by an antigen. The cell is morphologically char-
acterized by a large nucleus with prominent nucleoli, a fine chromatin 
pattern, and an abundant, deeply basophilic cytoplasm.
Immunocompetent having the ability to respond to stimula-
tion by an antigen.
Immunoglobulin protein produced by B lymphocytes and 
plasma cells. It reacts with antigen and consists of two pairs of poly-
peptide chains: two heavy and two light chains linked together by 
disulfide bonds. Also called antibody.
Immunohistochemical stain dye applied using immunologic 
principles and techniques to study cells and tissues. Usually a labeled 
antibody is used to detect antigens (markers) on a cell.
Immunophenotyping identifying antigens using detection 
antibodies.
Immunosuppressed repressed ability to produce antibodies to 
antigens.
Immunotherapy form of treatment in which different immune 
cells are manipulated in vivo or in vitro and later infused to alter the 
immune function of other cells.
Indirect antiglobulin test (IAT) laboratory examination used 
to detect the presence of serum antibodies against specific erythrocyte 
antigens.
Induction therapy initial phase of cancer treatment using 
chemical substances. Its function is to rapidly drop the tumor burden 
and induce a remission to a normal state.
Ineffective erythropoiesis premature death of red blood cells 
in the bone marrow, preventing release into circulation.
Infectious lymphocytosis condition found in young chil-
dren. The most striking hematologic finding is a leukocytosis of 
40950 * 109/L with 60–97% small, normal-appearing lymphocytes. 
It is thought to be a reactive immune response to a viral infection and 
is no longer considered a unique disease.
Infectious mononucleosis self-limiting lymphoproliferative 
disease caused by infection with Epstein-Barr virus (EBV). The usu-
ally increased leukocyte count is related to an absolute lymphocytosis. 
Various forms of reactive lymphocytes are present. Serologic tests to 
detect the presence of heterophile antibodies are helpful in differen-
tiating this disease from more serious diseases. Also known as the 
kissing disease.
Innate immune response body’s first reaction to com-
mon classes of invading pathogens. It is rapid but limited. The 
leukocyte receptors that participate in it are always available and 
do not require cell activation to be expressed. Once a pathogen is 
recognized, effector cells can attack, engulf, and kill it. Neutro-
phils, monocytes, and macrophages play a major role in the innate 
immune system.
In situ hybridization detection of specific DNA or RNA 
sequences in tissue sections or cell preparations using a labeled com-
plementary nucleic acid sequence or probe.
Integral protein protein embedded between phospholipids 
within a cell membrane.
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the center and a pale area on either end. The cell has more than two 
concavities.
L&H/popcorn cell See Popcorn cell.
Lacunar cell neoplastic variant found in NS Hodgkin lymphoma 
characterized by abundant pale-staining cytoplasm, cytoplasmic 
clearing, and delicate, multilobated nuclei.
Lamellar body densely packed layer of phospholipid secreted by 
type II alveolar cells; is the storage package for surfactant in amniotic 
fluid. The number of lamellar bodies present in the amniotic fluid is 
proportional to the amount of surfactant available
Large granular lymphocyte null cell with a low nuclear-to-
cytoplasmic ratio, pale blue cytoplasm, and azurophilic granules. It 
does not adhere to surfaces or phagocytose.
Latex immunoassay (LIA) test immunoturbidimetric analy-
sis using microlatex particles coated with specific antibodies. In the 
presence of the antigen to be tested, the particles agglutinate, produc-
ing an adsorption of light proportional to the antigen level present in 
the sample.
Laurell “rocket” technique (electroimmunoassay, 
EIA) process of electrophoresing antibody-containing agarose 
plates with an antigen (in PPP) until a “rocket” of precipitated 
antigen–antibody forms (measured following the staining of the gel). 
The height of the rocket is proportional to the quantity of antigen 
present in the PPP.
LDL receptor-like protein (LRP receptor) receiver on 
hepatocytes that removes plasmin/antiplasmin, plasminogen activa-
tor/plasminogen activator inhibitor, and thrombin/antithrombin 
complexes from the circulation.
Lecithin cholesterol acyltransferase (LCAT) defi-
ciency rare autosomal disorder that affects the metabolism of 
high-density lipoproteins; characterized by the deficiency of an 
enzyme that catalyzes the formation of cholesterol esters from cho-
lesterol. Its onset is usually during young adulthood.
Leptocyte abnormally shaped erythrocyte that is thin and flat 
with hemoglobin at the periphery. It is usually cup shaped.
Leukemia progressive, malignant disease of the hematopoietic 
system characterized by unregulated, clonal proliferation of hema-
topoietic stem cells; generally classified as chronic or acute and lym-
phoid or myelogenous. The malignant cells eventually replace normal 
cells.
Leukemia of ambiguous lineage condition in which neo-
plastic cells cannot be defined by one lineage. Either no lineage-
specific antigens can be identified or the blasts express antigens of 
more than one lineage.
Leukemic hiatus gap in the normal maturation pyramid of cells 
with many blasts and some mature forms but very few intermediate 
maturational stages. Eventually, the immature neoplastic cells fill the 
bone marrow and spill over into the peripheral blood, producing leu-
kocytosis (e.g., acute leukemia).
Leukemic stem cell rare cell that has infinite proliferative 
potential and drives the formation and growth of tumors.
Leukemogenesis process of developing a leukemic disease.

Irreversibly sickled cell (ISC) rigid cell that has been exposed 
to repeated sickling events and cannot revert to a normal discoid 
shape. It is ovoid or boat shaped and has a high MCHC and low MCV.
Ischemia deficiency of blood supply to a tissue caused by constric-
tion of the vessel or blockage of the blood flow through it.
Isoelectric focusing technique of moving charged particles 
through a support medium with a continuous pH gradient. Indi-
vidual proteins move until they reach the pH that is equal to their 
isoelectric point.
Isopropanol precipitation technique that identifies the pres-
ence of unstable hemoglobins because of their insolubility in isopro-
panol as compared to normal hemoglobins.
Isovolumetric sphering method employed by the Bayer/
Technicon instruments in which a specific buffered diluent is used 
to sphere and fix the blood cells without altering their volume.
JAK2 gene heredity unit that codes for a tyrosine kinase closely 
associated with cytokine receptors. A gain in function mutation that 
gives the cell a proliferative advantage is common in the myelopro-
liferative disorders, especially polycythemia vera.
JAK/STAT signaling system used by hematopoietic cells to 
relay transmissions from the cell membrane receptors to the nucleus 
to activate or inhibit gene expression.
Janus kinase 2 gene See JAK2 gene.
Jaundice condition characterized by yellowing of skin, mucous 
membranes, and the whites of the eye caused by accumulation of 
bilirubin.
Juvenile myelomonocytic leukemia clonal hematopoietic 
neoplasm of childhood characterized by proliferation of the granu-
locytic and monocytic lineages. There is a peripheral blood monocy-
tosis (71 * 109/L) with 620% blasts and promonocytes. Classified 
as a MDS/MPN disorder by the WHO 2008 classification.
Juxtacrine contact-dependent signaling used to describe a type 
of paracrine cell action in which a cell produces a cytokine but does 
not secrete it. The cytokine remains bound to the cell membrane and 
requires another cell to have direct cell-to-cell contact in order to 
achieve the desired effect.
Karyolysis destruction of the nucleus.
Karyorrhexis disintegration of the nucleus resulting in the irreg-
ular distribution of chromatin fragments within the cytoplasm.
Karyotype systematic display of a cell’s chromosomes that deter-
mine the number of chromosomes present and their morphology.
Kernicterus toxic buildup of bilirubin in brain tissue; associated 
with hyperbilirubinemia.
Keratocyte abnormally shaped erythrocyte with one or several 
notches and projections on either end that look like horns. The shape 
is caused by trauma to the erythrocyte. Also called helmet cells and 
horn-shaped cells.
Killer cell cytolytic lymphocyte identified by monoclonal antibod-
ies. It is involved in several activities such as resistance to viral infec-
tions, regulation of hematopoiesis, and process against tumor cells.
Knizocyte abnormally shaped erythrocyte that appears on stained 
smears as a cell with a dark, stick-shaped portion of hemoglobin in 
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terminal deoxynucleotidyltransferase (TdT) but no peroxidase, lipid, 
or esterase.

Lymphocyte mature leukocyte with variable size, depending on 
the state of cellular activity and amount of cytoplasm. The nucleus 
is usually round with condensed chromatin and stains deep, dark 
purple with Romanowsky stains. The cytoplasm stains a light blue. 
Nucleoli are usually not visible. A few azurophilic granules can be 
present. These cells interact in a series of events that allow the body 
to attack and eliminate foreign antigen. They have a peripheral 
blood concentration in adults from 1.0 to 4.8 * 109/L 4.8 * 109/L 
(20–40% of leukocytes). The concentration in children less than 10 
years old is higher.

Lymphocytic leukemoid reaction response characterized 
by an increased lymphocyte count with the presence of reactive or 
immature appearing lymphocytes. It is associated with whooping 
cough, chicken pox, infectious mononucleosis, infectious lympho-
cytosis, and tuberculosis.

Lymphocytopenia condition that has 61.0 * 109/L of a type 
of white blood cell known as a lymphocyte. Also called lymphopenia.

Lymphocytosis increase in peripheral blood concentration of 
a type of white blood cell known as a lymphocyte ( 74.8 * 109/L in 
adults or 79 * 109/L in children).

Lymphoepithelial lesion region damaged by injury or disease 
such as infiltration of epithelium by groups of lymphocytes. Infiltra-
tion of mucosal epithelium by neoplastic lymphocytes is characteris-
tic of MALT lymphoma.

Lymphoid follicle spherical mass of B cells within lymphatic 
tissue.

Lymphokine substance released by sensitized lymphocytes and 
responsible for activation of macrophages and other lymphocytes.

Lymphokine-activated killer (LAK) cells subpopulation 
of peripheral blood mononuclear cells (natural killer cells) that have 
been harvested from a patient, expanded and activated with IL-2 ex 
vivo, and re-infused into the patient to induce an enhanced antitumor 
cytolytic response.

Lymphoma malignant proliferation of a type of white blood cell 
known as a lymphocyte. Most cases arise in lymph nodes, but it can 
begin at many extranodal sites; classified as to B or T cell and low, 
intermediate, or high grade.

Lymphoma classification process of dividing (grading) the 
disease into groups, each with a similar clinical course and response 
to treatment. Current schemes use a combination of morphologic 
appearance, phenotype, and genotype.

Lyonization process in which all but one X chromosome in a cell 
are randomly inactivated.

Lypholized freeze-dried serum or plasma sample that can be 
reconstituted with a diluent, typically distilled or deionized water.

Lysosomal granule small particle containing lysosomal 
enzymes.

Lysosomal storage disorder disruption of membrane-
bound sac characterized by defects in various enzymes (including 
glucosidases, lipases, proteases, and nucleases) that are involved in 

Leukemoid reaction transient, responsive condition result-
ing from certain types of infections or tumors characterized by an 
increase in the total leukocyte count to more than 25 * 109/L and a 
shift to the left in leukocytes (usually granulocytes).
Leukocyte white blood cell (WBC) of which there are five types: 
neutrophil, eosinophil, basophil, lymphocyte, and monocyte. The 
function of these cells is to defend against infection and tissue dam-
age. The normal reference range for total leukocytes in peripheral 
blood is 4.5911.0 * 109/L.
Leukocyte alkaline phosphatase (LAP) test that identifies 
the amount of enzyme present within the specific (secondary) gran-
ules of granulocytes (from the myelocyte stage onward). It is useful in 
distinguishing leukemoid reaction/reactive neutrophilia (high LAP) 
from chronic myelogenous leukemia (low LAP).
Leukocytosis increase in WBCs in the peripheral blood; WBC 
count 711.0 * 109/L.
Leukoerythroblastic reaction response characterized by the 
presence of nucleated erythrocytes and a shift to the left in neutrophils 
in the peripheral blood; often associated with myelophthisis.
Leukopenia decrease in leukocytes 64.5 * 109/L.
Leukopoiesis formation and development of white blood cells.
Linearity range of concentration over which a test method can be 
used without modifying (i.e., diluting) the sample.
Linearity check material commercially available matter with 
known concentrations of analytes that do not contain interfering 
substances or conditions. It is used to determine the linearity of an 
instrument or a method.
Linear regression analysis statistical tool used to determine a 
single line through a data set that describes the relationship between 
two methods, X and Y. General equation is Y = a + bx, where a 
denotes the y-intercept; b is the slope; and Y is the predicted mean 
value of Y for a given x value.
Linkage analysis process of following the inheritance pattern of 
a particular gene in a family based on its tendency to be inherited with 
another locus on the same chromosome.
Locus specific position on the chromosome.
Low-molecular-weight heparin (LMWH) heparin molecule 
of M.W. 2,000–12,000 daltons; used as thrombolytic therapy in acute 
thrombotic events.
LRP receptor See LDL receptor-like protein.
Lupus anticoagulant See Lupuslike anticoagulant.
Lupuslike anticoagulant circulating substance that occurs 
spontaneously in patients with a variety of conditions (originally 
found in those with lupus erythematosus) and directed against phos-
pholipid components of the reagents used in laboratory tests for clot-
ting factors. See Antiphospholipid antibody.
Lymphadenopathy abnormal enlargement of lymph nodes.
Lymphoblast lymphocytic precursor cell found in the bone 
marrow. The cell is 10920 mcM (mm) in diameter and has a high 
nuclear:cytoplasmic ratio. The nucleus has a fine (lacy) chromatin 
pattern with one or two nucleoli. The cytoplasm is agranular and 
scant and stains deep blue with Romanowsky stain. The cell contains 
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Mean cell hemoglobin concentration (MCHC) measure 
of the average mass of the protein hemoglobin within erythrocytes in 
grams per deciliter to the volume of erythrocytes in which it is con-
tained. The reference interval is 32–36 g/dL. The MCHC is useful 
when evaluating erythrocyte hemoglobin content on a stained smear. 
This parameter correlates with the extent of chromasia the stained 
cells exhibit; calculated from the hemoglobin and hematocrit:  

MCHC (g/dL) =
hemoglobin (g/dL)

hematocrit (L/L)
Mean cell volume (MCV) average volume of  individual eryth-
rocytes reported in femtoliters. The reference  interval is 80–100 fL. 
This parameter is useful in evaluating erythrocyte morphology on a 
stained blood smear. The MCV  usually correlates with the diameter 
of the erythrocytes observed microscopically and can be calculated 
from the hematocrit and erythrocyte count:

 MCV (fL) =
hematocrit (L/L)(*1012/L)
erythrocyte count * 1000

 

Mean platelet volume average cell volume of a platelet popu-
lation; analogous to the MCV of erythrocytes.
Medical decision level concentration of an analyte indicating 
that medical intervention is required for proper patient care.
Medullary hematopoiesis blood cell production and devel-
opment in the bone marrow.
Megakaryoblast progenitor cell committed to the megakaryo-
cyte lineage; develops into the megakaryocyte.
Megakaryocyte large cell found within the bone marrow char-
acterized by the presence of large or multiple nuclei and abundant 
cytoplasm. It produces the blood platelets.
Megaloblastic asynchronous maturation of any nucleated cell 
type characterized by delayed nuclear development in comparison 
to the cytoplasmic development. The abnormal cells are large and 
characteristically found in pernicious anemia and other megaloblas-
tic anemias.
Membrane inhibitor of reactive lysis (MIRL) a regulatory 
protein (CD59) on normal cell membranes responsible for preventing 
amplification of complement activation; prevents interaction between 
C8 and C9.  Deficiency in PNH is due to the lack of a glycolipid anchor 
(glycosyl-phosphatidyl inositol) that attaches it to the cell membrane.
Memory cell Long-lived T or B lymphocyte produced by antigen 
stimulation of naïve lymphocytes that produce a rapid and enhanced 
immune response to the initial and later exposure to the stimulating 
antigen.
Mesenchymal stem cell (MSC) multipotent bone marrow 
stromal cells that can differentiate into bone, cartilage, and fat cells 
(adipocytes).
Metacentric having a chromosome that has the centromere near 
center so that the short arm and long arms are equal in length.
Meninges (singular: meninx) three membranes covering the 
brain and spinal cord.
Metamyelocyte granulocytic precursor cell normally found in 
the bone marrow. The cell is 10915 mcM (mm) in diameter. The cyto-
plasm stains pinkish and there is a predominance of specific granules. 

degradative processes leading to the accumulation of either nonde-
graded substrates or catabolic products that are unable to be trans-
ported out of the lysosome.
Lysosome membrane-bound sac in the cytoplasm that contains 
various hydrolytic enzymes.
Macrocyte abnormally large erythrocyte (7100 fL).
Macro-ovalocyte abnormally large erythrocyte with an oval 
shape characteristically seen in megaloblastic anemia.
Macrophage large—10–20 mcM (mm):tissue cell derived 
from monocytes; it secretes a variety of products that influence the 
function of other cells and plays a major role in both nonspecific and 
specific immune responses.
Maintenance chemotherapy third and final phase of can-
cer treatment that uses chemical agents to prevent the repair and/
or return of the malignant clone, thus allowing the normal immune 
system to clear away all remaining disease.
Malignant neoplastic with potential to metastasize.
Malignant neoplasm clone of identical, anaplastic (de- 
differentiated), proliferating cells; can metastasize.
Marginating pool population of neutrophils attached to or 
marginated along the vessel walls and not actively circulating. This is 
about one-half of the total pool of neutrophils in the vessels.
Mastocytosis group of disorders characterized by abnormal pro-
liferation of mast cells in one or more organs.
Material safety data sheet (MSDS) document that provides 
safety information for clinical laboratory professionals who use haz-
ardous materials; includes pertinent safety information regarding the 
proper storage and disposal of a chemical, precautions that should be 
taken in handling it, potential health hazards associated with exposure 
to it, and whether it is a fire or explosive hazard.
Mastocytosis disorder caused by heterogeneous group of mast 
cell diseases characterized by the abnormal proliferation of mast cells 
in one or more organ systems. Two major groups of mast cell disor-
ders are cutaneous and systemic. It is suggested that mast cell disor-
ders be classified as myeloproliferative disorders.
Maturation process of attaining complete development of the cell.
Mature neoplasm usually a chronic condition in which the periph-
eral blood contains an increased total WBC and mature forms of cells.
Maturing cell committed cell that assumes the morphologic 
characteristics of its lineage. It makes up the majority of hematopoi-
etic precursor cells.
May-Heggelin anomaly (MHA) inherited disorder in which 
platelet production is decreased; characterized by a moderate macro-
thrombocytopenia and Döhle-like inclusions in leukocytes; one of a 
group of disorders associated with abnormalities of the MYH9 gene 
(nonmuscle myosin gene).
Mean cell hemoglobin (MCH) indicator of the average 
weight of the intracellular erythrocyte protein, hemoglobin, in indi-
vidual erythrocytes reported in picograms. The reference interval for 
MCH is 28–34 pg. This parameter is calculated from the hemoglobin 

and erythrocyte count: MCH (pg) =
Hb (g/dL) * 10

RBC count (*1012/L)
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nonspecific esterase activity that is inhibited by sodium fluoride. This 
cell will develop into monocytes.
Monoclonal gammopathy alteration in immunoglobu-
lin production characterized by an increase in one specific class of 
immunoglobulin.
Monoclonal gammopathy of undetermined significance 
(MGUS) condition characterized by a low level of serum mono-
clonal protein without evidence of an overt neoplasm. Its diagnosis 
requires exclusion of other plasma cell and lymphoid malignancies.
Monocyte mature leukocyte found in bone marrow or peripheral 
blood. Its morphology depends on its activity. The cell ranges in size 
from 12930 mcM (mm) with an average of 18 mcM. The blue-gray 
cytoplasm is evenly dispersed with fine dustlike granules. Of the two 
types of granules, one contains peroxidase, acid phosphatase, and 
arylsulfatase. Less is known about the content of the other granule. 
The nuclear chromatin is loose and linear, forming a lacy pattern. The 
nucleus is often irregular in shape.
Monocyte–macrophage system See Mononuclear phago-
cyte (MNP) system.
Monocytopenia disorder characterized by a decrease in the con-
centration of a class of circulating white blood cells known monocytes 
(60.1 * 109/L).
Monocytosis increase in the concentration of circulating white 
blood cells known as monocytes (70.8 * 109/L).
Mononuclear phagocyte (MNP) system collection of 
white blood cells known as monocytes and macrophages found both 
intravascularly and extravascularly. It plays a major role in initiating 
and regulating the immune response.
Monosomy condition having one daughter cell with a missing 
chromosome (one copy instead of two).
Morulae basophilic, irregularly shaped granular, cytoplasmic inclu-
sions found in leukocytes in an infectious disease called ehrlichiosis.
Mosaic pattern that occurs in the embryo shortly after fertilization, 
resulting in congenital aberrations in some cells and some normal cells.
Mott cell pathologic plasma cell whose cytoplasm is filled with 
colorless globules that most often contain immunoglobulin (Russell 
bodies) and forms as a result of accumulation of material in the RER, 
SER, or Golgi complex caused by an obstruction of secretion. The cell 
is associated with chronic plasmocyte hyperplasia, parasitic infection, 
and malignant tumors. Also called grape cell.
Multimer analysis testing that determines the structure of VWF 
multimers.
Multiple myeloma plasma cell malignancy characterized by 
increased plasma proteins.
Mutation any change in the nucleotide sequence of DNA. When 
large sequences of nucleotides are missing, the alteration is referred 
to as a deletion.
Myeloblast first microscopically identifiable granulocyte 
precursor normally found in the bone marrow. The cell is large 
(15920 mcM [mm]) with a high nuclear-cytoplasmic ratio. The 
nucleus has a fine chromatin pattern with a nucleoli. There is moder-
ate amount of blue, agranular cytoplasm.

The nucleus is indented with a kidney bean shape, and the nuclear 
chromatin is condensed and stains dark purple.
Methemoglobin a form of hemoglobin with iron that has been 
oxidized to the ferric state; (Fe+++) and is incapable of combining 
with oxygen.
Methemoglobinemia condition with the intracellular erythro-
cyte protein iron in the ferric state; this affects the oxygen affinity of 
the molecule, which cannot combine with oxygen.
Methemoglobin reductase pathway metabolic reaction 
that uses methemoglobin reductase and NADH to maintain heme 
iron in the reduced state (Fe++).
Microangiopathic hemolytic anemia (MAHA) process in 
which the erythrocyte is damaged by prosthetic devices or lesions of 
the small blood vessels.
Microcyte abnormally small erythrocyte. The MCV is typically 
decreased.
Microenvironment unique surrounding in the bone marrow 
where orderly proliferation and differentiation of precursor cells take 
place.
Micromegakaryocyte small, abnormal cell sometimes found in 
the peripheral blood in MDS and the myeloproliferative syndromes.
Microparticle (MP) membrane-bound vesicle produced by 
blebbing of the parent cell’s membrane released in response to apop-
tosis or cell activation.
Microtubule  cylindric structure—20–27 mcM (mm) in 
 diameter—composed of protein subunits. It is a part of the cytoskele-
ton helping some cells maintain shape. It increases during mitosis and 
forms the mitotic spindle fibers and assists in transporting substances 
in different directions. In the platelet, a band of tubules located on 
the circumference is thought to be essential for maintaining the disc 
shape in the resting state.
Minimal residual disease See Minimum residual disease.
Minimum residual disease condition with a combination of 
negative “traditional” tests (peripheral blood and bone marrow blast 
count and cytogenetics) and positive molecular tests for the presence 
of malignant cells.
Mitotic pool population of cells within the bone marrow that is 
capable of DNA synthesis. Also called proliferating pool.
Mixed lineage acute leukemia critical blood cell malig-
nancy that has both myeloid and lymphoid populations present 
or blasts that possess myeloid and lymphoid markers on the same 
cell.
Mixed phenotype acute leukemia See Mixed lineage acute 
leukemia.
Molecular remission absence of detectable genetic abnormali-
ties using PCR or related molecular technologies in patients who had 
identifiable abnormalities before therapy. This is the most sensitive 
test for detecting minimal residual disease.
Monoblast precursor cell found in bone marrow. It is about 
14918 mcM (mm) in diameter with abundant agranular, blue-gray 
cytoplasm. The nucleus can be folded or indented. The chroma-
tin is finely dispersed, and several nucleoli are visible. The cell has 
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Nephelometry technique used to measure the concentration of 
particles in a solution by analysis of the light scattered by the particles.
Neutropenia decrease in neutrophils (61.8 * 109/L).
Neutrophil mature white blood cell with a segmented nucleus 
and granular cytoplasm. This cell constitutes the majority of cir-
culating leukocytes. The absolute number varies between 1.8 and 
7.0 * 109/L. Also called granulocyte or seg.
Neutrophilia increase in white blood cells 77.0 * 109/L. It can 
be seen in bacterial infections, inflammation, metabolic intoxication, 
drug intoxication, and tissue necrosis.
Nondisjunction error in segregation that occurs in mitosis or 
meiosis so that sister chromatids do not disjoin. A spindle fiber mal-
function results in one daughter cell with an extra chromosome (tri-
somy) and one daughter cell with a missing chromosome (monosomy).
Nonspecific esterase a-naphthyl esterase enzyme present 
in monocytic cells, megakaryocytes, hairy cells, plasma cells, T lym-
phocytes, and macrophages. Can be identified by stains using either 
a@naphthyl acetate or a@naphthyl butyrate as a substrate at alkaline pH.
Nonspecific granule large, blue-black particle found in pro-
myelocytes. It has a phospholipid membrane and stains positive for 
peroxidase.
Nonthrombogenic pertaining to the inhibition of blood clot 
formation; prevent the inappropriate formation of a blood clot.
Nonthrombocytopenic purpura condition in which plate-
lets are normal in number but purple discoloration is present; is con-
sidered to be caused by damage to the blood vessels.
Normal pooled plasma platelet-poor, colorless fluid part of 
blood collected from at least 20 individuals for coagulation testing. 
PT and APTT should give results within the laboratory’s reference 
interval. The fluid is pooled and used in mixing studies to differentiate 
a circulating inhibitor from a factor deficiency.
Normoblast nucleated erythrocyte precursor in the bone mar-
row. Also known as erythroblast.
Normocytic characterized by normal size blood cells; describes 
erythrocytes that have a mean corpuscular volume (MCV) within the 
reference range (80–100 fL).
Nomogram chart that displays the relationship between numeri-
cal variables; three parallel scales are used for different variables; when 
a straight line connects two values, the third can be read from the 
point intersected by the line; used in determining heparin dosing.
Nuclear-cytoplasmic asynchrony used to describe blood cell 
maturation in which the cellular nucleus matures more slowly than 
the cytoplasm, suggesting a disturbance in coordination. As a result, 
the nucleus takes the appearance of one associated with a younger cell 
than its cytoplasmic development indicates. This is a characteristic of 
megaloblastic anemias.
Nuclear-to-cytoplasmic ratio (N:C ratio) proportion of the 
volume of the cell nucleus to the volume of the cell’s cytoplasm; usu-
ally estimated as the proportion of the diameter of the nucleus to the 
diameter of the cytoplasm. In immature hematopoietic cells, the N:C 
ratio is usually higher than in more mature cells. As the cell matures, 
the nucleus condenses and the cytoplasm expands.

Myelocyte granulocytic precursor cell normally found in the 
bone marrow that is 12918 mcM (mm) in diameter with a pinkish 
granular cytoplasm. Both primary and secondary granules are present.

Myelodysplastic syndrome (MDS) type of blood cell neo-
plasm characterized by a group of primary neoplastic pluripotential 
stem cell disorders with one or more cytopenias in the peripheral 
blood and prominent maturation abnormalities (dysplasia) in the 
bone marrow.

Myelodysplastic/myeloproliferative neoplasm category 
of disorders that is included in the WHO classification but not in the 
FAB classification system. It includes clonal hematopoietic disorders 
that has some clinical, laboratory, or morphologic findings of both a 
myelodysplastic syndrome (MDS) and a chronic myeloproliferative 
neoplasm (MPN).

Myeloid associated antigen CD marker that when present 
is unique to and useful in differentiating AML from other types of 
acute leukemia.

Myeloid-to-erythroid ratio (M:E ratio) proportion of 
granulocytes and their precursors to nucleated erythroid precur-
sors derived from performing a differential count on bone marrow 
nucleated hematopoietic cells. Monocytes and lymphocytes are not 
included. The normal ratio is usually between 1.5:1 and 3.5:1, reflect-
ing a predominance of myeloid elements.

Myeloid/NK cell acute leukemia acute disorder in which 
the neoplastic cells coexpress myeloid antigens (CD33, CD13, and/
or CD15) and NK cell–associated antigens (CD56, CD16, CD11b) 
although they lack HLA-DR and T lymphocyte–associated antigens 
CD3 and CD8.

Myeloperoxidase enzyme present in the primary granules of 
myeloid cells including neutrophils, eosinophils, and monocytes.

Myelophthisis displacement of normal hematopoietic tissue in 
bone marrow by fibrosis, leukemia, or metastatic cancer cells.

Myeloproliferative neoplasm (MPN) group of neoplastic 
clonal disorders characterized by excess proliferation of one or more 
cell types in the bone marrow. Formerly referred to as myeloprolif-
erative disorders (MPD).
Natural killer cell type of lymphoid cell that has the capacity 
for spontaneous, non-MHC-restricted cytotoxicity for various tar-
get cells. It possesses CD16 (the FcgIII receptor for IgG) and CD56. 
NK cells constitute about 15% of the circulating lymphocytes in the 
peripheral blood.

Natural killer T (NKT) cell A small subpopulation of lym-
phocytes that express both T lymphocyte receptors (TCR) and some 
surface molecules characteristic of natural killer cells.

Necrosis pathologic cell death resulting from irreversible damage; 
“cell murder.”

Neonatal alloimmune thrombocytopenia (NAIT) defi-
ciency of platelets in the blood caused by immune destruction of these 
cells that occurs in newborns; results from the transfer of maternal 
alloantibodies.

Neoplasm abnormal formation of new tissue (such as a tumor) 
that serves no useful purpose; can be benign or malignant.

Z04_MCKE6011_03_SE_GLOS.indd   959 01/08/14   4:31 pm



960 Glossary

Ovalocyte erythrocyte that is oval in shape and can be seen in 
patients with megaloblastic and other anemias.
Overhydrated hereditary stomatocytosis (OHS) form 
of hereditary deformation of red blood cells in which the red cell 
membrane is abnormally permeable to both Na+ and K+. The net 
gain of Na+ ions is higher than the net loss of K+ ions because the 
capacity of the cation pump (fueled by ATP derived from glycoly-
sis) to maintain normal intracellular osmolality is exceeded. As the 
pump fails, the intracellular concentration of cations increases, 
water enters the cell, and the overhydrated cells appear to have a 
mouthlike area of pallo and are called stomatocytes . Also known 
as hereditary hydrocytosis.
Oxygen affinity ability of hemoglobin to bind and release oxy-
gen. It is decreased by an increase in CO2, acid, and heat and increased 
by a rise in pO2.
Oxyhemoglobin compound formed when the erythrocyte pro-
tein that transports respiratory gases combines with oxygen.
P50 value partial pressure of oxygen at which 50% of  hemoglobin 
is saturated with oxygen.
p53 gene hereditary unit that normally functions as an 
 antioncogene by preventing proliferation of DNA-damaged cells 
and unwanted DNA amplification and promoting apoptosis of these 
damaged cells. When mutated, it can lose its tumor-suppressive effect.
Paired t-test statistical tool used to compare the difference 
between two paired data sets. Use of pairs determines whether a sta-
tistically significant difference exists between the two data sets.
Pancytopenia marked decrease of all blood cells in the periph-
eral blood.
Panhypercellular increase in all blood cells in the peripheral 
blood.
Panic value test result that is above or below the critical limit 
and could pose a life-threatening situation that should be repeated to 
confirm the results. If confirmed, the results should be immediately 
communicated to the physician and properly documented.
Panmyelosis panhypercellularity in the bone marrow.
Pappenheimer body iron-containing particle in mature eryth-
rocytes. On Romanowsky stain, it is visible near the periphery of the 
cell and often occurs in clusters.
Paracrine type of cell signaling when signals produced by one cell 
act on an adjacent cell, typically over short distances.
Paroxysmal cold hemoglobinuria (PCH) autoim-
mune hemolytic anemia characterized by lysis of erythrocytes and 
 hematuria upon exposure to cold.
Paroxysmal nocturnal hemoglobinuria (PNH) stem cell 
disease in which the erythrocyte membrane is abnormal, making the 
cell more susceptible to hemolysis by complement. There is a lack of 
decay-accelerating factor (DAF) and MIRL on the membrane that 
are normally responsible for preventing amplification of complement 
activation. DAF and MIRL deficiency results from the lack of glyco-
syl phosphatidyl inositol (GPI), a membrane glycolipid that serves to 
attach (anchor) proteins to the cell membrane. Intravascular hemo-
lysis is intermittent.

Nucleolus (pl: nucleoli) spherical body within the nucleus in 
which ribosomes are produced. It is not visible in cells that are not 
synthesizing proteins or that are not in mitosis or meiosis. It stains a 
lighter blue than the nucleus with Romanowsky stains.

Nucleotide basic building block of DNA composed of nitrogen 
base (A = adenine, T = thymine, G = guanine, or C = cytosine) 
attached to a sugar (deoxyribose) and a phosphate molecule.

Nucleus (pl: nuclei) characteristic structure in the eukaryotic 
cell that contains chromosomes and nucleoli; stains deep bluish-
purple with Romanowsky stain. It is separated from the cytoplasm 
by a nuclear envelope. In young, immature hematopoietic cells, its 
material is open and dispersed in a lacy pattern. As the cell becomes 
mature, the structural material condenses and appears structureless.

Null cell See Large granular lymphocytes.

Oncogene mutated gene that leads to the transformation of a 
normal cell to a cancer cell. Most are altered forms of normal heredi-
tary units that function to regulate cell growth and differentiation. Its 
normal counterpart is known as a proto-oncogene.
Open canalicular system (OCS) membrane system in the 
platelet forming twisted channels that lead from the platelet surface 
to the interior of the platelet; is a remnant of the demarcation mem-
brane system of the megakaryocyte. Also called surface connected 
canalicular system (SCCS).

Opportunistic organism cell that is usually part of the normal 
flora but can cause disease if there is a significant change in host resis-
tance or within the organism itself.

Opsonin antibody or complement that coats microorganisms or 
other particulate matter found within the blood stream so that the 
foreign material can be more readily recognized and phagocytized 
by leukocytes.

Optimal counting area region of the blood smear in which 
erythrocytes are just touching but not overlapping; used for morpho-
logic evaluation and identification of cells.

Oral anticoagulant type of drug taken by mouth (e.g., Couma-
din, warfarin) that prevents coagulation by inhibiting the activity of 
vitamin K, which is required for the synthesis of functional prothrom-
bin group coagulation factors.

Oral anticoagulant therapy drug treatment taken by mouth 
to prevent coagulation.

Orthochromatic normoblast nucleated precursor of the 
erythrocyte that develops from the polychromatophilic normoblast 
normally found in the bone marrow. It is the last nucleated stage of 
erythrocyte development.

Osmotic fragility laboratory procedure to evaluate the ability of 
erythrocytes to withstand different salt concentrations; depends on the 
erythrocyte’s membrane, volume, surface area, and functional state.

Osteoblast cell involved in formation of calcified bone.

Osteoclast cell involved in resorption and remodeling of calci-
fied bone.

Outlier data point that falls outside the expected range for all data; 
is not considered to be part of the population that was sampled.

Z04_MCKE6011_03_SE_GLOS.indd   960 01/08/14   4:31 pm



 961Glossary

Phagosome formation of an isolated vacuole within the process 
of opsonization.
Pharmacokinetics branch of pharmacology that performs a 
quantitative study of a drug’s disposition in the body over time.
Phase microscopy type of light microscope used to count plate-
lets; places an annular diaphragm below or in the substage condenser 
and a phase-shifting element in the rear focal plane of the objective. 
This causes alterations in the phases of light rays and increases the 
contrast between the cell and its surroundings.
Phenotype physical manifestation of an individual’s genotype, 
often referring to a particular genetic locus.
Phi body small version of the Auer rod.
Photodetector device used to measure/detect light scattered off 
or emitted from particles.
Photomultiplier tube light detector used in flow cytometers 
and other analytical instruments.
Pia mater thin membrane directly covering the central nervous 
system; middle layer of the meninges.
Pica perversion of appetite that leads to bizarre eating practices; 
a clinical finding in some individuals with iron-deficiency anemia.
Pitting removing abnormal inclusions from erythrocytes by the 
spleen.
PIVKA See Protein induced by vitamin K absence or antagonist.
Plasma liquid component of blood.
Plasma cell transformed, fully differentiated B lymphocyte 
normally found in the bone marrow and medullary cords of lymph 
nodes. It can be seen in the circulation in certain infections and disor-
ders associated with increased serum g@globulins. It is characterized 
by the presence of an eccentric nucleus containing condensed, deeply 
staining chromatin and deep basophilic cytoplasm. The large Golgi 
apparatus next to the nucleus does not stain, leaving an obvious clear 
paranuclear area. The organism has the PC-1 membrane antigen and 
cytoplasmic immunoglobulin.
Plasma cell neoplasm malignant disorder of the immuno-
globulin secreting, fully differentiated B-lymphocyte.
Plasmacytoma localized, tumorous collection of clonal plasma 
cells. The disease prognosis is related to its location.
Plasma exchange removal of patient plasma and replacement 
with donor plasma.
Plasmacytoid lymphocyte an intermediate cell in immuno-
blast development between the B cell and the plasma cell. It has mor-
phologic similarity to the lymphocyte but has marked cytoplasmic 
basophilia similar to that of plasma cells. It is occasionally seen in the 
peripheral blood of patients with viral infection.
Plasmacytosis presence of plasma cells in the peripheral blood 
or an excess of plasma cells in the bone marrow.
Plasmin proteolytic enzyme with trypsin-like specificity that 
digests fibrin or fibrinogen as well as other coagulation factors; 
formed from plasminogen.
Plasminogen inactive precursor of the enzyme plasmin; 
b@globulin, single-chain glycoprotein that circulates in the blood as 

Passenger lymphocyte syndrome condition that causes 
immune hemolytic state following a solid organ, bone marrow, or 
stem cell transplant. The donor B lymphocytes transplanted with 
the organ or the bone marrow produce antibodies against recipi-
ent’s blood group antigens. Hemolysis is primarily caused by ABO 
incompatibility between donor and recipient (Group O donor and 
Group A or B recipient). Although ABO is the most frequent antigen 
system involved, Rh, Kell, Kidd, or other blood group systems can 
be involved.
Pathogen-associated molecular pattern (PAMP) struc-
ture shared by many different pathogens or common alterations that 
the pathogen makes to the body’s cells.
Pattern recognition receptor leukocyte surface responder 
for PAMP.
Pelger-Huët anomaly inherited benign condition character-
ized by the presence of functionally normal neutrophils with a bilobed 
or round nucleus. Cells with the bilobed appearance are called pince-
nez cells.
Percent saturation portion of transferrin that is complexed 
with iron.
Pericardial cavity body space that contains the heart.
Pericardium membrane that lines the pericardial cavity.
Periodic acid-Schiff (PAS) stain used to identify and differ-
entiate blood cells. The stainable component is primarily glycogen. 
Mature granulocytes, platelets, megakaryocytes, and monocytes are 
stained with PAS.
Peripheral membrane protein compound of amino acids 
attached to the cell membrane by ionic or hydrogen bonds but is out-
side the lipid framework of the membrane.
Peritoneal cavity space between the inside abdominal wall 
and outside of the stomach, small and large intestines, liver, superior 
aspect of the bladder, and uterus.
Peritoneum lining of the peritoneal cavity.
Pernicious anemia megaloblastic anemia resulting from a lack 
of intrinsic factor needed to absorb cobalamin (vitamin B12) from 
the gut.
Persistent polyclonal B-cell lymphocytosis rare dis-
order found primarily in the female adult smoker. There is a 
polyclonal expression of lymphocytes but often there is genetic 
evidence of a malignant process. Hematologic findings are normal 
except for  lymphocytosis and the presence of binucleated lympho-
cytes. There is a polyclonal increase in serum IgM but low IgG 
and IgA levels. Bone marrow examination reveals lymphocytic 
infiltrates.
Petechiae small, pinhead-size purple spots caused by blood 
escaping from capillaries into intact skin. These are associated with 
platelet and vascular disorders.
Phagocytosis process of cells engulfing and destroying a foreign 
particle through active cell membrane invagination.
Phagolysosome digestive vacuole (secondary lysosome) formed 
by the fusion of lysosomes and a phagosome. The hydrolytic enzymes 
of the lysosome digest the phagocytosed material.
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Platelet satellitism adherence of pirmary platelets to neutro-
phil membranes in vitro; can occur when blood is collected in EDTA 
anticoagulant.

Platelet secretion release of the contents of the platelet’s 
a-granules and dense bodies during platelet activation.

Platelet-type-pseudo VWD disorder characterized by an 
increased affinity of the platelet GPIb/IX receptor for VWF, resulting 
in spontaneous binding of the large VWF multimers to the platelet. It 
resembles VWD clinically and often presents with similar laboratory 
test results but is not associated with genetic mutations involving the 
VWF gene and thus is not considered “true” VWD.

Pleocytosis abnormally increased number of cells in the cerebro-
spinal fluid (CSF).

Pleura lining of the cavities between the chest wall and the 
lungs.

Pleural cavity space between the chest wall and the lungs.

Plethora excess of blood.

Plumbism lead poisoning.

Pluripotential cell cell that differentiates into many different 
cell lines. It has the potential to self-renew, proliferate, and differenti-
ate into erythrocytic, myelocytic, monocytic, lymphocytic, and mega-
karyocytic blood cell lineages.

Poikilocytosis presence of erythrocytes with variations in 
shape.

Point-of-care testing laboratory examination performed at a 
site close to the patient.

Point-of-care (POC) instrument device designed for analyti-
cal testing of patient specimens outside the laboratory setting (e.g., at 
home or physician’s office).

Polychromatophilia quality of being stainable with more than 
one portion of the stain; commonly used to describe erythrocytes that 
stain with a grayish or bluish tinge with Romanowsky stains from 
residual RNA, which takes up the blue portion of the dye.

Polychromatophilic erythrocyte red blood cell with a bluish 
tinge when stained with Romanowsky stain; contains residual RNA. 
If stained with new methylene blue, the cell shows reticulum and is 
identified as a reticulocyte.

Polyclonal derived from different cell clones.

Polyclonal gammopathy alteration in immunoglobulin pro-
duction characterized by an increase in immunoglobulins of more 
than one class.

Polycythemia condition associated with increased erythrocyte 
count.

Polycythemia vera myeloproliferative neoplasm in which there 
is an increased proliferation of erythroid cells.

Polymerase chain reaction procedure for copying a specific 
DNA sequence many times.

Polymorphic being genetically variable.

Polymorphic variant version of the form and structure of a 
portion of a chromosome that has no clinical consequence.

a zymogen. Large amounts are absorbed with the fibrin mass during 
clot formation; it is activated by intrinsic and extrinsic activators to 
form plasmin.
Plasminogen activator protein of the fibrinolytic system that 
converts a precursor protein plasminogen to plasmin.
Plasminogen activator inhibitor-1 (PAI-1) primary inhib-
itorof tissue plasminogen activator (t-PA) and urokinase-like plas-
minogen activator (tcu-PA) released from platelet a-granules during 
platelet activation.
Plasminogen activator inhibitor-2 (PAI-2) inhibitor of 
tissue and urokinase-like plasminogen activator. Its secretion is 
stimulated by endotoxin and phorbol esters. Increased levels impair 
fibrinolysis and are associated with thrombosis.
Platelet round or oval disc-shaped structure in the peripheral 
blood formed from the cytoplasm of megakaryocytes in the bone 
marrow. It plays an important role in primary hemostasis by adher-
ing to the ruptured blood vessel wall and aggregating to form a plug 
over the injured area. It is also important in secondary hemostasis by 
providing phospholipids important for the activation of coagulation 
proteins. The normal reference range is 1509400 * 109/L.
Platelet activation stimulation of the cell involved in primary 
hemostasis (platelets) that occurs when agonists bind to its surface 
and transmit signals to the cell’s interior. Activated platelets form 
aggregates known as the primary platelet plug.
Platelet adhesion the ability of the cell involved in primary 
hemostasis to attach to collagen fibers or other nonplatelet surfaces.
Platelet aggregation the interaction of the cells inolved in 
primary hemostasis with one another to form a clumped mass; can 
occur in vitro or in vivo.
Platelet clump aggregation of cells involved in primary hemo-
stasis; can occur when blood is collected by capillary puncture (from 
cell activation) and when blood is collected in EDTA anticoagulant 
(the result of unmasking cell antigens that can react with antibodies 
in the serum).
Platelet distribution width (PDW) coefficient of variation 
of platelet volume distribution; analogous to RDW.
Platelet factor 4 protein present in the platelet a-granules; is 
capable of neutralizing heparin.
Plateletpheresis procedure in which cells involved in primary 
hemostasis are removed from the circulation.
Platelet-poor plasma (PPP)  citrated liquid blood 
component containing 615 * 109/L platelets; used for the 
majority of coagulation tests; prepared by centrifugation of 
citrated whole blood at a minimum RCF of 1000 * g for  
15 minutes.
Platelet procoagulant activity property of platelet that 
enables activated coagulation factors and cofactors to adhere to the 
cell’s surface during the formation of fibrin.
Platelet-rich plasma (PRP) citrated blood component con-
taining approximately 200 * 109/L platelets f used in aggregation 
studies. It is prepared by centrifugation of citrated whole blood at an 
RCF of 150 * g for 10 minutes.
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fibrinogen and the clotting factors, leading to a potentially dangerous 
hemorrhagic condition.
Primary hemostasis initial arrest of bleeding that occurs with 
blood vessel–platelet interaction.
Primary hemostatic plug platelet aggregate that initially halts 
blood flow from an injured vessel.
Primary myelofibrosis neoplastic clonal hematopoietic stem 
cell disorder with splenomegaly, leukoerythroblastosis, extramed-
ullary hematopoiesis (myeloid metaplasia), and progressive bone 
marrow fibrosis; classified as a myeloproliferative neoplasm (WHO 
2008). Also known as myelofibrosis with myeloid metaplasia.
Primary thrombocytosis disease caused by an increase in 
platelets that is not secondary to another condition. It usually refers 
to the increase in platelets that can occur in neoplastic disorders.
Probe tool for identifying a particular nucleotide sequence of 
interest. It is composed of a nucleotide sequence that is complemen-
tary to the sequence of interest and is therefore capable of hybridizing 
to the sequence. Probes are labeled in a way that is detectable, such as 
by radioactivity.
Procoagulant inert precursor of a natural substance necessary 
for blood clotting or a property of anything that favors formation of 
a blood clot.
Proficiency testing examining unknown samples from an 
external source (e.g., College of American Pathologists) to monitor 
the quality of a given laboratory’s test results.
Progenitor cell parent or ancestor cell that differentiates into 
mature, functional cells.
Prolymphocyte immediate precursor of the lymphocyte; nor-
mally found in bone marrow. It is slightly smaller than the lym-
phoblast and has a lower nuclear-to-cytoplasmic ratio. The nuclear 
chromatin is somewhat clumped, and nucleoli are usually present. 
The cytoplasm stains light blue and is agranular.
Promonocyte monocytic precursor cell found in the bone mar-
row; is 14918 mcM (mm) in diameter with abundant blue-gray cyto-
plasm. Fine azurophilic granules can be present. The nucleus is often 
irregular and deeply indented. The chromatin is finely dispersed and 
stains a light purple blue. Nucleoli can be present. Cytochemically, the 
cells stain positive for nonspecific esterase, peroxidase, acid phospha-
tase, and arylsulfatase. The cell matures to a monocyte.
Promyelocyte granulocytic precursor cell normally found in 
the bone marrow; is 15921 mcM (mm) in diameter. The cytoplasm 
is basophilic, and the nucleus is quite large. The nuclear chromatin 
is lacy, staining a light purple blue. Several nucleoli are visible. The 
distinguishing feature is the presence of large blue-black primary 
(azurophilic) granules that have a phospholipid membrane that stains 
with Sudan black B. The granules contain acid phosphatase, myelo-
peroxidase, acid hydrolases, lysozyme, sulfated mucopolysaccharides, 
and other basic proteins. The cell matures to a myelocyte. Also called 
progranulocyte.
Pronormoblast precursor cell of the erythrocyte. The cell is 
derived from the pluripotential stem cell and is found in the bone 
marrow. The cell is 12920 mcM (mm) in diameter and has a high 
nuclear-cytoplasmic ratio. The cytoplasm is deeply basophilic with 

Polymorphism condition in which alternate copies (alleles) of 
a gene are present.
Polymorphonuclear having the form and structure of the 
nucleus of the granulocyte in which the nucleus is segmented.
Polymorphonuclear neutrophil (PMN) mature granulocyte 
found in bone marrow and peripheral blood that primarily functions 
as defense against foreign antigens. The nucleus is segmented into two 
or more lobes. The cytoplasm stains pinkish, and specific granules 
are abundant. This is the most numerous leukocyte in the peripheral 
blood (1.897.0 * 109/L) and is active in phagocytosis and killing 
microorganisms. Also called segmented neutrophil or seg.
Polyploid having a number of chromosomes per cell that is a 
multiple of n (23) other than 1n or 2n (e.g., 3n[69], 4n[92]).
Polyploidy pertaining to cells and organisms that contain more 
than two paired (homologous) sets of chromosomes.
Popcorn cell (L&H cell) neoplastic cell found in LP Hodgkin 
lymphoma characterized by a delicate multilobated nucleus and mul-
tiple, small nucleoli. It has a B cell phenotype: LCA+  (leukocyte com-
mon antigen), CD20+ , CD15.
Porphyria group of inherited disorders characterized by a 
block in porphyrin synthesis caused by a defect in one or more of 
the enzymes in the heme synthesis pathway. It causes a buildup of 
compounds of heme precursors that accumulate in tissues and are 
excreted in large amounts in the urine and/or feces. The two forms 
are hepatic and erythropoietic. Only the erythropoietic types affect 
the erythrocytes.
Porphyrin any of various compounds of highly unsaturated tet-
rapyrrole ring bonded by 4 methane (-CH = ) bridges; is metaboli-
cally active only when chelated. Substituents occupy each of the eight 
peripheral positions on the 4-pyrrole rings. The type and order of 
these substituents determine the type of compound.
Portland hemoglobin embryonic intracellular erythrocyte 
protein in the yolk sac that is detectable up to 8 weeks of gestation. It 
is composed of two zeta (z) and two gamma (g) chains.
Postmitotic pool compartment of neutrophils including meta-
myelocytes, bands, and segmented ones in the bone marrow that 
are not capable of mitosis. Cells spend about 5–7 days in this com-
partment before being released to the peripheral blood. Also called 
maturation-storage pool.
Post-translational modification process occurring in 
eukaryotic cells that change the protein product resulting from the 
ribosomal translation; it can involve the addition of sugar groups 
(glycosylation) and phosphate groups (phosphorylation) or other 
modifications to amino acids (e.g., gamma carboxylation of coagula-
tion proteins).
Precursor neoplasm acute abnormal tissue derived from a 
mutated precursor cell and represented by an increased number of 
blasts in the peripheral blood and bone marrow.
Primary aggregation earliest association of platelets in a 
reversible combination.
Primary fibrinogenolysis clinical situation that occurs when 
excessive quantities of plasminogen activators are released into the 
blood in the absence of fibrin clot formation. Excess plasmin degrades 
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real Pelger-Huët anomaly, this cell’s nucleus contains a significant 
amount of euchromatin and stains more lightly. A critical differen-
tiation point is that all neutrophils are equally affected in the genetic 
form of Pelger-Huët anomaly, but only a fraction are hyposegmented 
cells in the acquired state. It is associated with MDS and MPD and can 
also be found after treatment for leukemias.
Pulmonary embolism obstruction of the pulmonary artery or 
one of its branches by a clot or foreign material that has been dis-
lodged from another area by the blood current.
Pure red cell aplasia (PRCA) anemia with selective decrease 
in erythrocyte precursors in the marrow.
Purging cleansing that removes undesirable cells that are present 
in the blood or bone marrow products.
Purpura (1) purple discoloration of the skin caused by petechiae 
and/or ecchymoses; (2) diverse group of disorders characterized by 
the presence of petechiae and ecchymoses.
Pyknotic pertaining to degeneration of the cell’s nucleus in which 
the chromatin condenses to a solid, structureless mass and shrinks.
Quality control limit expected range of results used to deter-
mine whether a test method is in control and to minimize the chance 
of inaccurate results. If the test method is out of control, an interven-
tion is required to reconcile the inaccuracy.
Quebec platelet disorder storage pool abnormality of plate-
lets caused by aberrant proteolysis of a-granule proteins resulting 
from increased levels of urinary-type plasminogen activator.
Quiescence (G0) phase in a cell that has exited the cell cycle and 
is in a nonproliferative state.
Relaxed (R) structure conformational change in hemoglobin 
that occurs as the molecule takes up oxygen.
Radar chart graphical representation of eight CBC parameters: 
WBC, RBC, Hb, Hct, MCV, MCH, MCHC, and PLT. Lines are 
drawn to connect these parameters; representation resembles a radar 
oscilloscope. Changes in the shape of the radar chart indicate different 
hematologic disorders.
Radial immunodiffusion technique in which an antibody 
is incorporated into an agarose gel into whose wells the antigen is 
placed. The antigen is quantitated by the size of a precipitin ring that 
forms as the antigen diffuses from a sample well into the gel.
Random access capability of an automated hematology instru-
ment to process specimens independently of one another; can be 
programmed to run individual tests (e.g., Hb or platelet counts) or 
a panel of tests (e.g., CBC with reticulocyte count) without operator 
intervention.
Random variation fluctuation within an instrument or test 
method caused by chance. It can be either positive or negative in 
direction and affects precision.
Rapoport-Luebering shunt metabolic pathway in which 
2,3-bisphosphoglycerate (2,3-BPG) is synthesized from 1,3-bisphos-
phoglycerate. 2,3-BPG facilitates the release of oxygen from hemoglobin 
in the erythrocyte. Also referred to as 2,3-diphosphoglycerate (DPG).
Raynaud’s phenomenon secondary disorder resulting from 
vaso-arterial spasms in the extremities of the body when exposed 

Romanowsky stains. The nuclear chromatin is fine and has one or 
more nucleoli. This cell matures to a basophilic normoblast. Also 
called rubriblast.
Proplatelet group of platelets comprising a long, slender protru-
sion of megakaryocyte cytoplasm released from mature megakaryo-
cytes. It breaks up into individual platelets.
Protein induced by vitamin K absence or antago-
nists factor that is the nonfunctional form of the prothrombin 
group of coagulation factors. It is synthesized in the liver in the 
absence of vitamin K and lacks the carboxyl (COOH) group neces-
sary for binding the factor to a phospholipid surface (acarboxy form).
Proteomics study of the structure and function of proteins in a 
cell or tissue at a specific time under certain predefined conditions; 
includes information on how the proteins interact with each other 
inside cells.
Proteosome eukaryotic assembly of proteins that degrades other 
proteins.
Prothrombinase complex complex formed by coagulation 
factors Xa and V, calcium, and phospholipid; activates prothrombin 
to thrombin.
Prothrombin group assemblage of coagulation factors that are 
vitamin K dependent for synthesis of their functional forms and that 
require calcium for binding to a phospholipid surface. It includes fac-
tors II, VII, IX, and X. Also known as vitamin K–dependent factor.
Prothrombin time (PT) screening test used to detect deficien-
cies in the extrinsic and common pathway of the coagulation cascade 
and to monitor the effectiveness of oral anticoagulant therapy.
Prothrombin time ratio proportion calculation derived by 
dividing the patient’s prothrombin time result by midpoint of the 
laboratory’s normal range and to calculate the International Normal-
ized Ratio (INR).
Proto-oncogene normal hereditary unit that has the potential 
to cause cancer when it mutates to become a dominant-acting onco-
gene. It is normally involved in regulating the cell cycle, cell differen-
tiation and maturation, and apoptosis.
Prourokinase immature, single-chain form of enzyme prepared 
from urine and by recombinant DNA techniques; can be activated to 
a two-chain form by plasmin.
Pseudochylous fluid that appears chylous because of the pres-
ence of many inflammatory cells; does not contain lymph fluid or 
chylomicrons.
Pseudodiploid cell that has a chromosome count of 2n (46) but 
with a combination of numerical and/or structural aberrations (e.g., 
46, XY, -5, -7, 2D8, 2D21).
Pseudo-neutrophilia increase in the concentration of neutro-
phils in the peripheral blood (77.0 * 109/L) occurring as a result 
of cells from the marginating pool entering the circulating pool. 
The response is immediate but transient. This redistribution of cells 
accompanies vigorous exercise, epinephrine administration, anes-
thesia, convulsion, and anxiety states. Also called immediate or shift 
neutrophilia.
Pseudo–Pelger-Huët cell unusually acquired condition in 
which neutrophils display a hyposegmented nucleus. Unlike the 
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Reflex testing follow-up examination performed as the results 
of screening tests.
Refractive index degree to which a transparent object will 
deflect a light ray from a straight path.
Refractory pertaining to disorders or diseases that do not 
respond readily to therapy.
Refractory anemia subgroup of the WHO 2008 classification 
of the myelodysplastic syndrome: Refractory cytopenia with unilin-
eage dysplasia nonresponse to all conventional therapy is the primary 
clinical finding. Blasts constitute 61%.
Refractory anemia with excess blasts-1 (RAEB-
1)  subgroup of WHO 2008 classification of myelodysplastic syn-
dromes. There are usually cytopenias and signs of dyspoiesis in the 
peripheral blood with 65% blasts.
Refractory anemia with excess blasts-2 (RAEB-2)  
 category in the WHO 2008 classifcation systemof the myelodys-
plastic syndromes. Cytopenia in the peripheral blood has 5%–19% 
blasts. The bone marrow is usually hypercellular with dyspoiesis and 
10–19% blasts. The presence of Auer rods in the blasts qualifies a diag-
nosis as RAEB-2 regardless of the blast count ( 720% blasts).
Refractory anemia with ring sideroblasts (RARS)  
category in the WHO 2008 classification system; of myelodysplastic 
syndromes characterized by 61% blasts in the peripheral blood, ane-
mia, and/or thrombocytopenia and/or leukopenia. Bone marrow has 
715% ring sideroblasts and 65% blasts.
Refractory cytopenia with multilineage dysplasia 
(RCMD) category in the WHO 2008 classification system of the 
myelodysplastic syndromes; characterized by dysplastic features in at 
least 10% of the cells in two or more cell lines, 65% blasts in the bone 
marrow, and 61% blast in the peripheral blood.
Refractory cytopenia with unilineage dysplasia category 
in the 2008 WHO classification of the myelodysplastic syndromes; 
characterized by isolated decrease in one or two cell lines accompa-
nied by unilineage dysplasia. It includes anemia that is unresponsive 
to treatment and less common cases of neutropenia and thrombocy-
topenia that are unresponsive to treatment.
Regulatory T lymphocyte (TReg) subpopulation of T lym-
phocytes that suppress the immune response and maintain peripheral 
tolerance to self-antigens (i.e., suppress autoimmunity); this subpop-
ulation primarily includes CD4+ , CD25+ , FoxP@3+ .
Remission diminution of disease symptoms.
Replication process by which DNA is copied during cell division 
by the enzyme DNA polymerase, which recognizes single-stranded 
DNA and fills in the appropriate complementary nucleotides to 
produce double-stranded DNA. Synthesis is initiated at a free 5′ 
end where double-stranded DNA lies adjacent to single-stranded 
DNA, and replication proceeds in the 5′ direction. In the laboratory, 
the DNA duplication can be induced as a means of copying DNA 
sequences as exploited in the polymerase chain reaction.
Reportable range span defined by a minimum value and a 
maximum value of calibration material.
Reticulated platelet cell involved in primary hemostasis that is 
newly released from the bone marrow; possesses residual RNA.

to the cold. It is characterized by blanching of the skin followed by 
cyanosis and finally redness when the affected area is warmed. Also 
referred to as acrocyanosis.
RBC indices measurements that help classify erythrocytes as to 
their size and hemoglobin content. The values for hemoglobin, hema-
tocrit, and erythrocyte are used to calculate the three indices: mean 
corpuscular volume (MCV), mean corpuscular hemoglobin concen-
tration (MCHC), and mean corpuscular hemoglobin (MCH). They 
give a clue as to what the erythrocytes should look like on a stained 
blood film.
Reactive lymphocytosis self-limiting, reactive process result-
ing in an increase in lymphocytes that occurs in response to an infec-
tion or inflammatory condition. Both T and B types are commonly 
affected, but their function remains normal.
Recombination-activating genes 1 and 2 (RAG-1, 
 RAG-2) enzyme components of the V(D)J recombinase complex 
expressed in developing B and T cells, which are critical for DNA 
recombination events that form functional immunoglobulin and 
T-cell receptor genes.
Red blood cell (RBC) cellular element of blood that carries 
the protein hemoglobin. Its function is to carry oxygen and carbon 
dioxide between the lungs and the tissues. It does not have a nucleus 
and develops in the bone marrow from the hematopoietic stem cell. 
When released to the peripheral blood, it has a lifespan of about 120 
days. Also called an erythrocyte.
Reactive lymphocyte antigen-stimulated white blood cell that 
exhibits a variety of morphologic features. It is usually larger and has 
a more basophilic cytoplasm than the resting cell and has an irregular 
shape. Its nucleus is often elongated and irregular with a finer chro-
matin pattern than that of the resting lymphocyte. Often this cell 
is increased in viral infections. Also called virocyte, or stimulated, 
transformed, atypical, activated, or leukocytoid lymphocyte.
Reactive neutrophilia increase in the concentration of periph-
eral blood neutrophils (77.0 * 109/L) as a result of reaction to a 
physiologic or pathologic process.
Reagent blank measurement of absorbance from a substance 
alone that eliminates a false increase in sample absorbance caused by 
the substance’s color.
Recombinant factor VIIa (rFVIIa) form of blood factor 
VII that has been manufactured via laboratory method of genetic 
technology.
Red cell distribution width (RDW) coefficient of variation 
of the MCV; a calculated index provided by hematology analyzers to 
help identify anisocytosis (standard deviation of MCV * 100/mean 
MCV) with a reference interval of 11.5–14.5%.
Red thrombus blood clot formed in the veins where flow is 
slower than in other areas; primarily composed of red blood cells 
trapped in the fibrin mesh with relatively few platelets and leukocytes.
Reed-Sternberg (R-S) cell cell found in the classic form of 
Hodgkin lymphoma; characterized by a multilobated nucleus and 
large inclusion-like nucleoli.
Reference interval test value range considered to be normal 
and generally determined to include 95% of the normal population.
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Ristocetin-induced platelet aggregation (RIPA) mea-
sures ability of patient’s VWF to bind to normal platelets, inducing 
platelet combining in a mass in a platelet aggregation assay.
RNA (ribonucleic acid) single-stranded molecule composed of 
ribonucleotides (A, C, G, and U) produced by transcription of genes 
from a DNA template. This molecule in turn serves as a template for 
protein translation.
Romanowsky-type stain any dye consisting of methylene blue 
and its oxidation products and eosin Y or eosin B. Wright’s stain, a 
Romanowsky-type stain, is commonly used to stain hematopoietic 
cells.
Rouleaux erythrocyte distribution characterized by being stacked 
like a roll of coins. This is the result of abnormal coating of the cell’s 
surface with increased plasma proteins, decreasing the zeta potential 
between cells.
Rule of three in general, the formula is hemoglobin * 3
=  hematocrit that is used as a quick mathematical check on the 
accuracy of the measurement of hemoglobin and hematocrit. It works 
only with normochromic, normocytic erythrocytes. If the calculated 
hematocrit does not agree within {  3% of the measured hemato-
crit, investigation for an error or instrument malfunction should be 
conducted. The patient also can have a disorder that needs further 
investigation.
Russell body globule filled with immunoglobulin found in 
pathologic plasma cells called Mott cells. See Mott cell.
Russell’s viper venom poisonous substance that possesses 
thromboplastin-like activity and activates factor X.
Satellite DNA nucleic acid containing many tandem repeats. 
Morphologically, it appears as a small ball-like structure making 
up the short arm of acrocentric chromosomes. It is the locus of the 
nucleolar organizing region.
Scatterplot dot-plot histogram of two cellular characteristics. 
Together, the two characteristics allow definition of the leukocyte 
subpopulations.
Schilling test definitive analysis used in distinguishing 
 cobalamin (vitamin B12) deficiency caused by malabsorption, dietary 
deficiency, or absence of IF. It measures the amount of an oral dose 
of radioactively labeled crystalline vitamin B12 that is absorbed in the 
gut and excreted in the urine.
Schistocyte fragment of an erythrocyte that can have a variety of 
shapes including triangle, helmet, and comma.
Scott syndrome rare platelet disorder characterized by 
 abnormal Ca++  induced phospholipids scrambling in which 
platelet membranes fail to support plasma procoagulant protein 
activation.
Secondary aggregation irreversible mass of platelets that 
occurs over time.
Sea blue histiocytosis syndrome rare inherited disorder 
characterized by splenomegaly and thrombocytopenia. Sea blue-
staining macrophages are found in the liver, spleen, and bone mar-
row. The cell is large (in diameter) with a dense eccentric nucleus and 
cytoplasm that contains blue or blue-green granules. In most patients, 
the course of the disease is benign.

Restriction endonuclease enzyme that cleaves double-
stranded DNA at specific nucleotide sequences. For example, 
HindIII cleaves DNA only where the sequence 5′@AAGCTT@3′ is 
present. Various other enzymes are known to cut some specific tar-
get sequences. Examples of common ones are BamH1, EcoR1, Mnl1, 
MstII, Pst1, and Xba1.
Restriction point stage that occurs in late G1 that occurs when 
cell cycle progression becomes autonomous.
Reticular cell one of the three major types of cells in the bone 
marrow stroma. It also is found in the spleen and lymph nodes. These 
cells branch to form reticular fibers. Also called fibroblasts.
Reticulocyte first non-nucleated stage of erythrocyte develop-
ment in the bone marrow. It contains RNA that is visualized as gran-
ules or filaments within the cell when stained supravitally with new 
methylene blue. Normally, this stage constitutes approximately 1% of 
the circulating erythrocyte population.
Reticulocyte hemoglobin (RET-He) reticulocyte hemoglo-
bin reported by the Sysmex automated hematology analyzers; analo-
gous to the MCH of mature erythrocytes.
Reticulocyte production index (RPI) a calculated value that 
is an indicator of bone marrow response in anemia. Its calculation 
corrects the reticulocyte count for the presence of marrow reticulo-
cytes in the peripheral blood. It is calculated as follows:

RPI = (Patient hematocrit [L/L] , 0.45 [L/L] * reticulocyte 
count [%]) * (1 , maturation rime of shift reticulocytes)

Reticulocytosis presence of excess reticulocytes in the periph-
eral blood.
Rh null disease disorder associated with the lack of the Rh anti-
gen on erythrocytes.
Rhopheocytosis process in which ferritin molecules are endo-
cytosed on erythroblasts; a form of micropinocytosis.
Ribosomes cellular particle composed of ribonucleic acid (RNA) 
and protein whose function is to synthesize polypeptide chains from 
amino acids. The sequence of amino acids in the chains is specified 
by the genetic code of messenger RNA. This particle appears singly 
or in reversibly dissociable units and can be free in the cytoplasm or 
attached to endoplasmic reticulum. The cytoplasm of blood cells that 
contain a high concentration of ribosomes stains bluish purple with 
Romanowsky stains.
Richter’s transformation change from CLL to another dis-
ease, usually large B-cell lymphoma.
Ring sideroblast erythroblast with abnormal deposition of 
excess iron within mitochondria resulting in a ring formation around 
the nucleus.
Ristocetin aggregating reagent that specifically evaluates VWF 
interaction with glycoprotein Ib on platelets.
Ristocetin cofactor property of the aggregating reagent when 
it acts as a cofactor in the ristocetin cofactor assay that screens for 
binding of VWF to platelet GPIb. When this reagent is added to a 
suspension of platelets in plasma that contains VWF, it promotes 
the binding of VWF to platelet membrane GPIb, causing platelet 
aggregation at a rate depending on the concentration of VWF and 
reagent.
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Sickle cell trait genetically determined disorder in which hemo-
globin S is inherited in the heterozygous state. The patient has one 
normal b@globin gene and one bs@globin gene. Both hemoglobins A 
and S are present as well as hemoglobins F and A2.
Side light scatter laser light distributed at a 90° angle caused by a 
particle’s internal complexity and granularity (e.g., neutrophils produce 
much side spread because of their numerous cytoplasmic granules).
Sideroblast erythroblast that contains stainable iron granules.
Sideroblastic anemia form of congenital and acquired disor-
ders characterized by an increase in total body iron, the presence of 
ring sideroblasts in the bone marrow, hypochromic erythrocytes in 
the peripheral blood, and deficiency of hemoglobin and/or erythro-
cytes. The acquired idiopathic form is classified as a myelodysplastic 
syndrome (MDS).
Siderocyte erythrocyte that contains stainable iron granules.
Sideropenic lack of iron.
Sideropenic anemia blood disorder caused by insufficient iron 
for erythropoiesis resulting in a deficiency of hemoglobin.
Single nucleotide polymorphism (SNP) change in which 
a single base in the DNA differs from the usual base at that position.
Slope angle or direction of the regression line with respect to the 
x- and y-axes that is used to identify the presence of proportional sys-
tematic error.
Small lymphocytic lymphoma (SLL) condition identical 
to CLL except that it primarily involves the lymph nodes instead of 
the bone marrow and peripheral blood. The two disorders appear 
to belong to one disease entity with differing clinical manifestations.
Smooth endoplasmic reticulum (SER) See Endoplasmic 
reticulum.
Smudge cell leukocyte whose cytoplasmic membrane has rup-
tured, leaving a bare nucleus. Increased numbers are observed in 
lymphoproliferative disorders such as chronic lymphocytic leukemia. 
The ruptured leukocyte can also be seen in reactive lymphocytosis 
and in other neoplasms. An increased number of these leukocytes can 
result in a falsely decreased WBC count and erroneous differential.
Southern blot procedure first described by Ed Southern for 
determining DNA structure. In it, DNA is cleaved with restriction 
endonucleases that cut DNA at specific nucleotide sequences. The 
resulting DNA fragments are electrophoresed in an agarose gel to 
separate them by size and are then treated with a solution of high pH 
that separates double-stranded DNA into two single-stranded parts. 
The single-stranded fragments are then transferred to a membrane 
where they can be hybridized to a complementary labeled probe. 
Probe hybridization permits identification of the DNA fragments 
containing the sequence of interest. The size and number of those 
fragments reflects the structure of the DNA.
Specific esterase enzyme that hydrolyzes particular esters; can 
be detected in cells with a stain using naphthol AS-D chloroacetate 
at an acid pH; is considered specific for the granulocytic series, and is 
present in mast cells; used to differentiate monoblasts and myeloblasts
Specificity ability of a test method to determine only the analyte 
meant to be detected or measured.

Secondary fibrinolysis clinical condition characterized by 
excessive fibrinolytic activity in response to disseminated intravas-
cular clotting.
Secondary hemostasis formation of fibrin that stabilizes a 
primary platelet plug.
Secondary hemostatic plug primary platelet aggregate that 
has been stabilized by fibrin formation during secondary hemostasis.
Secondary (reactive) thrombocytosis disorder in which 
platelet concentration in the blood increases in response to stimula-
tion by another condition.
Secretion energy-dependent discharge or release of products 
usually from glands in the body after stimulation of the platelets by 
agonists; also the product that is discharged or released.
Self-renewal property of regenerating the same cells.
Semen the fluid in the male that contains spermatozoa and is dis-
charged at ejaculation.
Sequestration crisis sudden splenic pooling of sickled eryth-
rocytes that can cause a large decrease in erythrocyte mass within a 
few hours.
Serine protease family of enzymes that cleave peptide bonds 
in proteins including thrombin, factors VIIa, IXa, Xa, XIa, XIIa, and 
the digestive enzymes chymotrypsin and trypsin. It selectively hydro-
lyzes arginine- or lysine-containing peptide bonds of other zymogens, 
converting them to serine proteases. Each involved in the coagulation 
cascade is highly specific for its substrate.
Serpin family of proteins with similar structures that inhibit target 
molecules by forming a 1:1 stoichiometric complex.
Serum transferrin receptor (sTfR) extracellular portion of 
the protein of the b-globulin group receiver that is cleaved by pro-
teolytic enzymes as the erythrocytes mature and is released into the 
blood. When erythropoiesis increases, the sTfR increase.
Severe combined immunodeficiency syndrome (SCIDS)  
most severe form of a heterogeneous group of disorders in which there 
is a lack of ability to mount an immune response; The disease can be 
inherited either as a sex-linked trait or as an autosomal-recessive trait.
Sézary cell circulating neoplastic cell found in patients with Sézary 
syndrome; it is a malignant mature memory helper T lymphocyte which 
is characterized by a very convoluted (cerebriform) nuclear outline.
Shelf life time period for which a reagent or control is stable given 
appropriate storage conditions but changes once the reagent or con-
trol is reconstituted if lypholyzed or opened if liquid.
Shift neutrophilia See Pseudo-neutrophilia.
Shift to the left (left shift) appearance of increased numbers 
of immature leukocytes in the peripheral blood.
Sickle cell (drepanocyte) elongated crescent-shaped erythrocyte 
with pointed ends whose formation may be observed in wet prepara-
tions or in stained blood smears from patients with sickle cell anemia. 
These cells are formed when the HbS becomes deoxygenated and 
polymerizes into rigid aggregates.
Sickle cell anemia genetically determined disorder in which 
hemoglobin S is inherited in the homozygous state. (bsbs) No hemo-
globin A is present. Hemoglobins S, F, and A2 are present.
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When erythrocytes, serum, and sucrose are incubated together, cells 
abnormally sensitive to complement lyse. The test is used to screen for 
paroxysmal nocturnal hemoglobinuria. Also called sugar-water test.
Sulfhemoglobin stable compound formed when a sulfur atom 
combines with each of the four heme groups of the intracellular eryth-
rocyte oxygen carrying protein; when this protein is combined with 
sulfur, it is incapable of carrying oxygen.
Supernatant clear liquid remaining on top of a solution after 
centrifugation of the particulate matter.
Supravital stain agent used to color cells or tissues while they 
are still living.
Syngeneic in transplantation biology, having identical genotypes.
Syngeneic stem cell transplantation medical process of 
moving stem cells between genetically identical twins.
Synovium continuous membrane that lines the bony, cartilagi-
nous, and connective tissue surfaces of a joint.
Systemic mastocytosis abnormal clonal proliferation of mast 
cells in at least one extracutaneous organ with or without evidence 
of skin lesions; the bone marrow is almost always involved but the 
peripheral blood rarely has significant numbers of circulating mast 
cells.; laboratory studies that demonstrate a mutation of the c-Kit 
proto-oncogene and an aberrant immunophenotype are needed to 
make the diagnosis. .
Systematic variation difference within an instrument or test 
method that occurs in one direction, can be predicted, and affects accuracy.
TH17 lymphocytes subpopulation of CD4+  T cells identified 
for their production of IL-17, this subpopulation of cells induce an 
inflammatory response and aid in host defense against extracellular 
pathogens.
Target cell abnormally shaped erythrocyte that has decreased 
osmotic fragility and appears as a target with a bull’s-eye center mass 
of hemoglobin surrounded by an achromic ring and an outer ring of 
hemoglobin. Also called Mexican hat cell and codocyte.
Tartrate-resistant acid phosphatase (TRAP) an acid 
phosphatase whose activity is not inhibited following tartrate incu-
bation; found in hairy cells of hairy cell leukemia.
T-cell acute lymphoblastic leukemia (ALL) neoplasm of the 
white blood cells, and immunologic subgroup of ALL. The neoplastic 
cells are precursor cells of the lymphocytic lineage with T-cell antigens.
T-cell receptor (TCR) antigen receiver on immunocompetent 
T lymphocytes.
Teardrop (dacryocytes) erythrocyte that is elongated at one 
end to form a teardrop or pear-shaped cell; can form after erythro-
cytes with cellular inclusions have transversed the spleen. The eryth-
rocyte cannot return to its original shape because it has either been 
stretched beyond its limits of deformability or has been in the abnor-
mal shape too long.
Telangiectasia condition characterized by persistent dilation of 
superficially located veins.
Tense (T) structure conformational change in the makeup of 
a hemoglobin molecule that occurs when oxygen is released from 
hemoglobin.

Specimen run interval, period of time, or number of specimens 
for which the accuracy and precision of the laboratory procedure is 
expected to remain stable.
Spectrin predominant peripheral membrane protein composed 
of dimeric chains, a and b, that associate to form tetramers; found in 
the erythrocyte cytoskeleton.
Spent phase stage in polycythemia vera in which after a period 
of 2–10 years, the patient can develop bone marrow failure accom-
panied by an increase in splenomegaly. Anemia and bleeding can be 
the primary clinical findings, secondary to a decreased platelet count 
and decreasing hematocrit. This phase is often a transition to AML.
Sperm male gamete formed in the seminiferous tubules. Also 
known as spermatozoa.
Spherocyte abnormally round erythrocyte with dense hemoglo-
bin content (increased MCHC) and no central area of pallor because 
it has lost its biconcave shape.
Splenectomy removal of the spleen.
Splenomegaly abnormal enlargement of the spleen.
Split sample division of a single specimen into two or more ali-
quots for testing that uses two or more instruments within the same 
time period or retesting the sample at another time.
Spur cell anemia acquired hemolytic condition associated with 
severe hepatocellular disease such as cirrhosis in which serum lipo-
proteins increase, leading to an excess of erythrocyte membrane cho-
lesterol. The total phospholipid content of the membrane, however, is 
normal. The predominant poikilocyte is an erythrocyte with irregular 
points and no area of central pallor (acanthocytes).
Stab See Band neutrophil.
Stage phase of a neoplastic disease defined by the extent and dis-
tribution of disease. Determining the phase of disease usually involves 
radiologic studies, peripheral blood examination, bone marrow aspi-
ration, and biopsy.
Standard deviation distribution of a set of data about the mean.
Standard error of the estimate (Sy/x) measure of the varia-
tion in the regression line. The Sy/x is used to identify random error.
Starry sky appearance morphologic pattern characteristic of 
high-grade lymphoma produced by numerous tingible body macro-
phages (stars) and a diffuse sheet of neoplastic cells (sky).
Stomatocyte abnormal erythrocyte shape characterized by a slit-
like area of central pallor and a uniconcave, cup shape.
Streptokinase bacterial enzyme derived from group C-beta 
hemolytic streptococci; the enzyme activates plasminogen to plasmin 
and is used as a thrombolytic agent in the treatment of thrombosis.
Stroma extracellular matrix or microenvironment that supports 
hematopoietic cell proliferation in the bone marrow.
Stromal cell element of the hematopoietic microenvironment in 
the red portion of bone marrow.
Submetacentric chromosome that has the centromere posi-
tioned off center so that one arm is shorter than the other arm.
Sucrose hemolysis test screening examination to identify 
erythrocytes that are abnormally sensitive to complement lysis. 
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Thrombosis formation or presence of a clot, usually considered 
to be under abnormal conditions within a blood vessel.
Thrombotic thrombocytopenic purpura (TTP) acute 
disorder characterized by microangiopathic anemia, decreased num-
ber of platelets, and renal failure as well as neurological symptoms. 
It is caused by decreased activity of ADAMTS-13, resulting in the 
presence of ultralarge VWF molecules in circulation and platelet 
agglutination.
Thrombus blood clot within the vascular system.
TIBC See Total iron-binding capacity.
Tingible body macrophage tissue cell of the immune system 
phagocytosing, engulfing, and usually destroying fragments of dying 
cells. It is found in areas of extensive apoptosis (reactive germinal cen-
ters and high-grade lymphoma).
Tissue factor coagulation component present on subvascular 
cells that forms a complex with factor VII when the vessel is ruptured. 
This complex activates factor X and is an integral protein of the cell 
membrane.
Tissue factor pathway inhibitor (TFPI) intrinsic sequence 
that restrains both FVIIa and FXa by forming a quarternary complex 
of TFPI-FXa-TF-FVIIa.
Tissue homeostasis maintenance of an adequate number of 
cells to carry out the organism’s functions. It is controlled by cell pro-
liferation, cell differentiation, and cell death (apotosis).
Tissue-plasminogen activator (tPA) serine protease that 
activates plasminogen to plasmin. It forms a bimolecular complex 
with fibrin, increasing the catalytic efficiency of tPA for plasminogen 
activation.
T lymphoid cell antigen CD marker that when present is 
unique to and useful in differentiating a T cell from a B cell; used in 
differentiating TALL from other types of acute leukemia.
Total iron-binding capacity (TIBC) Maximum amount of 
iron able to be bound in the serum; is measured by transferrin. Each 
gram of transferrin binds 1.4 mg of iron. Enough transferrin is present 
in plasma to bind 2539435 mcg (mg) of iron per deciliter of plasma.
Toxic granule large, dark blue-black primary particle in the cyto-
plasm of neutrophils present in certain infectious states; usually seen 
in conjunction with Döhle bodies.
Toxoplasmosis condition that results from infection with Toxo-
plasma gondii; can be asymptomatic or symptoms can resemble 
infectious mononucleosis. It is characterized by a leukocytosis with 
relative lymphocytosis or rarely an absolute lymphocytosis and the 
presence of reactive lymphocytes.
Trabecula projection of calcified bone extending from cortical 
bone into the marrow space; provides support for marrow cells.
Transcription synthesis of RNA from a DNA template.
Transcription error mistake made in reporting test results 
when copying results manually from the instrument to a paper or 
electronically by typing them into a computer.
Transcription factor (TF) protein that controls the switching 
on or off the transcription of genes; It binds to regulatory regions in 
the genome and helps control gene expression.

Terminal deoxynucleotidyl transferase (TdT) DNA poly-
merase found in pre-B and pre-T lymphoid precursor cells, which 
adds nucleotides to V, D, and J segments during DNA recombina-
tion events that form functional immunoglobulin and T-cell receptor 
genes; is responsible for junctional diversity.
TH17 cell See TH17 lymphocyte.
Thalassemia group of genetically determined microcytic, 
 hypochromic anemias resulting from a decrease in synthesis of one 
or more globin chains in the hemoglobin molecule. The disorder can 
occur in the homozygous or heterozygous state. Heterozygotes can be 
asymptomatic or have a mild disease, but homozygotes typically have 
a severe, often fatal, disease. Thalassemia occurs most frequently in 
populations from the Mediterranean area and Southeast Asia.
Therapeutic range level of a drug that is beneficial but not toxic 
to the individual.
Threshold limit level above which voltage pulses of particles are 
counted on an automated hematology analyzer. Adjusting the thresh-
old limit allows different types of cells to be counted.
Thrombin activatable fibrinolysis inhibitor (TAFI) pro-
tein that inhibits fibrinolysis when activated by the thrombin-
thrombomodulin complex.
Thrombocyte See Platelet.
Thrombocytopenia deficiency of platelets in the blood; 
decrease in the number of platelets in the peripheral blood below the 
reference range for an individual laboratory (usually 6150 * 109/L).
Thrombocytopenia with absent radii (TAR) inherited 
condition characterized by isolated hypoplasia of the megakaryocytic 
lineage, thrombocytopenia, and bilateral radial aplasial.
Thrombocytosis disorder in which the body produces too many 
platelets (thrombocytes) that play an important role in blood clotting; 
the number of platelets in the peripheral blood is above the reference 
range for an individual laboratory (usually 7400 * 109/L).
Thromboembolism blockage of a small blood vessel by a blood 
clot that was formed in the heart, arteries, or veins and dislodged and 
moved through blood vessels until reaching a smaller vessel and 
blocking further blood flow.
Thrombogenic tendency to clot; to promote the formation of 
a clot.
Thrombolytic therapy treatment designed to dissolve or break 
down a blood clot.
Thrombomodulin integral membrane glycoprotein found on 
endothelial cells that forms a 1:1 complex with thrombin; named 
for its ability to alter the activity of the proteolytic enzyme thrombin 
from procoagulant to anticoagulant so that it loses its ability to cleave 
fibrinogen to fibrin and to activate FV, FVIII, or platelets but instead 
rapidly activates PC in the presence of Ca++.
Thrombophilia tendency to form blood clots abnormally. Also 
referred to as hypercoagulability.
Thrombophlebitis thrombosis within a vein that is accompa-
nied by an inflammatory response, pain, and redness of the area.
Thrombopoietin cytokine that regulates the maturation of 
megakaryocytes and the production of platelets.
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Tyrosine kinase protein compound that regulates metabolic 
pathways and serves as receptor for growth factors.
Ubiquitin protein found in all eukaryotic cells that becomes cova-
lently attached to certain residues of other proteins and tags a protein 
for intracellular proteolytic destruction.
UIBC See Unsaturated iron-binding capacity
Unfractionated heparin heterogeneous mixture of sulfated 
glycosaminoglycans (range 5,000–30,000 daltons) obtained from 
extraction of porcine intestinal mucosa or bovine lung.
Unique identification number figure assigned to a patient 
admitted to the hospital used to identify her or him; printed on the 
patient’s arm band.
Universal precaution preventative guideline such as requiring 
health care workers to use gloves when handling any body fluid to 
minimize the workers’ potential exposure to blood-borne pathogens.
Unsaturated iron-binding capacity (UIBC) portion of trans-
ferrin that is not complexed with iron (TIBC - serum iron = UIBC).
Untranslated region (UTRs) portion of DNA on a chromo-
some whose bases are not involved in protein synthesis.
uPAR See Urokinase-type plasminogen activator.
Urokinase-type plasminogen activator (uPA) enzyme 
found in urine and plasma that activates plasminogen to plasmin; is 
used as a thrombolytic agent in the treatment of thrombosis.
Urokinase-type plasminogen activator receptor 
(uPAR) endothelial cell membrane receiver that binds uPA and 
facilitates plasminogen activation.
Variable number tandem repeat any of several identical 
DNA segments lying one after the other in a sequence duplicated in 
a genome; can vary among different individuals.
Vascular permeability property of endothelial cells of blood 
vessels that selectively allows for exchange of gases, nutrients, and 
waste products.
Vasculitis inflammation of a blood vessel.
Vasoconstriction narrowing of the lumen of blood vessels that 
occurs immediately after an injury to the vessel.
Vaso-occlusive crisis acute event caused by spontaneous block-
age of microvasculature by rigid sickle cells; can be triggered by infec-
tion, dehydration, decreased oxygen pressure, or slow blood flow but 
often occurs without a known cause.
Vertical interaction up-and-down interaction involving the 
skeletal lattice and proteins of the erythrocyte membrane that stabi-
lizes the lipid bilayer membrane.
Viral load the number of copies of HIV-1 RNA that indicates a 
patient’s status usually reported in virus particles per milliliter.
Viscosity resistance to flow; physical property that depends on the 
friction of component molecules in a substance as they pass one another.
Vitamin K deficiency bleeding (VKDB) symptomatic VK 
deficiency in newborns that results in bleeding; formerly, called hem-
orrhagic disease of the newborn (HDN).
Vitamin K dependent having to do with a coagulation fac-
tor that requires vitamin K to be functional; such a protein includes 

Transferrin (Tf) plasma b1@globulin responsible for binding iron 
and transporting it in the bloodstream. Each gram can bind 1.25 mg 
of iron. The capacity of transferrin to bind iron is functionally mea-
sured as the total iron-binding capacity (TIBC).
Transferrin receptor 1 (TfR1) transmembrane glycoprotein 
dimer with two identical subunits, each of which can bind a molecule 
of transferrin; present on virtually all cells but found in high numbers 
on cells with high iron requirements.
Transferrin receptor 2 (TfR2) transmembrane glycoprotein 
found predominantly on hepatocytes, duodenal crypt cells, and ery-
throid cells; it interacts with HFE to regulate hepcidin synthesis and 
thus has a role in regulating total body iron homeostasis.
Transferrin saturation amount of plasma b1@globulin that is 
complexed with iron. Calculated by serum iron/TIBC * 100 = % 
saturation; is normally about one-third saturated with iron.
Transglutaminase the activity of clotting FXIII that promotes 
the formation of stable covalent cross-links between glutamine and 
lysine residues on strands of fibrin; FXIIIa is the only coagulation pro-
tein with this activity.
Transient erythroblastemia of childhood (TEC) tempo-
rary suppression of red blood production that frequently occurs after 
a viral infection in infants and children. Therapy is supportive, and 
patients usually recover within 2 months.
Translation step in protein biosynthesis in which synthesis of a 
protein from an RNA template occurs.
Translocation abnormal chromosomal rearrangement in which 
part of one chromosome breaks off and becomes attached to another 
one. The site of juxtaposition between the two chromosomes is 
referred to as the break point.
Transplancental idiopathic thrombocytopenic pur-
pura decrease in platelets that is present in newborns because of 
maternal transfer of platelet-destroying antibodies. The newborn 
has small purplish marks on the skin due to bleeding beneath the 
skin.
Transudate effusion that is formed as the result of increased 
hydrostatic pressure or decreased osmotic pressure; does not indicate 
a true pathologic state in the anatomic region.
Trisomy condition in which one daughter cell has an extra chro-
mosome (three copies instead of two).
Tumor suppressor gene hereditary unit whose protein prod-
ucts function to inhibit the growth of normal cells. Both alleles of a 
tumor suppressor hereditary unit must be altered to lose the function 
of a tumor suppressor unit of heredity.
Turbidimetric clot detection measurement of the cloudiness 
of a fluid caused by suspension of particles.
Turnaround time period between collecting a specimen and 
reporting a test result.
Type 1 VWD (classic VWD) quantitative decrease of structur-
ally normal VWF.
Type 2 VWD qualitative disorder of VWF; has four possible sub-
types: 2A, 2B, 2M, and 2N.
Type 3 VWD severe, rare quantitative deficiency of VWF.
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on the cell membrane sensitizes the erythrocyte, which is removed 
in the spleen or liver.
Wedge smear blood preparation on a glass microscope slide by 
placing a drop of blood at one end and using a second slide to pull the 
blood the length of the slide.
White blood cell (WBC) cellular component of blood with five 
major types: neutrophils, eosinophils, basophils, lymphocytes, and 
monocytes. It develops from the hematopoietic stem cell under the 
influence of cytokines (growth factors) and functions to defend the 
body against foreign antigens such as bacteria. The reference interval 
is 4.5911.0 * 109/L. Also called leukocyte.
White thrombus blood clot formed in arteries where blood flow 
is rapid; is composed primarily of platelets and fibrin with relatively 
few leukocytes and erythrocytes.
Wiskott-Aldrich syndrome/X-linked thrombocytope-
nia (WAS/XLT) disorder of small platelets, thrombocytopenia, 
and severe immune dysregulation; involves mutations of the WAS 
gene, which manifests as isolated thrombocytopenia without immune 
dysfunction.
World Health Organization (WHO) 2008 classifica-
tion grouping system for neoplastic blood disorders revised in 
2008 that uses the test results of cytogenetics, molecular genetics and 
flow cytometry together with cell morphology to identify and classify 
hematopoietic and lymphoid neoplasms.
X-linked thrombocytopenia (XLT) disorder involving muta-
tions of the WAS gene, which manifests as isolated thrombocytope-
nia without immune dysfunction.
y-intercept point where the regression line intersects the y-axis; 
is used to identify the presence of constant systematic error.
Zygosity state of being homozygous or heterozygous for a gene.
Zymogen inactive precursor that can be converted to the active 
form by an enzyme, alkali, or acid; its inert coagulation factors are 
zymogens. Also called proenzyme.

the prothrombin group coagulation factors, protein C, protein S, and 
protein Z
Vitamin K-dependent factor See Prothrombin group.
Vitronectin serum or extracellular-matrix glycoprotein capable 
of binding heparin.
von Willebrand disease autosomal dominant hereditary 
bleeding disorder that lacks von Willebrand factor (VWF), which 
is needed for platelets to adhere to collagen. Platelet aggregation is 
abnormal with ristocetin as is the bleeding time. The APTT can be 
prolonged because of a decrease in the FVIII molecule secondary to 
a decrease in VWF.
von Willebrand factor (VWF) plasma component that is a 
molecule of multimers; needed for platelets to adhere to collagen by 
via platelet glycoprotein Ib. It is synthesized in megakaryocytes and 
endothelial cells and is noncovalently linked to FVIII in plasma.
von Willebrand factor (VWF) activity (VWF:RCo; 
VWF:A) test that determines the ability of VWF to function in 
platelet adhesion. VWF:RCo measures the ability of the patient’s 
VWF to support agglutination of normal platelets by ristocetin in a 
platelet aggregometer.
von Willebrand factor (VWF) antigen immunologic 
 property of the VWF that allows the protein to be identified and 
measured.
von Willebrand factor (VWF):Ag assay immunologic test 
that determines the quantity of VWF protein.
von Willebrand factor (VWF) multimer VWF molecule 
consisting of multiple copies of identical subunits linked together.
Waldenström macroglobulinemia combination of lympho-
plasmacytic lymphoma (LPL) with bone marrow involvement and an 
IgM monoclonal paraprotein.
Warm autoimmune hemolytic anemia condition resulting 
from the presence of IgG autoantibodies that are reactive at 37°C with 
antigens on subject’s erythrocytes. The antibody–antigen complex 
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Abbott CELL-DYN Sapphire, 843–46
Abetalipoproteinemia, 327–28
Abnormal bleeding, 666
Abnormal erythrocyte nucleotide metabolism, 343
ABO blood group, 731
ABO incompatibility, 367
Acanthocytes, 64, 165, 166
Acanthocytosis, 327–28
Acarboxy form, 637
Achlorhydria, 290
Acid elution, for hemoglobin F, 801
Acid phosphatase and tartrate-resistant acid phosphatase (TRAP), 

437, 808
Acquired aberration, 873
Acquired acute pure red cell aplasia, 310–11
Acquired disorders, of vascular system, 667–68
Acquired immune deficiency syndrome (AIDS), 132, 411, 415–17
Acquired immune hemolytic anemia (AIHA), 321
Acquired nonfunctional hemoglobins, 92–94
Acquired pathologic inhibitors, 712
Acquired sideroblastic anemia, 217–18
Acquired thrombophilia, 733–39

acquired fibrinolytic defects, 734
antiphospholipid antibodies, 734–35
antiphospholipid antibody syndrome, 734
hematologic disorders, 739
heparin-induced thrombocytopenia, 735–36
malignancy, 738
oral contraceptives, 738–39
postoperative state, 739
postoperative trauma, 739
pregnancy and, 738–39
thrombohemorrhagic disorders, 733–39
thrombotic microangiopathies, 737–38

Acquired VW syndrome (AVWS), 697
Acrocentric chromosomes, 871
Activated partial thromboplastin time (APTT), 4, 377, 379, 460, 634, 

666, 705, 752, 758, 771–72
Activated protein C resistance (APCR), 730, 769
Activate protein C (APC), 768–69
Acute, acquired hemolytic anemia, 339
Acute basophilic leukemia (ABL), 517
Acute chest syndrome, 239
Acute erythroid leukemia (AEL), 516

Acute leukemias (AL)
of ambiguous lineage, 530–31, 863
bilineage, 530
defined, 501
diagnosis and classification of, 861
with lineage heterogeneity, 530–31

Acute lymphoblastic leukemia (ALL), 437, 522–32, 595
bone marrow, 525
central nervous system involvement, 525
clinical findings, 433, 524
cytogenetic analysis of, 527, 881
immunophenotyping, 526
laboratory findings, 524–25
peripheral blood, 524–25
therapy, 531
tissue involved in, 525

Acute lymphoblastic leukemia (ALL), classification of
of acute leukemias of ambiguous lineage, 504, 523
basis of, 506–7
cell lineage, 489, 504
FAB classification, 434, 448
WHO classification, 527–31

Acute lymphocytic leukemias (ALL), 861
Acute megakaryoblastic leukemia (AMkL), 517
Acute monoblastic leukemia, 515–16
Acute monocytic leukemia, 515–16
Acute myelocytic leukemia. See Acute myeloid leukemias (AML)
Acute myelogenous leukemia. See Acute myeloid leukemias 

(AML)
Acute myeloid leukemias (AML), 431, 500–518, 805, 861. See also 

Acute myeloid leukemias (AML), WHO classification of
bone marrow, 503, 505, 508
cell lineage, identifying, 504
classification of, 503–18
classification of, basis of, 506–7
cytochemistry, 504–5
cytogenetic analysis, 880–81
cytogenic analysis of, 505
diagnosis and classification of, 862–63
etiology and pathophysiology, 502
immunophenotyping, 505
laboratory findings, 502–3
microgranular variant of, 509–10
peripheral blood, 502–3
with 11q23 (MLL) abnormalities, 509
therapy, 518
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Alder-Reilly anomaly, 398
Algorithms, 4
Alkali denaturation, 802
Alleles, 11, 257, 888
Allele-specific oligonucleotide hybridization (ASO), 256
Allele-specific oligonucleotides (ASO), 893
Allogeneic stem cell transplantation (HSCT), 456, 559–60
Alloimmune hemolytic anemia, 363–67
Alloimmune thrombocytopenia, 673–74
a@antiplasmin (AP), 652

activity, 770
a1@antitrypsin, 657
a@macroglobulin, 652–53
a2@macroglobulin, 657
a@Naphthl esterase (ANAE), 437, 806–7
a@storage pool disease, 683
a@thalassemia major (hydrops fetalis), 257
a@thalassemia minor, 260
Alpha hemoglobin-stabilizing protein (AHSP), 82
Amplification refractory mutation system (ARMS), 256
Amplification techniques, 892–93
Amyloidosis, 668
Analytical measurement range (AMR), 910
Analytical reliability, 908–9
Analytical sensitivity, 908
Analytical specificity, 908
Analytical time, 908
Anaphase, 13
Anaphase lag, 876
Anaplasma phagocytophilum, 398
Anaplastic large cell lymphoma (ALCL), 550–51
Anemia, 178–94, 182–88, 790

abnormal hemoglobin concentrations, 180
adaptations to, 181
aplastic, 303–10
defined, 179
development of, 180
fanconi, 896
functional, 180
functional iron-deficiency, 180
hemolytic, 191–92, 191–93, 317–30. See also  

Hemolytic anemia
important information for, 182
iron-deficiency, 200
macrocytic, 188
megaloblastic, 191, 277–98
microcytic, hypochromic, 188
normocytic, normochromic, 188
oxygenated blood flow, increase in, 181
oxygen utilization by tissue, increase in, 181
pernicious, 290–91
sickle cell, 236–41
sideropenic, 200
spur cell, 297, 327

Anemia, classification of, 188–93
functional, 188–92
maturation defects, 190–91
by MCV and RDW, 194

Acute myeloid leukemias (AML), not otherwise categorized
acute basophilic leukemia, 517
acute erythroid leukemia, 516
acute megakaryoblastic leukemia, 517
acute monoblastic leukemia and acute monocytic leukemia, 515–16
acute myelomonocytic leukemia, 514
acute panmyelosis with myelofibrosis, 517
myeloid sarcoma, 517

Acute myeloid leukemias (AML), not otherwise specified
with maturation, 513–14
without maturation, 513
minimally differentiated, 513

Acute myeloid leukemias (AML), WHO classification of, 508–18
with gene mutations, 512
with myelodysplasia-related changes, 512–13
not otherwise specified, 513–18
with recurrent genetic abnormalities, 508–12
therapy-related myeloid neoplasms, 512

Acute myelomonocytic leukemia (AMML), 514, 595
Acute neutrophilia, 390–91
Acute panmyelosis with myelofibrosis, 517
Acute phase reactants, 797
Acute promyelocytic leukemia (APL), 509
Acute splenic sequestration, 239
Acute undifferentiated leukemia (AUL), 530, 863
ADAMTS, 13, 378, 380, 642, 714, 737, 764
Adaptive immune response (adaptive IR)

adhesion molecules, 139, 140
defined, 100
lymphocytes, 123

Adducin, 67
Adenocarcinoma, 595
Adenosine deaminase (ADA) deficiency, 419
Adenosine diphosphate (ADP)

receptor antagonists, 743
Adenosine triphosphate (ATP), 192, 336, 890
Adherence, neutrophil, 106–8
Adhesion molecules, 106–8, 139, 140
Adipocytes, 28
Adult hemoglobin (HbA), 84, 87
Advanced HIV disease (AHD), 416
Aeromonas hydrophila, 329
Afibrinogenemia, 702
African Americans

anemia in, 183
CBC variations in, 173

Agglutination, 156, 161, 354
Aging, lymphocyte function and, 139
Agonist, 622, 755
a@granules (aG), 148, 618–19
Agranulocytosis, 106, 393
AIDS. See Acquired immune deficiency syndrome (AIDS)
ALAS2, 218
Alcoholism

acquired sideroblastic anemia from, 218
liver disease, 296–97
macrocytic anemia without megaloblastosis, 296–98
platelet dysfunction from, 684
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Antiphospholipid antibodies (APLs), 712, 734–35, 764–65
Antiphospholipid syndrome (APS), 734–35
Antiplatelet therapy, 743–44
Antithrombin (AT), 655

deficiency, 726–27
II, 727
III, 768

Antithymocyte globulin (ATG), 304, 309
Anti-Xa assay, 772–73
Aorta-gonads-mesonephros (AGM), 26
Apertures, 831
Apheresis, 561
Aplasia, 303
Aplastic anemia, 303–10, 676

chemical agents, 305
classification and etiology, 304–7
clinical findings, 307
drug inhibition, 305
epidemiology, 304
idiopathic, 304, 305
infectious agents, 305
inherited, 305–7
ionizing radiation, 305
laboratory findings, 307–8
metabolic causes of, 305
pancytopenia and, differentiating from other causes of, 309–10
pathophysiology, 304
prognosis and therapy, 308–9

Aplastic crises, 237
Apoferritin, 204
Apoptosis, 13, 16–20

cancer and, 431
cardinal features of, 17
caspases and initiation of, 18–19
diseases associated with increased/decreased, 17
hematopoietic system and, 20
inhibitors and intiators/inducers of, 18
molecular regulation of, 18–20
necrosis versus, 18
role of BcI-2 proteins, 19–20
tissue homeostasis, 17–20

Apoptosome, 19
Apotransferrin, 202
Arachidonic acid (AA), 625
Arachnoid mater, 575
Arterial thrombi, 722–23

microparticles in, 724
Artificially induced purpura, 668
Artificial oxygen carriers (AOC), 89–90
Ascites, 574
Ascitic fluid, 574
Ascorbate cyanide test, 341
Aspirin, 684, 743
Ataxia-telangiectasia (AT), 420–21
Atypical chronic myeloid leukemia (aCML), 449, 495–96
Atypical CML (aCML), 449
Atypical HUS (aHUS), 375
Atypical lymphocytes, 410

Anemia, classification of (Continued)
morphologic, 188
proliferation defects, 189–90
using red cell distribution width, 192–93
survival defects, 191–92

Anemia, diagnosis of, 181–88
history, 181
laboratory investigation. See Anemia, laboratory investigation
physical examination, 182

Anemia, laboratory investigation
blood smear examination, 185–86
bone marrow examination, 187
differential diagnosis and, 188
erythrocyte count, 183–84
erythrocyte destruction, 186–87
erythrocyte indices, 184
hematocrit count, 183–84
hemoglobin count, 183–84
leukocyte and platelet abnormalities, 186
reticulocyte count, 184–85

Anemia associated with abnormal heme synthesis, 216–20
Anemia of chronic disease (ACD), 200

bone marrow, 216
clinical features, 215
conditions associated with, 215
laboratory features, 215–16
mechanisms of anemia in, 215
pathophysiology, 214–15
peripheral blood, 215
therapy, 216

Anemia of inflammation (AI). See Anemia of chronic disease (ACD)
Anemias of disordered iron metabolism

iron, laboratory assessment of, 209–10
iron-deficiency anemia, 210–14
iron metabolism, 200–209

Aneuploid, 875
Animal venoms, 382–83
Anion exchange protein 1 (AEP1), 66
Anisocytosis, 164
Ankyrin, 67
Annexin II (A2), 650
Antibiotics, 684
Antibody-dependent cellular cytotoxicity (ADCC), 138
Antibody screen, 354
Anticoagulants, 785
Anticoagulant therapy, 740–44, 770–73

antiplatelet therapy, 743–44
heparin, 740–41
heparin therapy monitoring, 771–73
new, 742
oral, 741–42, 771
thrombolytic therapy, 742–43

Antigen determinants, 116
Antigen-presenting cells (APCs), 116, 138
Antihemophilic factor, 641
Antihuman globulin (AHG) test, 192, 322–23, 353
Antinuclear antibody (ANA), 468
Anti-oncogenes/tumor suppressor genes, 21
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Beckman-Coulter Unicel DxH 800, 836–38
Beer-Lambert’s law, 796
Bence-Jones proteinuria, 545
Benign cold agglutinations, 359–60
Benign lymphoid aggregates, 821–23
Benign neoplasms, defined, 427
Bernard-Soulier syndrome (BSS), 677, 680–81
Bethesda Titer assay, 765–66
Bilineage acute leukemia, 530
Bilirubin, 90
Biochemical inhibitors, 654–57
Biphasic antibody, 804
Biphenotypic acute leukemia, 530
Birbeck granules, 403
Birefringence, 597
Bite cells, 340
Blackfan-Diamond syndrome, 312–13
Blackwater fever, 381
Blast crisis classification, 450, 455, 487–89
Blastic plasmacytoid dendritic cell neoplasm, 517–18
Blastogenesis, 135
Blast transformation (blastogenesis), 135
Bleeding disorders, 665–66
Bleeding risk, 666
Bleeding time, 754
“Blinded” preanalyzed samples, 907
Blister cell, 168, 340
Blood cell concentration, reference intervals for, 3
Blood cell egress, 29
Blood clots

BCR/ABL1 translocations, 879
bone marrow biopsy, 821
detection instruments, 775–76

Blood components, 2–3, 4
Blood flow, 31, 653
Blood islands, 26
Blood loss, iron-deficiency anemia and, 210–11
Blood smear examination for anemia, 185–86

anicytosis, 164
erythrocyte distribution on stained smears, variation in, 164, 165
erythrocyte inclusions, 170–71
poikilocytosis, 164, 165
variation in hemoglobin (color), 169

Blood urea nitrogen (BUN), 376
Blood vessels, 610–11
B lymphoblastic leukemia/lymphoma, 527–29
B lymphocyte antigen receptor (BCR), 126
B lymphocytes, 125–29, 136–37

antigen receptor, 126
developmental stages, 127–29
immunoglobulin, 126
immunoglobulin gene rearrangement, 126
membrane markers, 125
subclasses, 129

B lymphoid restricted cell antigens, 505
Body fluids

amniotic, 600–601
bronchoalveolar lavage, 577–78

Auer rods, 433, 503, 513
Autocrine signals, 46
Autohemolysis test, for hereditary spherocytosis, 322
Autoimmune hemolytic anemia (AIHA), 350

cold, 358–60
mixed-type, 350, 361
negative direct antiglobulin test in, 354–55
paroxysmal cold hemoglobinuria, 350, 360–61
warm, 350, 355–58

Autoimmune myelofibrosis, 468
Autoimmune neutropenia (AIN), 394
Autoimmune thrombocytopenia, 671–73
Autologous bone marrow, 440
Autologous stem cell transplantation, 440, 560–61
Automated blood cell-counting instruments, 830–48

impedance instruments, 831–46
light-scattering instruments, 846–48

Automated cell counts, 581
Automated hemostasis analyzer methodologies, 775–76
Automation in hematology/hemostasis, 791, 829–49

automated blood cell-counting instruments, 830–48
Autosomal dominant inheritance, 692–97
Autosomal recessive disorders, 108, 702–6
Autosomal SCID, 419
Autosplenectomy, 33, 238
Azurophilic granules, 101

B
Babesia microti, 382
Babesiosis, 381–82
Bacterial infection

neutrophilia, 391
sickle cell anemia and, 238

Band 4.9, 67
Banding, 873, 874
Band neutrophils, 102, 103
Barr body, 104
Bartonella bacilliformis, 382
Bartonellosis, 382
Basophilia, 113, 401–2, 583
Basophilic myelocyte, 113
Basophilic normoblast, 61
Basophilic stippling, 170, 171
Basophils, 98, 112–13, 583
B-cell ALL, 524
B cell lymphomas, 538

diffuse large, 545
non-Hodgkin, 537
prolymphocytic leukemia, 538, 540–41

B-cell receptors (BCRs), 125
BcI-2 proteins, 19–20
BCL-2 gene, 537
BCR/AB1 mutation, 438
BCR/ACL1 fusion oncogene, 452
BCR/ACL1 translocation, 451, 879, 899
BCR gene, 452
Bead array technology, 894
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Bone marrow studies, 824–25
cytochemical stains, 825
cytogenetics, 824
flow cytometry, 824
molecular genetics, 824–25
special requirements for, 825
triaging bone marrow samples for, 824

Bone marrow transplantation, cytogenetic analysis of,  882
Bordetella pertussis, 410, 413–14
Bothrops atrox, 761
Bright-field microscopy, 788–89
Bronchoalveolar lavage (BAL), 577–78, 581, 600
Bruisability, 665
Bruisability, easy, 668
Bruton’s tyrosine kinase (BTK), 420, 432
b@thalassemia intermedia, 266–67
b@thalassemia major, 262–65
b@thalassemia minima, 267
b@thalassemia minor, 265–66
Bulls’ testing algorithm (moving averages), 913
Burkitt lymphoma, 537, 545–46
Burr cells, 166, 167
Burst-forming unit-erythroid (BFU-E), 44, 50, 59, 65, 84
Burst-promoting activity (BPA), 48, 59
Butt cells, 542

C
Cabot rings, 170, 171
Calcium, 67, 625
Calibrated automated thrombogram (CAT), 774
Cancer, abnormal tissue homeostasis, 21, 429–31

apoptosis, 431
cell cycle checkpoints, 431
epigenetics, 430–31
oncogenes, 429–30
tumor suppressor genes, 430

Cancer-initiating cell, 428
Cancer stem cells, 428–29
Candida, 397
Candida albicans, 587
Candida tropicalis, 587
Capillaries, 801
Capillary electrophoresis (CE), 234
Capillary puncture, 787
Carbon dioxide transport, 88, 89
Carboxyhemoglobin, 93–94
Carboxyl group (COOH), 637
Cardiopulmonary bypass surgery, 685
Cartwheel arrangement, 135
Caspases, 18–19
Catalytic domain, 638
CD (cluster of differentiation), 40, 43, 100, 102, 106, 131–32, 139, 

140, 436, 495, 505, 506, 507, 527, 528, 529, 530, 855, 858, 860, 
861, 862, 863, 864, 932–34

CD designation, 857
CD34 enumeration, 864
CD4 lymphocytes, 414
CD8 lymphocytes, 414

Body fluids (Continued)
cell counting, 579–81
cerebrospinal, 575–77, 593–96
hematologic analysis of, 578–99
joint, 577, 596–99
malignant cells in, 587–89
morphologic findings in, 572–604
nucleated cell differential and, 582–99
pleural, pericardial, and peritoneal, 581, 590–93
semen, 601–4
synovial, 577
types of, 574–78

Bohr effect, 88
Bone marrow

acute lymphoblastic leukemia, 525
acute myeloid leukemias, 503, 505, 508
anemia, examination for, 187
anemia of chronic disease, 216
aplastic anemia, 308
aspiration, 818–19
blood cell egress, 30
chronic myelogenous leukemia, 454
decreased production of, 393–94
essential thrombocythemia, 459–60
extramedullary hematopoiesis, 30
hematopoietic compartment, 29–30
hyperplasia, 29
infectious mononucleosis, 412
iron deficiency, 214
macrophages in, 28
medullary hematopoiesis, 30
megaloblastic anemia, 282
myelodysplastic syndromes, 485
neutrophils, 104–5
polycythemia vera, 464, 466
primary myelofibrosis, 469
replacement of normal, 676–77
sickle cell anemia, 239
sideroblastic anemia, 219–20
stroma, 28–29
transplantation, 417, 440, 518, 558
vasculature, 27–28
warm autoimmune hemolytic anemia, 357

Bone marrow, morphological interpretation of
aspirate, 819–20
benign lymphoid aggregates vs. malignant lymphoma, 821–23
bone marrow cellularity, 821
bone marrow particle, 821
differential count, 819–20
iron stores, 823
myeloid to erythroid ratio, 820
touch imprints, 821

Bone marrow examination, 815–26
indications for evaluation, 816
procedure, 817–18
processing for, 818–19
report, 825

Bone marrow examination, morphologic interpretation of, 819–23

Z05_MCKE6011_03_SE_IDX.indd   976 11/08/14   10:28 pm



 977Index

structure and morphology, 870–71
submetacentric, 871

Chronic eosinophilic leukemia, not otherwise specified  
(CEL-NOS), 470, 472

Chronic eosinophilic leukemia (CEL), 448
Chronic granulocytic leukemia (CGL), 450
Chronic granulomatous disease. See Chronic myelogenous 

leukemia (CML)
Chronic lymphocytic leukemia (CLL), 355, 356, 414, 431
Chronic myelocytic leukemia (CML), 450
Chronic myelogenous/granulocytic leukemia (CML/CGL), 450
Chronic myelogenous leukemia (CML), 392, 399–400, 432, 

450–57
atypical (aCML), 449
BCR/ABL1 translocation, 451
bone marrow, 454
clinical findings, 453
cytogenetic analysis, 879–80
differential diagnosis, 456–57
disease progression and chromosome/molecular  

mutations, 452
etiology and pathophysiology, 451–53
laboratory findings, 453–54
peripheral blood, 453–54
Philadelphia (Ph) chromosome in acute leukemias, 451, 452–53
terminal phase, 454–55
therapy, 455–56

Chronic myeloid leukemia (CML). See Chronic myelogenous 
leukemia (CML)

Chronic myelomonocytic leukemia (CMML), 452, 467, 494–95
Chronic myeloproliferative disease, unclassified (CMPD-U), 470
Chronic neutrophilia, 391
Chronic neutrophilic leukemia (CNL), 457–58
Chronic nonspherocytic hemolytic anemia, 339
Chronic renal failure, 684
Chronic acquired pure red cell aplasia, 311
Chylous, 579
Cigar cells, 168
Ciliocytophthoria, 600
Circulating anticoagulants, 712
Circulating pool (CP), 105
Citrated whole blood, 754
Clinical and Laboratory Standards Institute (CLSI), 103, 185, 905
Clinical Laboratory Improvement Amendments of 1988 (CLIA, 

1988), 905, 907
Clonal hypereosinophilia, 470–73
Clonality, 537
Clonogenic cells, 536
Clostridium perfringens, 382
Clostridium welchii, 93
Clot retraction, 627
Clots. See Blood clots
Cluster analysis, 846
Cluster of differentiation (CD), 100
Coagulation

mechanism, 634
physiologic pathway of, 658–59
proteins, 637, 638

CD34+  progenitor, 43
CD4+  T cells, 138

functions, 138
Cell cycle, 13–16, 871

cyclins (Cdks), 14
kinase activity, 14
molecular regulation of, 13–14
stages of, 13

Cell  cycle checkpoints
cancer and, 431
in tissue homeostasis, 15–16

Cell death, 18, 19, 20
Cell enumeration by hemacytometer, 794–95
Cell lineage, identifying, 489, 504
Cell-mediated immunity (CMI), 123, 137–38, 416
Cell membrane, 8–9
Cell morphology, 8–10
Cell turnover rate, 104
Cellular hemoglobin concentration mean (CHCM), 846
Cellular homeostasis

abnormal tissue homeostasis and cancer, 21
cell morphology, 8–10
cellular metabolism, 10–12
tissue homeostasis, 13–20

Cellular immunity, 411
Cellular metabolism, 10–12
C1-enterase inhibitor, 657
Centers for Disease Control and Prevention (CDC),  

AIDS defined by, 416
Central nervous system (CNS), 574, 575
Cerebrospinal fluid (CSF), 575–77, 581, 593–96
Ceruloplasmin, 202
Chain termination sequencing, 895
Charcot-Leyden crystals, 111, 401
Chédiak-Higashi syndrome, 399
Chemical agents, aplastic anemia and, 305
Chemokines, 107
Chemotaxis, 106, 108
Chemotherapy, 393–94, 439–40, 460, 465
Childhood myelodysplastic syndromes, 491–92
Children, CBC variations in, 173
Chimerism, 564, 882
Chloride shift, 88
Chloroacetate esterase, 806
Chloromas, 453
Cholecystitis, 321
Cholelithiasis, 321
Chromatic aberration, 788
Chromogenic assay, 772
Chromogenic detection methods, 775–76
Chromosomes

aberration nomenclature, 877
abnormalities, 875–77
acrocentric, 871
analysis of, 824, 869–83
heterologous, 871
homologous, 871
metacentric, 871
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Heinz body hemolytic anemias, 236
neutropenia, 394
orotic aciduria, 295

Congenital dyserythropoietic anemia (CDA), 295, 309
Congenital nonspherocytic hemolytic anemia syndrome, 339
Congenital thrombocytopenia with radioulnar synostosis 

(CTRUS), 676
Congential erythropoietic porphyria (CEP), 223, 225
Consolidation therapy, 439
Constitutional cytogenetic aberrations, 872
Consumptive coagulopathy, 706, 737
Contact group, 635, 637
Contact plasminogen activator (PA) pathway, 648
Continuous flow analysis, 846
Contour gating, 833
Coombs test. See Direct antiglobulin test (DAT)
Core-binding-factor (CBF), 509
Core biopsy, 821
Correlation coefficient, 909
Cortex, of lymph nodes, 33
Corticosteroids, 357, 379, 392
Coulter LH series, 831–35
Coverglass smear, 790
CpG islands, 16
C-reactive protein (CRP), 723
Creatine phosphokinase (CK), 382
Critical area, 162
Critical limits, 173
Critical pathways, 2
Critical value, 906
Crossover, 269
Cross-reacting material negative (CRM- ), 691
Cross-reacting material positive (CRM+ ), 691
Cross-reacting material reduced (CRMR), 691
Cryopreservation and storage of hematopoietic stem cells, 562
Cryosupernatant, 378
Cryptococcus, 587, 596
Culling, 31
Current Procedure Terminology (CPT) code, 905
Cushing syndrome, 668
Cyanosis, 70, 92
Cyclic AMP (cAMP) pathway, 625
Cyclin-dependent kinases, 14
Cyclins (Cdks), 14
CYP2C9, 899–900
Cytoadhesion molecules, 52
Cytochemical analysis, 436–37
Cytochemical staining, 341, 805–9
Cytochemistry, 526

defined, 436
in identifying cell lineage, 489, 504

Cytogenetic nomenclature, 877
Cytogenetic procedures, 872–74
Cytogenetics, 438

acute lymphoblastic leukemia, 527, 528–29
acute myeloid leukemias, 505
bone marrow, 824
molecular, 882–83
myelodysplastic syndromes, 481–82

Coagulation cascade, 638–47
common pathway, 643–47
extrinsic pathway, 643
intinsic pathway, 638–43
phosholipid membranes, complex formation on, 638

Coagulation factors, 634
defined, 634
disorders of, 702–4
elevated levels of, 732
properties of, 635–37
specific, 760–61

Coated platelets, 627
Cobalamin. See Vitamin B12
CobaSorb test, 293
Codocytes, 166
Coincidence, 834
Cold agglutinin disease, 790
Cold agglutin syndrome (CAS), 358, 361. See also Cold 

autoimmune hemolytic anemia
Cold autoimmune hemolytic anemia, 358–60
Collagen-binding assays, 764
Collection tubes, 785, 786
Colony-forming unit, day 12 (CFU-D12), 43
Colony-forming unit (CFU), 43
Colony-forming unit-erythroid (CFU-E), 44, 48, 50, 59
Colony-forming unit-granulocyte, erythroid, macrophage, and 

megakaryocyte (CFU-GEMM), 45, 47, 48
Colony-forming units (CFU), 559
Colony-stimulating factors (CSF), 44
Column chromatography, 801
Commitment, 38
Common acute lymphoblastic leukemia antigen (CALLA),  

125, 127, 455
Common lymphoid progenitor (CLP) cell, 43, 45, 100, 124, 131, 

501, 559
Common myeloid progenitor (CMP) cell, 42, 43, 100, 124, 559
Common pathway, 634, 643–47
Compensated hemolytic disease, 191
Compensation, 857
Competency assessment, 907
Complement-mediated hemolysis, 352–53
Complete blood count (CBC), 4, 145, 155

examination phase, 156–72
iron, 209–10
physiologic variation in hematologic parameters, 173–74
post-examination phase, 173
pre-examination phase, 156
variations in, 173–74

Complimentary DNA (cDNA), 892
Compound heterozygote, 235
Compound microscope, 788
Compression syndromes, 256
Compression ultrasonography (CUS), 724
Computerized tomography (CT), 724
Conditioning regimen, 564
Congenital amegakaryocytic thrombocytopenia (CAMT),  

147, 307, 676
Congenital deficiencies/disorders

congenital immune, 418–21
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vitamin B12 deficiency, 291
Differentiation

basophils, 113
cluster of, 100
defined, 16, 38
eosinophils, 110–12
monocytes, 114–15
neutrophils, 100–104, 100–110

Diffuse large B-cell lymphoma, 545
DiGeorge syndrome, 420
Dihydrofolate (DHF), 283
Dihydrorhodamine 123 (DHR123) assay, 400
Dilute Russell viper venom time test (dRVVT), 764, 765
Dilutional thrombocytopia, 677
Diploid, 865, 875
Diploid state, 257
Dipyridamole, 743
Direct antiglobulin test (DAT), 192, 336, 354, 360, 381

negative, in AIHA, 354–55
positive, in normal individuals, 355
for warm autoimmune hemolytic anemia, 357

Direct DNA sequence analysis, 895
Discocyte, 164
Disseminated intravascular coagulation (DIC),  

364, 377, 378–79, 509, 675, 706–11, 737, 759
clinical aspects of, 708
defined, 706
etiology, 706–7
incidence, 706
laboratory evaluation of, 709–10
pathophysiology, 707–8
therapy, 710–11

Distal histidines (E7), 83
Divalent metal transporter1 (DMT1), 201
DMT1, 201, 222
DNA, 9–10, 854, 890

analysis, 864–65
clinical applications of analysis, 865
complimentary, 892
Index (DI), 865
satellite, 871
sequencing, 895
synthesis, 289
transcription, 891

Döhle bodies, 396–97
Domains, 12
Donath-Landsteiner (D-L) antibody, 360
Donath-Landsteiner test, 804
Double heterozygous inheritance, 262
Down syndrome, 432, 503, 517
Drepanocytes, 166
Drug-induced thrombocytopenia, 674–75
Drug inhibition

aplastic anemia and, 305
folic acid deficiency and, 287
hemolysis, 351, 383
hemolytic anemias, 361–62
megaloblastic anemia and, 295
platelet dysfunction, 684

remission, 439
T lymphoblastic lymphoma (T-LBL), 529–30

Cytogenomic microarray analysis (CMA), 882, 883
Cytokine receptors, 49–51
Cytokine regulation, 48
Cytokines, 44–49. See also Growth factors (GF)
Cytokinesis, 13
Cytomegalovirus (CMV), 413, 567
Cytometry, flow, 757, 824, 853–65
Cytoplasm, 9–10

basophilic normoblast, 62
orthochromic normoblast, 62
polychromatophilic normoblast, 62
pronormoblast, 62

Cytoplasmic abnormalities, 396–98
Cytoplasmic vacuoles, 397
Cytosine triphosphate (CTP), 890
Cytotoxic T lymphocytes, 20, 125
Cytotyoxic drugs, 358

D
Dacryocytes, 67, 165–166
Damage-associated molecular patterns (DAMPs), 100
d@aminolevulinic acid synthase enzyme (ALAS), 218
Danazol, 358
Dawn of neutrophilia, 103
D-dimer, 766–67
Death receptors (DR), 18
Death signals, 20
Death substrates, 20
Decay-accelerating factor (DAF), 328
Deep vein thrombosis (DVT), 723, 724, 767
Definitive erythropoiesis, 26
Degranulation, 108
Dehydrated hereditary stomatocytosis (DHS), 326
Delta checks, 172, 914, 917, 918
db@thalassemia, 267
Demarcation membrane system (DMS), 148
Demargination, 390
Demyelination, 289
Dense granules (DGs), 148, 618

deficiencies of, 683
Dense tubular system (DTS), 148, 619–20
Densitometer, 800
Deoxyhemoglobin, 85
Deoxyribonucleic acid. See DNA
Deoxythymidylate (dTMP), 284
Deoxyuridine monophosphate (dUMP), 285, 286
D+  HUS/D-  HUS. See Hemolytic uremic syndrome (HUS)
D+  HUS (diarrhea positive), 375
Diagnosis related group (DRG), 904
Diagnostic gene rearrangement, 510
Diamond-Blackfan syndrome (DBA), 312–13
Diapedese, 3
Diapedesis, 106
Diet

folic acid deficiency and, 286–87
iron-deficiency anemia and, 210
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Epigenetics, 16, 430–31, 440, 463
Epistaxis, 669
Epitopes, 116
E-prostaglandins (PGE), 48
Epstein-Barr virus (EBV), 306, 311, 411, 537, 545, 899
Erythroblastic islands (EI), 29, 53, 62, 63
Erythroblast macrophage protein (EMP2), 62
Erythroblastosis fetalis, 366
Erythroblasts, 60
Erythrocyte iron turnover (EIT) rate, 210
Erythrocyte protoporphyrin (EP) studies, 213–14
Erythrocytes, 2, 38, 58–73, 63

concentration, 71
count, 157, 183–84
destruction, 72–73, 186–87
disorders, 896
inclusion, 170–71
indices, 157–59, 184, 796–97
kinetics, 70–72
manual count, 795
maturation, 59–60, 62–63
membrane, 63–68
metabolism, 68–70
morphology, 164
in myelodysplastic syndromes, 483–84
normochromic, 162
polychromatophilic, 169
regulation of production, 71–72
shape, abnormalities in, 164–65
size, abnormalities in, 164
survival studies, 187–88
variation in color, 170

Erythrocyte sedimentation rate (ESR), 797–98
Erythroid, 303

niches, 53
Erythroid burst-forming units (BFU-E), 44, 50, 59, 65, 84
Erythroid colony forming units (CFU-E), 44, 50, 59
Erythroid-maturing cells, 60, 62
Erythroid progenitor cells, 59–60
Erythron, 59
Erythrophagocytosis, 116
Erythropoiesis, 26, 48, 59

stimulated, 298
Erythropoietic protoporphyria (EPP), 223–24, 225
Erythropoietin (EPO), 60, 312, 804

characteristics of, 71
erythroid maturation, 62–63
hematopoietic growth factors, 47
inappropriate increase in, 465
production, 211, 215
receptors, 59
recumbant forms of human (rHuEPO), 72
regulation of erythrocyte production, 71–72
therapy in hemodialysis patients, 211

Erythropoietin receptors (EPO-R), 59
Escherichia coli, 373, 375, 738
Essential thrombocythemia (ET), 458–61

clinical findings, 459

Drumstick (Barr body), 104
Dry tap, 818
Duodenal cytochrome B (DcytB), 201
Dura mater, 575
Dutcher bodies, 545
Dye reduction test, 340–41
Dyserythropoiesis, 485–86
Dysfibrinogenemia, 703
Dysfibrinogenemias, 732
Dysgranulopoiesis, 486
Dyshematopoiesis, 309
Dyskeratosis congenita (DC), 307
Dysmegakaryopoiesis, 486
Dyspepsia, 279
Dysplasia, 480, 503
Dyspoiesis, 480

E
Early-acting (multilineage) hematopoietic growth factors, 47
Easy bruising syndrome, 668
Ecchymoses, 665
Echinocytes, 166, 166–68
Edematous, 787
Effector T lymphocytes, 125, 129
Effusion fluids, 574
Egress, 390
Ehrlichia, 398
Ehrlichiosis, 398
Elderly, CBC variations in, 173–74
Electromechanical clot detection systems, 775
Electrophoresis, 234, 258, 800–801
Elliptocytes, 166, 168
Embolism, 723
Embolus, 722
Embryonic hemoglobins, 84
Endocrine abnormalities, 314
Endomitosis, 148, 484, 875
Endoplasmic reticulum (ER), 115
Endosteum, 27
Endothelial cell protein C receptor (EPCR), 656
Endothelial cells, 613–15
Endothelium-derived relaxing factor (EDRF), 89, 611
Engraftment, hematopoietic, 558, 564
Enzyme deficiencies

megaloblastic anemia, 295
Enzyme-linked immunosorbent assay (ELISA) techniques,  

323, 394, 733, 757, 767, 773, 804
Eosinophil cationic protein (ECP), 111
Eosinophil chemotactic factor (ECF), 112
Eosinophil-derived neurotoxin (EDN), 111
Eosinophilia, 112, 400–401, 583

primary, 401
reactive (secondary), 400–401

Eosinophillic myelocyte, 111
Eosinophil peroxidase (EPO), 111
Eosinophils, 98, 110–12, 583
Epidermal growth factor (EGF) domain, 467
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Fibrin
degradation products, 650–51, 767
markers of, and fibrinolysis, 773

Fibrinogen, 644–46
disorders, 732
g-chain gene, 732

Fibrinogen group, 635, 637
Fibrinogenolysis, primary, 711
Fibrinolysis, 3

activators of, 648–50
defined, 647
inhibitors of, 652–53
markers of, fibrin and, 773

Fibrinolysis, secondary hemostasis and, 632–59
coagulation cascade, 638–47
coagulation mechanism, 634
coagulation physiologic pathway of, 658–59
fibrinolytic system, 647–53
hemostasis, physiological control of, 653–57
procoagulant factors, 635–38

Fibrinolytic system
disorders, 733
fibrin degradation products, 650–52
introduction, 647–48
laboratory investigation of, 766–67
plasmin, 648
plasminogen, 648
properties of, 649

Fibrinopeptides, release of, 646
Fibrin polymers, 646
Fibrin stabilization, 646
Fibroblasts, 52
Fibrolytic protein inhibitors, 706
Fibronectin (Fn), 52
Fibrosis, myelodysplastic syndromes with, 492
Field curvature aberrations, 789
Fitzgerald factor, 705
5-aminolevulinate synthase (ALAS), 81
Flame cells, 414, 545
Flaujac factor, 705
Flow chamber, 855
Flow charts, 713
Flow cytometry, 757, 824, 853–65

data analysis, 857
defined, 853
DNA analysis, 864–65
immunophenotyping by, 857–64
myelodysplastic syndromes, 489
principles of, 855–57

Fluorescence in situ hybridization (FISH), 452, 486, 526,  
540, 544, 546, 564, 873, 879,  
882, 888, 893

Fluorescent-activated cell sorting (FACS), 39
Fluorescent-labeled inactive toxin aerolysis (FLAER), 329
Fluorescent spot test, 340
Fluoride inhibition, 807
Fluorochromes, detection of, 856–57
Folates, 283–87

differential diagnosis, 460–61
laboratory findings, 459–60
pathophysiology, 458–59
prognosis and therapy, 460
synonyms for, 458

Ethnic groups, CBC variations in, 173–74
Ethylenediaminetetraacetic acid (EDTA), 156, 395, 578, 785, 823
Euglobulin clot lysis, 767
Excess bleeding, 665
Exchange transfusion, 325
Exercise-induced hemoglobinuria, 380
Exogenous activators, 650
Exons, 11
Extracellular matrix (ECM), 52
Extramedullary erythropoiesis, 256
Extramedullary hematopoiesis, 30
Extravascular destruction, 73, 90–91
Extravascular hemolysis, 191, 192
Extrinsic pathway, 634, 643
Extrinsic Xase, 638
Exudate, 575

F
FAB classification, 434, 448
Factor eight inhibitor bypassing activity (FEIBA), 712
Factor replacement therapy, 701
Factors

I, 637, 638
II, 638, 644, 704
IIa, 637, 654, 655
IIIa, 637, 647
IX, 641, 699
IXa, 655, 657
tissue, 643
V, 643–44, 705
VII, 641, 643
VIII, 637, 643, 698, 705, 732, 765–66
VIIIa, 657
vitamin K-dependent clotting, 705
von Willebrand, 641–43
X, 643, 655, 704
X activation, 643
XI, 640, 704
XII, 639, 668, 733
XIII, 646–47, 705, 762

Factor V Leiden (FVL), 723, 730, 769, 900
False neutropenia, 395
Familial polycythemia, 465
Fanconi anemia (FA), 306–7, 676, 896
Fas Ligand, 18
Fatty acid degradation, defective, 289
Favism, 339
F cells, 84
Ferritin, 83, 204, 205
Ferrokinetics, 210
Ferroportin 1, 202, 221, 222
Fetal hemoglobin (HbF), 84, 87, 801
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Glucose phosphate isomerase deficiency (GPI), 343
Glutahione (GSH), 336
Glycoaminoglycans (GAG), 655
Glycocalyx, 616
Glycolysis, 67
Glycolytic pathway, 67, 336–37
Glycoprotein Ib (GPIb), 616–17
Glycoprotein IIb/IIIa (GPIIb/IIIa), 617
Glycosylated hemoglobin, 84
Glycosyl-phosphatidyl inositol (GPI), 328
Golgi apparatus, 29, 101, 103
GPIIb/IIIa, 617
Graft rejection in hematopoietic stem cell transplantation, 567
Graft-versus-host disease (GVHD), 559, 566, 567
Graft-versus-leukemia (GVL), 561, 566
Granules

a@granules, 618–19
dense, 148, 618, 683

Granulocyte, monocyte progenitor (GMP), 44, 47, 113
Granulocyte-colony stimulating factor (G-CSF), 30, 51, 441
Granulocyte monocyte-colony stimulating factor (GM-CSF),  

30, 47, 48, 51, 392, 441
Granulocyte monocyte progenitor (GMP), 100
Granulocytopenia, 51, 106
Granulocytosis, 106
Granulomatous diseases, 821
Granulopoiesis, 48
Gray platelet syndrome (GPS), 683
Growth factors (GFs), 44, 429. See also Cytokines

characteristics of, 44
clinical use of, 51
early-acting (multilineage), 47
functions, 44
hematopoietic, 441
indirect, 48
later-acting (lineage-restricted), 47
receptor superfamily, 49–50
vascular endothelial, 619

Guanosine triphosphate (GTP), 890

H
Haemophilus influenzae, 32, 238, 360
Hairy cell leukemia (HCL), 541
Hairy cells, 541
Half-staggered array, 646
Haploid, 875
Haplotypes, 259
Haptocorrins (HC), 288
Haptoglobin, 364
Haptoglobin–hemoglobin (HpHb) complex, 91
Haptoglobin (Hp), 91
Harvest procedure, 873
Hashimoto’s thyroiditis, 544
HBB gene, 236
Health Insurance Portability and Accountability Act (HIPAA), 906
Heat denaturation test, 802
Heinz bodies, 66, 170, 171, 236, 338

stain, 802–3

Folate trap, 286
Folic acid, 279

deficiency, 286–87
metabolism, 285–86
requirements, 286
structure and function, 283–84

Follicular lymphoma (FL), 541–44
Formalin-fixed, paraffin-embedded (FFPE) tissue, 889
Formiminoglutamic acid (FIGLU), 284
Forward light scatter, 856
French, American, British (FAB) classification. See FAB classification
Fresh frozen plasma (FFP), 378, 767
Functional anemia, 180
Functional genomics, 10
Functional hyposplenism, 255
Functional iron-deficiency anemia, 180

G
Gaisböck’s syndrome, 465
Gastric analysis, 293
Gating, isolation of cells of interest by, 859
Gaucher disease, 403
g@carboxylation, 637
G-CSF, 30, 51
gdb@thalassemia, 267
Gender, CBC variations in, 173–74
Gene clusters, 254
Gene expression, control of, 11
Gene rearrangement, 899
Genes, 888
Gene therapy, 568, 701–2
Genetic analysis, 438
Genetics

molecular, 824
polycythemia vera, 466
primary myelofibrosis, 469
susceptibility, oncogenes and, 432

Genome/genomics, 9, 10, 888
Genotype, 894
Genotypes, 257
Germinal centers, 31, 33
Germline configuration, 125
Giant platelets, 146
GLA domain, 637
Glanzmann thrombasthenia (GT), 682
Global testing, 774
Globin, 80
Globin chain synthesis, 81–83
Glossitis, 280
Glucocorticoids, 105
Glucocorticoid therapy, 668
Glucose-6-phosphate dehydrogenase (G6PD), 335, 362

deficiency, 336–37
deficiency, females with, 338–39
mutant alleles, 339
quantitation of, 341
variants, 338

Glucose-6-phosphate (G6P), 340
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cryopreservation and storage of, 562
hematopoietic engraftment, 558, 564
hematopoietic precursor cells and, 26, 38
molecular regulators of, 48
origin and differentiation of, 559
purging, 562
quantitation of, 562–63
umbilical cord blood, 559–60

Hematopoietic stem cell transplantation, 440, 557–68
allogeneic stem cell transplantation, 456, 559–60
autologous stem cell transplantation, 560–61
availability and success of, 568
clinical laboratory professional’s role in, 564–65
complications associated with, 567
conditioning regimen for, 564
gene therapy, 568
graft-versus-host disease and graft-versus-leukemia effect,  

559, 560, 565
types of, 559–61
umbilical cord blood stem cells versus marrow stem cell 

donors, 560
umbilical cord stem cell transplantation, 559–60

Hematopoietic system, 20
Hematopoietic tissue, 27–33
Heme, 81, 90, 224
Heme-heme interaction, 87
Hemochromatosis (HFE), 220–22, 896
Hemoconcentration, 787
Hemodialysis, 211
Hemodierosis, 239
Hemoglobin, 2, 77–94

A2, 801
acquired nonfunctional, 92–94
adult, 80, 84, 87
allosteric property of, 86–87
binding, 88
catabolism, 90–92
concentration, 79, 795–96
count, 157, 183–84
distribution width (HDW), 846
electrophoresis, 234, 800–801
embryonic, 80, 84
F, acid elution for, 801
fetal, 80, 84, 87
function, 85–90
glycosylated, 84
heat denaturation test, 802
hemoglobin M disease, 246
M disease, 246
mean cell, 157, 158
nitric oxide and, 89
ontogeny of, 84
regulation of synthesis, 83
S, 799–800
structure of, 79–80
synthesis, 81–83
variation in, 169

Hemoglobin-based oxygen carriers (HBOCs), 89
Hemoglobin C disease, 241–42

Heinz body, 70
Helicopter pylori, 544
HELLP syndrome, 374, 379, 724
Helmet cells, 168
Helper T cells, 125
Hemacytometer, cell enumeration by, 794–95
Hemapoietic microenvironment

niches, 52–53
Hematocrit, 4, 157, 183–84, 796
Hematogones, 820, 861
Hematologic disorders, 684, 739
Hematologic remission, 439
Hematology, automation in, 791, 829–49
Hematology, defined, 2
Hematology procedures, 782–810

cell enumeration by hemacytometer, 794–95
equipment, 786–87
erythrocyte indices, 796–97
erythrocyte sedimentation rate, 797–98
hematocrit, 796
hemoglobin concentration, 795–96
microscopy and microscope, 788–90
peripheral blood smear, 790–93
phlebotomy, sample collection, 785–88
reflex, 800–809
reticulocyte count, 798–99
routine, 790–99
solubility test for hemoglobin5, 799–800

Hematology results, review of, 914–18
Hematolymphoid neoplasms, 870
Hematoma, 665
Hematopathology, clinical applications of molecular diagnostics, 

895–99
Hematopoiesis

characteristics, 38
cytokine receptors, 49–51
cytokines and control of hematopoiesis, 44–49
cytokines regulation, lineage specific, 48
defined, 2, 38
development of, hematopoietic organ structure/function and, 26–27
hematopoietic growth factors, 44–49
hematopoietic microenvironment, 52–53
hematopoietic precursor cells, 38–44
negative regulators of, 48–49
signaling pathways, 50
transcription factors, 50–51

Hematopoietic/lymphoid disorders, chromosome analysis of
chromosome abnormalities, 875–77
chromosome structure and morphology, 870–71
cytogenetics, 878–82
mitosis, 871–72

Hematopoietic microenvironment (HM), 52–53
Hematopoietic organs, structure and function of, 25–34
Hematopoietic precursor cells (HPCs), 44
Hematopoietic progenitor cells, 38
Hematopoietic stem cells (HSCs), 427

CD34 enumeration by flow cytometry, 563
cell culture for colony forming units, 563
collection target for, 561–62, 564
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lipid composition abnormalities, 320
paroxysmal nocturnal hemoglobinuria, 328–30
skeletal protein abnormalities, 318–20

Hemolytic anemia, nonimmune defects, 372–83
animal venoms, 382–83
caused by antagonists in the blood, 380–83
caused by physical injury to erythrocyte, 373–80
disseminated intravascular coagulation, 378–79
exercise-induced hemoglobinuria, 380
HELLP syndrome, 374, 379
hemolytic uremic syndrome, 374–77
infectious agents, 380–82
malignant hypertension, 379–80
microangiopathic hemolytic anemia, 383, 384–80
thermal injury, 380
thrombotic thrombocytopenic purpura, 377–78

Hemolytic disease of the fetus and newborn (HDFN), 363, 365–67, 392
ABO incompatibility, 367
caused by ABO and D, comparison of, 365
clinical findings, 366
laboratory findings, 366–67
pathophysiology, 365–66
postnatal period, 366
prenatal period, 365–66
Rh immune globulin, 367
Rh incompatibility, 366–67
therapy, 367

Hemolytic transfusion reactions, 363–64
Hemolytic uremic syndrome (HUS), 373, 374–77, 379, 675, 737, 738
Hemonectin (Hn), 53
Hemopexin, 92, 364
Hemophilia

A, 697, 900
B, 697, 900
carrier detection and prenatal diagnosis, 700–701
clinical aspects of, 699–700
differential diagnosis, 700
historical background, 698
inheritance characteristics, 698
laboratory evaluation of, 700
pathophysiology of bleeding in, 698
therapy, 701–2

Hemorrhagic disease of the newbord (HDN), 711
Hemorrhagic thrombocythemia, 458
Hemosiderin, 83, 204, 205
Hemosiderinuria, 92, 187
Hemostasis, 2, 3

clinical applications of molecular diagnostics in, 899–900
control of, 653–57
instrumentation, 774–76
in newborn, 713–15
patient results, 918
physiologic, 658–59
point-of-care instruments, 776
tests of, 460

Hemostasis, primary, 608–28
defined, 608
hemostasis, platelets in, 615–28

Hemoglobin Constant Spring, 254, 267–68
Hemoglobinemia, 191, 376
Hemoglobin Lepore, 254, 269–70
Hemoglobinopathies, 231–47, 896

hemoglobin C disease, 241–42
hemoglobin D disease, 243
hemoglobin E disease, 243–44
hemoglobin H disease, 257, 259–60
hemoglobin S/C disease, 242–43
hemoglobin variants with altered oxygen affinity, 245–46
sickle cell anemia, 236–41
structural hemoglobin variants, 233–36
thalassemias versus, 233, 253
unstable hemoglobin variants, 244–45

Hemoglobinuria, 191, 360
Hemoglobin variants

with altered oxygen affinity, 245–46
structural, 233
unstable, 244–45

Hemoglobulin, mean cell, 157, 158
Hemojuvelin (HJV), 207
Hemolysis, 191. See also Immune hemolytic anemia (IHA)

complement-mediated, 352–53
drug-induced, 351
IgG-mediated, 352
IgM-mediated, 353
sites and factors affecting, 351

Hemolysis, elevated liver enzymes and low platelet counts (HELLP) 
syndrome, 374

Hemolytic anemia. See also Immune hemolytic anemia (IHA)
acute, acquired, 339
chronic nonspherocytic, 339
classification of, 193
drug-induced, 361–62
erythrocyte survival studies, 187–88
extravascular hemolysis, 191, 192
extrinsic defects, 192
hereditary nonspherocytic, 337, 339
intravascular hemolysis, 191, 192
intrinsic defects, 192
laboratory findings, 189
sites of destruction, 191–92
sources of defect, 192

Hemolytic anemia, enzyme deficiencies, 334–44
abnormal erythrocyte nucleotide metabolism, 343
clinical/laboratory findings in, 336–37
diagnosis, 337
glucose-6-phosphate dehydrogenase deficiency, 337–41
glycolytic pathway, 336–37
hexose monophosphate shunt, 335, 336
other, 341–42, 343
pyruvate kinase deficiency, 342–43

Hemolytic anemia, membrane defects, 317–30
acanthocytosis, 327–28
hereditary elliptocytosis, 323–25
hereditary pyropoikilocytosis, 325
hereditary spherocytosis, 320–23
hereditary stomatocytosis syndromes, 326–27
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Histocytoses, 403–4
Histogram, 831
Histone code, 16
Histone deacetylases (HDAC), 429, 431
Histone deacetylases inhibitors, 429
Histoplasma, 397
HIV virus infection. See Human immunodeficiency virus (HIV)
HLA-DR, 39
Hodgkin lymphomas, 435, 537, 551–52
Hodgkin’s disease, 460
Homeostasis, iron, 206
Homocysteine, 291
Homologous chromosomes, 871
Homozygotes, 269
Homozygous state, 257, 270
Horizontal interactions, 319
Howell-Jolly bodies, 170, 171
HUGO Gene Nomenclature Committee (HGNC), 877
Human granulocytic anaplasmosis (HGA), 398
Human immunodeficiency virus (HIV), 415, 432. See also  

Acquired immune deficiency syndrome (AIDS)
HIV viral load, 417

Human leukocyte antigen (HLA) regions, 129
Human monocyte ehrlichiosis (HME), 398
Human platelet antigen (HPA), 617
Human T cell leukemia/lymphoma virus (HTLV-I, II, V), 432
Human T lymphotropic virus type 1 (HTLV1), 899
Humoral immunity, 123, 136–37, 416
Humoral regulation, 147–48
Hybridization, 891, 893–94

allele-specific oligonucleotides, 893
bead array technoloogy, 894
fluorescent in situ, 893
microarray technology, 893–94
Southern blot, 893

Hydrodynamic focusing, 833, 855
Hydrops fetalis, 257
Hydroxyurea (HU), 240, 458
Hyperchromic cell population, 158, 169
Hypercoagulable, defined, 722
Hypercoagulable state, 767–70
Hyperdiploid, 875
Hypereosinophilic syndrome (HES), 401, 470
Hyperhomocysteinemia (HC), 723, 731–32
Hyper IgE syndrome (HIES), 421
Hyperleukocytosis, 511
Hyperplasia, 262
Hyperplasia, bone marrow, 29
Hypersegmentation, 396
Hypersegmented neutrophils, 103
Hypersplenism, 33, 310, 394–95, 677
Hypervolemia, 180
Hypocellularity, 303
Hypochromic cells, 169
Hypodiploid, 875
Hypodysfibrinogenemias, 703
Hypofibrinogenemia, 702
Hypogammaglobulinemia, 137

laboratory investigation of, 754–57
platelet disorders, 663–85
vascular system, 609–15

Hemostasis, secondary, 632–59. See also Fibrinolysis, secondary 
hemostasis and

autosomal dominant inheritance, 692–97
autosomal recessive disorders, 702–6
disorders of, 689–715
disseminated intravascular coagulation, 706–11
fibrin formation, protein disorders of, 691–712
flow charts, 713
platelets and, 626–28
screening tests, 757–59
von Willebrand factor, laboratory evaluation of, 694–95
x-linked recessive disorders, 697–702

Heparin, 740–41
cofactor II deficiency, 731
low-molecular-weight, 736, 771
therapy monitory, 771–73
unfractionated, 736, 771

Heparin-associated thrombocytopenia, 675
Heparin cofactor II (HCII), 655
Heparin-induced thrombocytopenia (HIT), 675, 735–36

tests for diagnosis of, 757
Hepcidin, 206, 210
Hephaestin, 202
Hereditary disorders

of platelet function, 679–83
of secondary hemostasus, 692–706
of vascular system, 667

Hereditary elliptocytosis (HE), 323–25
Hereditary erythroblastic multinuclearity with positive acidified 

serum test (HEMPAS), 295
Hereditary hemochromatosis, 221–22
Hereditary nonspherocytic hemolytic anemia, 337, 339
Hereditary persistence of fetal hemoglobin (HPFH), 268–70, 896
Hereditary pyropoikilocytosis (HPP), 325
Hereditary sideroblastic anemia, 217
Hereditary spherocytosis (HS), 320–23
Hereditary stomatocytosis syndromes, 326–27
Hereditary xerocytosis, 326
Heterogeneous nuclear ribonucleoprotein-E1 (hnRNP-E1), 285
Heterologous chromosomes, 871
Heteronuclear RNA (hnRNA), 11
Heterophile antibodies, 412
Heterozygotes, 269
Heterozygous state, 257, 270
Hexagonal phospholipids, 735, 765
Hexokinase (HK) deficiency, 343
Hexose monophosphate (HMP) shunt, 68, 70, 110, 335, 336, 341–42
HFE, 207, 221
High-dose intravenous immunoglobulin (IVIG), 358
High-molecular-weight kinnogen (HK), 640
High-performance liquid chromatography (HPLC), 234
High proliferative potential, colony-forming cell (HPP-CFC), 43
High proliferative potential cell-megakaryocyte (HPPC-Mk), 147
Histiocytes, 115
Histocompatibility complex, 129
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T lymphoblastic lymphoma (T-LBL), 529
Immunosuppressed individuals, 412
Immunosuppressive therapy (IST), 308
Impedance instruments, 831–46
Indices, erythrocytes, 157–59, 184
Indirect-acting hematopoietic growth factors, 48
Indirect antiglobulin test (IAT), 354
Induction therapy, 439
Ineffective erythropoiesis, 63, 253
Ineffective hematopoiesis, 481
Infants/children, iron requirements in, 208–9
Infectious agents

aplastic anemia and, 306
hemolysis, 380–82

Infectious diseases, 899
Infectious mononucleosis, 411–12
Infinity optical system, 789
Inherited functional abnormalities, 398–400
Inhibitors

acquired, 712
biochemical, 654–57
C1-enterase, 657
of fibrinolysis, 652–53
fibrolytic protein, 706
hemophilia, 702
identification of, 764–66
naturally occurring, 654
plasminogen activator, 652, 770
of single factors, 712
thrombin-activatable fibrinolysis (TAF), 652, 770
tissue factor pathway, 654, 656–57

Innate immune response (innate IR)
defined, 100
lymphocytes, 123

Integral proteins, 65
Intercellular adhesion molecules (ICAM), 106
Interfering substances, 918
Interferon (IFN), 116
Interleukin 2 (IL-2), 49
Interleukin 3 (IL-3), 47, 49, 50, 112, 615
Interleukin 5 (IL-5), 49, 112
Interleukin 6 (IL-6), 47, 49, 450
Interleukin 7 (IL-7), 49
Interleukin 9 (IL-9), 49
Interleukin 11 (IL-11), 47, 49
Interleukin 15 (IL-15), 49
Interleukin 21 (IL-21), 49
Interleukins, 44
Internal quality control program, 906
International Classification of Disease, 9th revision (ICD-9), 904
International Committee for Standardization in  

Hematology, 187
International Prognostic Scoring System (IPSS), 493, 881
International sensitivity index (ISI), 771
International Society on Thrombosis (ISTH), 764
International System for Human Cytogenetic Nomenclature  

(ISCN), 877

Hypoplasia, 303
Hypoplastic myelodysplastic syndromes (MDS), 309, 492
Hypoproliferative anemias, 302–13

aplastic anemia, 303–10
endocrine abnormalities, 313
pure red cell aplasia, 310–12
renal disease, 312–13

Hypothyroidism, 298
Hypovolemia, 180
Hypoxia, 92, 206, 336
Hypoxic environment, in utero, 71

I
Idiopathic, defined, 305
Idiopathic hypereosinophilic syndrome (I-HES), 473
Idiopathic thrombocytosis, 458
IgG-mediated hemolysis, 352
IGH gene, 899
IgM-mediated hemolysis, 353
Imatinib mesylate (Gleevec), 455–56
Immature B cell, 128
Immature lymphocytes, 133–35
Immature reticulocyte fraction (IRF), 185
Immediate neutrophilia, 390
Immune deficiency disorders, 415–21
Immune hemolytic anemia (IHA), 348–68. See also Hemolysis

agglutinins in, characteristics of, 350
alloimmune hemolytic anemia, 363–67
autoimmune hemolytic anemia, 355–62
classification of, 350–51
laboratory identification of, 353–55

Immune-mediated destruction, 670–71
Immune neutropenia, 394
Immune response (IR), 123. See also Adaptive immune response 

(adaptive IR); Innate immune response (innate IR)
cell-mediated, 123, 137–38, 416
humoral, 123, 136–37, 416
immunoblasts, 135
memory cells, 136

Immune thrombocytopenia (ITP), 671–73
Immune tolerance, 355
Immunoblast, 134, 135
Immunodeficiency disorders, diagnosis and surveillance of, 863–64
Immunoglobulin (Ig), 126

gene rearrangement, 126
structure of, 127

Immunohistochemical stains, 821
Immunologic analysis, 437–38
Immunologic detection methods, 776
Immunologic dysfunction, oncogenes and, 432
Immunophenotyping, 437, 505

acute lymphoblastic leukemias, 526
antibodies used for, 858
by flow cytometry, 857–64
neoplastic B cells, 528
specimen requirements and preparation for, 859
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K
Kaposi’s sarcoma, 416, 589
Karyokinesis, 13
Karyotype, 481–82, 874
Keratocytes, 166, 168
Kernicterus, 366
Ki-1 antigen, 550
Kinins, 110
Kit ligand (KL), 47
Klebsiella pneumoniae, 360
Knizocytes, 166, 168
Koehler illumination, 789
Kostmann’s syndrome, 50
Kupffer cells, 33, 115

L
Laboratory tests

anticoagulant therapy, 770–73
fibrinolytic system, 766–67
hemostasis instrumentation, 774–76
hypercoagulable states, 767–70
in investigation of hematologic problem, 3–5
for iron, 209–10
molecular markers of hemostatic activation, 773–74
primary hemostasis, 754–57
regulations, 784–85
secondary hemostasis, 757–59
for specific factor deficiency, 759–66
specimen collection and processing, 752–54
for von Willebrand factor, 762–64

Lactic dehydrogenase (LD), 361, 434, 487
Lacunar cells, 552
Lamellar body counts (LBCs), 600–601
Lancets, 787
Langerhans cell histiocytoses (LCH), 403
Langerhans cells, 115
Large granular lymphocytes (LGLs), 134
Later-acting (lineage-restricted) growth factors, 47
Lead poisoning, 218
Lecithin-cholesterol acyl transferase (LCAT), 64
Lecithin-cholesterol acyl transferase (LCAT) deficiency, 328
Left shift, 391
Lens aberration, 788–89
Leptocytes, 167, 169
Leukemia, 427, 537, 896–99

acute basophilic, 517
acute erythroid, 516
acute lymphoblastic, 433, 436, 437, 595, 881
acute lymphocytic, 861
acute megakaryoblastic, 517
acute monoblastic, 515–16
acute monocytic, 515–16
acute myeloid, 431, 436, 500–518, 861, 862–63, 880–81
acute myelomonocytic, 514, 595
acute panmyelosis with myelofibrosis, 517
acute promyelocytic, 509

Intracellular bridges, 642
Intracellular organisms, 397–98
Intracellular pathogens, 137
Intravascular destruction, 73, 91–92
Intravascular hemolysis, 191, 192
Intravenous antiplatelet agents, 743–44
Intrinsic factor blocking antibody (IFBA), 292
Intrinsic factor (IF), 279
Intrinsic pathway, 634, 638–43
Intrinsic Xase, 638
Introns, 11
Ionizing radiation, aplastic anemia and, 306
Iron, laboratory assessement of, 209–10
Iron balance, physiological regulation of, 204–8
Iron-deficiency anemia (IDA), 200, 202, 210–14, 486

blood loss, 210–11
bone marrow, 214
clinical features, 211
dietary deficiency, 210
erythrocyte protoporphyrin studies, 213–14
etiology, 210–11
hemiodialysis, 211
historical aspects, 210
iron studies, 213
laboratory features, 212–14
malabsorption, 211
pathophysiology, 211
peripheral blood, 212–13
therapy, 214

Iron homeostasis, 206
Iron metabolism, 83, 200–209

absorption, 201–2
distribution, 200–201
homeostasis, 206
iron requirements, 208–9
in mitrochondria, 208
storage, 204
transport, 202–3

Iron-regulatory protein (IRP), 208
Iron-responsive element-binding protein (IRP-BP), 208
Iron-responsive element (IRE), 208
Iron studies, bone marrow, 209
Irreversibly sickled cells (ISC), 237
Ischemia, 237, 668
Isoelectric focusing, 234, 800
Isopropanol precipitation, 802
Isotype switching, 128
Isovolumetric sphering, 846

J
JAK-STAT signaling pathway, 50, 51
Janus kinase 2 (JAK2) gene, 50, 72, 438, 450, 458–59, 462,  

463, 465, 466, 469, 880, 897, 898
Joint fluid, 577, 596–99
Juvenile myelomonocytic leukemia (JMML), 496
Juvenile pernicious anemia, 290
Juxtacrine signals, 46

Z05_MCKE6011_03_SE_IDX.indd   987 06/08/14   6:17 PM



988 Index

Lipoprotein receptor-related protein (LRP), 652
Liver clearance, 653
Liver disease, 711

in alcoholic individuals, 296–97
causes and characteristics of anemia in, 297
nonmegaloblastic macrocytic anemia and, 296

LMAN1 (L-mannose-1), 705
Long-term culture initiating cell (LT-CIC), 43
Long-term repopulating cells (LTR), 39
Low-molecular-weight heparin (LMWH), 736, 771
Loxosceles reclusa, 382
Lupus anticoagulant (LA), 712, 735
Lupus anticoagulants, 764–65
Lymphadenopathy, 34
Lymph nodes, 33–34
Lymphoblast, 133
Lymphoblastic leukemia (LL), 501

diagnosis and classification of, 861
Lymphocytes, 122–40, 583

activated, morphology of, 135–36
adhesion molecules of adaptive immune response, 139, 140
aging and function, 139
disorders, nonmalignant, 408–21
distribution, concentration, and kinetics, 136
function, 136–40
identification and morphology, 132–36
immature, morphology of, 133–35
immunoblast, 134, 135
large granular, 134
lymphoblast, 133
lymphoic lineage differentiation, 125–32
metabolism, 139
plasma cell, 134, 135–36
plasmacytoid lymphocyte, 134, 135
prolymphocyte, 133
reactive, 134, 135

Lymphocytic leukemoid reaction, 414
Lymphocytoid plasma cell, 135
Lymphocytopenia, 136, 415–21
Lymphocytosis, 136, 410–15

Bordetella pertussis, 410, 413–14
conditions associated with, 410, 414
cytomegalovirus, 413
infectious mononucleosis, 411–12
persistent, 414
plasmacytosis, 414–15
reactive, 413
toxoplasmosis, 413

Lymphoepithelial lesion, 544
Lymphoid disorders. See Hematopoietic/lymphoid disorders, 

chromosome analysis of
Lymphoid follicle, 31
Lymphoid malignancies

diagnosis and classification of, 537–39, 859–61
environmental factors, 537
genetic factors, 537

Lymphoid neoplasms, 435, 471–72
Lymphoid niches, 53

Leukemia (Continued)
acute undifferentiated, 863
of ambiguous lineage, 504, 523
atypical chronic myeloid, 449, 495–96
B-cell prolymphocytic, 540–41
bilineage acute, 530
biphenotypic acute, 530
chronic eosinophilic, 448, 470
chronic granulocytic, 450
chronic lymphocytic, 431, 539–40
chronic myelocytic, 450
chronic myelogenous, 432, 448, 450–57
chronic myeloid, 450
chronic myelomonocytic, 452, 494–95
chronic myeloproliferative, 470
chronic neutrophilic, 448, 457–58
hairy cell, 541
juvenile myelomonocytic, 496
lymphoblastic, 501
mixed phenotype acute, 531, 863
molecular abnormality, 898–99
Philadelphia (Ph) chromosome in acute, 451
small lymphocytic, 539–40
T-cell large granular lymphocytic, 550
T-cell prolymphocytic, 549–50

Leukemia inhibitory factor (LIF), 49
Leukemic hiatus, 427
Leukemogenesis, 431–33
Leukemoid reaction, 392
Leukocyte adhesion deficiency (LAD), 108, 400
Leukocyte alkaline phosphatase (LAP), 437, 807–8
Leukocyte common antigen (LCA), 550
Leukocytes, 2

abnormalities, 186
basophils, 112–13
concentration of, in peripheral blood, 99–100
count, 157
defined, 98
eosinophils, 110–12
function of, 100
manual count, 794
monocytes, 113–16
in myelodysplastic syndromes, 484
neutrophils, 100–110
surface markers, 100

Leukocytosis, 105, 390, 393, 464
Leukoerythroblastic reaction, 392
Leukopenia, 105, 390
L&H cells, 552
Light scattering, 856
Light-scattering instruments, 846–48
Limits, quality control, 912
Lin, 39, 43
Lineage-specific cytokine regulation, 48
Linearity, 908, 910
Lipid composition, 64
Lipid composition abnormalities, 320
Lipid-derived mediators, 111
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Mastocytosis, 402, 473
Matched unrelated donor (MUD) transplant, 560
Material safety data sheet (MSDS), 911
Maturation-inducing domain, 50
Maturation/maturing cells, 38, 43

acute myeloid leukemias, 513–14
basophils, 113
defects in functional classification of anemia, 190–91
eosinophils, 110–12
monocytes, 114–15
neutrophils, 100–104
storage pool, 104

Mature neoplasms, 427
Mature neutrophil reserve, 104
Mature RBC, 61
May-Hegglin anomaly (MHA), 677
Mayo Medical Laboratories, 292
Mean cell (corpuscular) hemoglobin concentration  

(MCHC), 157, 158, 242, 359, 378,  
796, 913

Mean cell (corpuscular) hemoglobin (MCH), 78, 359
Mean cell (corpuscular) hemoglobulin (MCH), 157, 158
Mean cell hemoglobin (MCH), 796
Mean cell volume (MCV), 157–58, 796
Mean platelet volume (MPV), 146, 832
Mean reticulocyte volume (MRV), 837
Medical decision levels, 908
Medulla, of lymph nodes, 33
Medullary hematopoiesis, 30
Medulloblastoma, 595
Megakaryoblast, 148
Megakaryocyte, erythroid progenitor (MEP), 44
Megakaryocyte hypoplasia syndromes, 676
Megakaryocytes, 42

developmental stages of, 149
growth and development factor, 148–49
lineage, 44
microenvironment, 148
production regulation, 147–48
progenitor cell compartment, 146–47

Megakaryocytic hypoplasia, 303
Megakaryocytic niches, 53
Megakaryocytopoiesis, 48
Megakaryopoiesis, 146–49
Megaloblastic anemia, 191, 277–98

bone marrow, 282
clinical findings, 280–81
congenital deficiencies, 295
drugs, 295
enzyme deficiencies, 295
folic acid, 279, 283–87
hematopoietic diseases, other, 296
laboratory values in, 281
neutropenia, 393
other laboratory findings, 282–83
peripheral blood, 281–82
therapy, 294
vitamin B12, 287–94

Lymphokine-activated killer (LAK) cells, 139
Lymphoma malignancies. See also Malignant lymphomas

chronic leukemic, 539–40
mature, 539–51

Lymphomas, 428, 537
cytogenetic analysis of, 881, 882
defined, 525
diagnosis and classification of, 861

Lymphoplasmacytic lymphoma (LPL), 544–45
Lymphopoiesis, 124–25
Lymphoproliferative disease, 355

cytogenetic analysis of, 882
Lyonization, 338
Lysis, 767
Lysomal storage disorders, 402–3
Lysophospholipase, 111
Lysosomes, 619
Lytic state, 743

M
Macrocytes, 165, 186
Macrocytic anemia, 188, 194
Macrocytic anemia without megaloblastosis, 296–98
Macrophage colony-stimulating factor (M-CSF), 45
Macrophage disorders, 402–4
Macrophages, 28, 115
Maintenance chemotherapy, 439
Major basic protein (MBP), 111
Major breakpoint cluster region (MBC-R) gene, 451
Major histocompatibility complex (MHC), 129, 559
Malabsorption, 211, 287, 291
Malarial parasites, 380–81
Malignancy, 738
Malignant cells, in body fluids, 587–89
Malignant hypertension, 379–80
Malignant lymphomas

benign lymphoid aggregates versus, 821–23
Burkitt lymphoma, 545–46
diffuse large B cell lymphoma, 545
follicular lymphoma, 541–44
Hodgkin lymphoma, 551–52
lymphoplasmacytic lymphoma, 544–45
mantle cell lymphoma, 543
mucosa-associated lymphoid tissue, 537
mucosa-associated lymphoid tissue lymphoma, 544
peripheral T cell or natural killer cell lymphoma, 551
small lymphocytic lymphoma, 539–40
Waldenström macroglobulinemia, 545

Malignant neoplasms, defined, 427
Mantle cell lymphoma (MCL), 543
Manual cell counts, 580–81
March hemoglobinuria, 380
Marginating pool (MP), 105
Marrow fibrosis, conditions associated with, 470
Masson’s trichrome stain, 437, 809
Mast cell disease, 401–2, 473
Mast cell growth factor (MCGF), 47
Mast cells, 113, 583
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Molecular-targeted therapy, 440
Molecular targets, 460
Monoblasts, 114
Monoclonal B lymphocytosis (MBL), 540
Monoclonal gammopathies of undetermined significance  

(MGUS), 548
Monoclonal gammopathy, 137
Monocyte colony-stimulating factor (M-CSF), 47
Monocyte/macrophage disorders, 402–4
Monocyte-macrophage system, 114
Monocytes, 113–16
Monocytopenia, 402
Monocytosis, 402
Mononuclear phagocyte (MNP) system, 89, 114
Monopoiesis, 48
Monosodium urate (MSU) crystals, 597
Monosomy, 875
Morphologic findings in body fluids, 572–604
Morulae, 398
M phase, 13
Mpl-ligand, 47
Mucosa-associated lymphoid tissue (MALT), 34, 537, 544
Multiplate platelet function analyzer, 756–57
Multiple myeloma, 790
Multiplex polymerase chain reaction (PCR), 892
Multipotential precursors, 39, 42
Mutation, 11
Mutations, 888
Mycoplasma pneumoniae, 358
Myeloblast, 101, 102, 487
Myelocytes, 102, 103
Myelodysplastic/myeloproliferative neoplasm (MDS/MPN) 

diseases, 494, 496
Myelodysplastic syndromes (MDS), 309, 479–96

associated with isolated del(5q), 491
blast cell classification, 487–89
bone marrow, 485
childhood, 491–92
classification of, 489
clinical findings, 483
cytogenetic analysis of, 881
cytogenics and molecular testing, 481–82
dyserythropoiesis in, 485–86
dysgranulopoiesis in, 486
dysmegakaryopoiesis in, 486
erythrocytes, 483–84
with fibrosis, 492
hematologic abnormalities in, 483
hypoplastic, 492
incidence, 483
laboratory findings, 483–87
leukocytes in, 484
micromegakaryocytes in, 484–85
molecular diagnostics, 486
oncogenes in, 432, 482
pathogenesis, 481
peripheral blood, 483–85
platelets in, 484

Membrane attack complex (MAC), 328, 330, 352, 375
Membrane inhibitor of reactive lysis (MIRL), 328
Membrane markers, 125, 129
Membrane permeability, 67–68
Membrane receptors, 616–17
Memory cells, 129, 136
Memory T cells, 138
Meningeal membranes, 575
Meninges, 575
Menstruation, daily iron loss in, 208
Mesenchymal stem cells (MSCs), 28
Mesothelial cells, 591, 594
Messenger ribonucleic acid (mRNA), 11, 83, 145
Metacentric chromosome, 871
Metamyelocyte, 102, 103
Metaphase, 13
Methemoglobin, 92–93
Methemoglobinemia, 93, 246
Methemooglobin reductase pathway, 70
Methylene tetrahydrofolate reductase (MTHFR), 731, 732, 740, 900
Methylmalonic acid (MMA), 283, 284, 291
Methyl trap, 286
Microangiopathic hemolytic anemia (MAHA), 373, 374–80
Microarray analysis, 16
Microarray technology, 893–94
Microcytes, 164–65
Microcytic, hypochromic anemia, 188, 194
Microenvironment, megakaryocyte, 148
Microfilaments, 618
Microglial cells, 115
Micromegakaryocytes, 484–85
Microorganisms, 587
Microparticles (MPs), 724
Microscopes, 788–90
Microscopy, 788–90

bright-field, 788–89
Koehler illumination, 789
phase-contrast, 789
preventative maintenance, 789–90

Microtubules (MTs), 618, 622
Migration, neutrophil, 108
Minimal residual disease (MRD), 439, 526, 860, 891
Miotic pool, 104
Mitosis, 871–72
Mixed phenotype acute leukemia, 863
Mixed phenotype acute leukemia (MPAL), 531
Mixed-type autoimmune hemolytic anemia, 350, 361
Mixing studies, 759–60
MLL gene, 509
Molecular analysis, 438, 888–900

acute lymphoblastic leukemias, 527
cancer, molecular basis of, 429–31
molecular diagnostics, laboratory methods in, 341

Molecular chaperones, 12
Molecular cytogenetics, 460, 882–83
Molecular diagnostics, 341
Molecular genetics, 824
Molecular remission, 439
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epidemiology, 433
etiology/pathophysiology, 428–33. See also Oncogenes
hematologic findings, 433–34, 434
hematolymphoid, 870
leukemias, 427
lymphoid, 435
malignant, defined, 427
myelodysplastic syndromes, 435
myeloid, 434–35
myeloproliferative disorders, 435, 446–74
plasma cell, 546–48
prognosis, 438–41

Nephelometry, 775
Neural tube defects (NTD), 286
Neutropenia, 106, 393
Neutrophil disorders, 390–400

bacterial infection, 391
leukemoid reaction, 392
leukoerythroblastic reaction, 392
physiologic leukocytosis, 393
qualitative or morphologic, 395–400
quantitative, 390–95
reactive chronic neutrophilia, 390
stimulated bone marrow states, 392–93
tissue destruction/injury, inflammation, metabolic disorders, 392

Neutrophilia, 103, 106, 390–95
Neutrophil oxidative burst assay, 400
Neutrophils, 100–110

band, 100, 102, 103
bone marrow, 104–5
concentration, distribution, and kinetics, 104–10
differentiation, maturation, and morphology, 100–104
function, 106–10
granule contents of, 103
hypersegmented, 103, 282
metamyelocyte, 102, 103
myeloblast, 101, 102
myelocyte, 102, 103
nonsegmented, 103
peripheral blood, 105
promyclocyte/progranulocyte, 101, 102, 103
segmented, 102, 103–4
tissue, 105

Newborns, CBC variations in, 173
Next generation sequencing, 895
Nicotinamide-adenine dinucleotide (NADH), 67, 69
Niemann-Pick disease, 403
Nitric oxide, 89
Nitroblue tetrazolium slide test (NBT), 110, 399
Nocturnal paroxysmal hemoglobinuria (PNH), 306, 328–30, 341
Nomenclature, 698

cytogenetic, 877
of hemoglobin, 235

Nomogram, 772
Noncatalytic domains, 638
Nondifferentiating cell division, 40
Nondisjunction, 875
Non-Hodgkin lymphoma (NHL), 537

prognosis, 493–94
proliferation abnormalities, 482–83
subgroups of, 489–92
therapy, 494
therapy-related, 492
tumor suppressor genes, 482
unclassified, 491, 496
variants of, 492

Myelofibrosis with myeloid metaplasia (MMM), 448
Myeloid, 303
Myeloid neoplasms, 434–35, 471–72
Myeloid sarcoma, 517, 880
Myeloid-to-ethyroid ratio (M:E ratio), 820
Myeloperoxidase (MPO), 437, 504, 805

deficiency, 400
Myelophthisic anemia, 309
Myelophthisis, 309, 392
Myeloproliferative disorders (MPDs)

chronic myelogenous leukemia, 450–57
chronic neutrophilic leukemia, 457–58
classification of, 448–49
clonal hypereosinophilia, 470–73
differential features of, 449
essential thrombocythemia, 458–61
general features of, 450
mast cell disease, 473
neoplasms, 446–74
pathophysiology, 449–50
polycythemia vera, 448, 461–66
primary myelofibrosis, 467–70
unclassifiable (MPN, U), 470

Myeloproliferative leukemia virus (MPL), 898
Myeloproliferative neoplasms (MPNs), 432, 446–74, 448

cytogenetic analysis, 880

N
Naive lymphocytes, 124
National Health and Nutrition Examination Survey  

(NHANES III), 183
National Marrow Donor Program (NMDP), 560
Natural killer (NK) cells, 20, 43, 123, 132, 138–39, 352, 530
Necrosis, 17, 668

apoptosis versus, 18
cardinal features of, 17

Needles, 786
Negative feedback inhibition, 654
Neisseria meningitidis, 238
Neonatal alloimmune thrombocytopenia (NAT), 673
Neonatal disorders

hyperbilirubinemia, 339–40
polycythemia, 465

Neoplasms, 425–41
benign, defined, 427
classification of, 434–36
clinical findings, 433
defined, 427
diagnosing and classifying, 436–38
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Orthochromic normoblast, 61
Osmotic fragility test, 322, 803–4
Osteoblastic niche, 41
Osteoblasts, 28, 52
Osteoclasts, 29
Outliers, 908
Ovalocytes, 168
Overanticoagulation/underanticoagulation, 918
Overhydrated herditary stomatocytosis (OHS), 326
Oxygen affinity, 85

of HbS, 237
hemoglobin variants with altered, 87–88

Oxygenated blood flow, in anemia, 181
Oxygen dissociation curve (ODC), 85
Oxygen transport, 85–88, 89
Oxygen utilization by tissue, in anemia, 181
Oxyhemoglobin, 85

P
Packed red blood cells (PRBCs), 265
Pancytopenia, 190, 303, 309–10
Panic values, 173
Panmyelosis, 448
Pappenheimer bodies, 171, 219
Paracrine signals, 46
Paraproteins, 668
Parietal membrane, 574
Paroxysmal cold hemoglobinuria (PCH), 350, 360–61

Donath-Landsteiner test for, 804
Paroxysmal nocturnal hemoglobinuria (PNH), 306, 328–30, 341, 739

flow cytometry, 864
Parvovirus, 238, 311
Passenger lymphocyte syndrome, 363
Pathogen-associated molecular patterns (PAMPs), 100, 108, 125
Patient samples, monitoring quality control with, 913–14
Pattern recognition receptors (PRRs), 100, 125
Pelger-Huët anomaly, 395–96, 468, 516
Pencil cells, 168
Perfluorocarbons (PFC), 89
Periarteriolar lymphatic sheath (PALS), 31
Pericardial fluid, 581, 590–93
Pericardian cavity, 574
Pericardium, 574
Periodic acid-Schiff (PAS) stain, 104, 437, 489, 807
Peripheral blood

acute lymphoblastic leukemia, 524–25
acute myeloid leukemias, 502–3
anemia of chronic disease, 215
chronic myelogenous leukemia, 453–54
essential thrombocythemia, 459
hemoglobin Lepore, 270
hemoglobin S, 270
hemoglobin variants, unstable, 244–45
hereditary elliptocytosis, 324
hereditary pyropoikilocytosis, 325
infectious mononucleosis, 411–12
iron deficiency, 212–13

Non-Langerhans histiocytoses (non-LCH), 403
Nonsegmented neutrophils (stab), 103
Nonspecific esterase, 437
Nonspecific reactive changes, 585, 587
Nonsteroidal anti-inflammatory drugs (NSAIDs), 684, 743
Nonthrombocytopenic purpura, 667
Nonthrombogenic blood vessels, 613
Nonwaived tests, 785
Normoblasts, 60
Normochromic cell population, 158
Normochromic erythrocytes, 162
Normocytic, normochromic anemia, 188, 194
Normocytic anemia, 158
Normocytic erythrocytes, 162
NRAS/KRAS, 898
N-terminal disulfide knot (N-DSK), 645
Nuclear abnormalities, 395–96
Nuclear-cytoplasmic asynchrony, 279
Nucleated cell differential, 582–99
Nucleic acid

amplification, 889–93
extraction, 889

Nucleus, 9–10
basophilic normoblast, 62
orthochromic normoblast, 62
polychromatophilic normoblast, 62
pronormoblast, 62

Numerical aberrations, 875

O
Occupational Health and Safety Administration (OSHA)  

standards, 911
Oncogenes

genetic susceptibility, 432
immunologic dysfunction, 432
miscellaneous factors, 432–33
in myelodysplastic syndromes, 482
myeloproliferative leukemia virus, 898
proto-, 429
somatic mutation, 432
translocations, molecular basis of cancer, 429–30
viral infection, 432

Oncostatin M (OSM), 49
1,3-bisphosphoglycerate (I,3 BPG), 70
Open canalicular system (OCS), 619
Opportunistic organisms, 416
Optimal counting area, 790
Oral anticoagulants, 741–42

complications, 742
dosage, 742
laboratory monitoring, 742
mechanism of action, 741–42

Oral anticoagulant therapy, 771
Oral contraceptives, 738
Organelles, 9, 10
Organelle zone, 618–19
Orotic aciduria, 295
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Physiologic plasminogen (PLG) activators, 648–50
Pia mater, 575
Pica syndrome, 211
PIGA gene, 328
Pince-nez cells, 395
Pitting, 32
PIVKA (protein induced by vitamin k absence or antagonists), 637
Plasma, 2

cells, 134, 135–36
components of, 2
exchange, 358, 378
fresh frozen, 378, 767
membrane, 616
platelet-poor, 753–54
platelet-rich, 754, 755–56
pooled normal, 759
transport, 88

Plasma@a@antiplasmin (PAP) complex, 770
Plasma cell myeloma, 545, 548
Plasma cell neoplasms, 546–48
Plasmacytoid lymphocyte, 134, 135
Plasmacytoma, 549
Plasmacytosis, 414–15
Plasmapheresis, 358
Plasminogen activator inhibitor (PAI-1), 770
Plasminogen (PLG), 648, 769–70

activator, 652
activators, 648
deficiency, 733
tissue plasminogen activator, 733

Plasmin (PLN), 648
systemic effects of, 651–52

Plasmodium falciparum, 381, 382
Platelet-activating factor (PAF), 614
Platelet activation, laboratory markers of, 773–74
Platelet-derived growth factor (PDGF), 450
Platelet-derived growth factor receptor a, 470
Platelet disorders, 663–85

acquired, 684–85
bleeding, 665–66
hereditary, 679–83
qualitative (functional), 679–85
quantiative, 669–79

Platelet function analyzers (PFA), 754–57
Platelet-poor plasma (PPP), 753–54
Platelet release reaction, 623
Platelet-rich plasma (PRP), 754, 755–56
Platelets, 2, 144–51

abnormalities, 186, 460
activation, 622, 624–25, 628
adhesion, 621, 679–81
aggregation, 623–24, 681–82
aggregometry, 755–57
agonists, 622
alloantigens, 617–18
clumps, 792
coated, 627
count, 146, 160

malaria, 381
megaloblastic anemia, 281–82
myelodysplastic syndromes, 483–85
in neutrophils, 105
pancytopenia, 307
platelets, 145–46
polycythemia vera, 463–64
primary myelofibrosis, 468
sickle cell anemia, 239
sideroblastic anemia, 218–19
thalassemia, 256
warm autoimmune hemolytic anemia, 356–57

Peripheral blood count (PBC), 155
Peripheral blood smears, 160–71

abnormalities detected on, 162, 792
anisocytosis, 164–65
automated method, 791
erythrocyte inclusions, 170–71
erythrocyte morphology, 164
examination, 792–93
high-power magnification, 162–64
low-power magnification, 160–62
lymphocytes, 163
neutrophils, 163
platelets, 145
poikilocytosis, 165–69
preparation, 790–91
staining, 791

Peripheral proteins, 65, 66
Peripheral T-cell lymphoma, not otherwise specified, 551
Peripheral T cell or natural killer cell lymphoma (T/NK), 551
Peripheral zone, 615–17
Peritoneal cavity, 574
Peritoneal fluid, 581, 590–93
Peritoneum, 574
Peritransplant infections, 567
Perl’s Prussian blue stain, 63, 171
Pernicious anemia (PA), 290–91
Peroxisomes, 619
Persistent polyclonal B-cell lymphocytosis (PPBL), 414
Petechiae, 665
Peyer’s patches, 34
Phagocytosis, 108, 109
Pharmacokinetics, 772
Phase-contrast microscopy, 789
Phenotype, 260, 463
Philadelphia (Ph) chromosome in acute leukemias, 451, 452–53
Phlebotomy, sample collection, 464, 785–88
Phlebotomy safety, 787–88
Phosphoenolpyruvate (PEP), 342
Phosphofructokinase (PFK) deficiency, 343
Phosphoglycerokinase (PGK) deficiency, 343
Phosphoinositide pathway, 624–25
Phospholipase C, 624–25
Phospholipids, 64
Photodetectors, 855
Photomultiplier tube (PMT), 855
Physiologic anemia, 71
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Polymorphism, 11, 564
Polymorphonuclear, 98
Polymorphonuclear neutrophil (PMN), 101
Polyploid, 148, 875
Pooled normal plasma (PNP), 759
Popcorn cells (L&H cells), 552
Porphobilinogen deaminase (PBGD), 83
Porphyrias, 200, 217, 222–25
Porphyrin, 82
Positive feedback amplification, 653
Postoperative state, 739
Postoperative trauma, 739
Post-transfusion purpura, 674
Post-translational modifications, 11
Practice guidelines, 3–4
Precursor neoplasms, 427
Pregnancy, iron requirements during, 208
Prekallikrein (PK), 640

screening test, 762
Preleukemia, 432, 480. See also Myelodysplastic syndromes (MDS)
Prenatal diagnosis, of hemophilia, 701
Preventative maintenance, in microscopy, 789–90
Primary eosinophilia, 401
Primary fibrinogenolysis, 711
Primary hemostasis plug. See also Hemostasis, primary

defined, 608
formation of, 620–25

Primary lymphoid tissues, 27
Primary myelofibrosis (PMF), 467–70
Primary throbocythemia, 458
Primary thrombocytosis, 458, 678
Primitive erythropoiesis, 26
Pro-B cell, 127
Probe, 891
Procoagulation factors, 635–38
Proficiency testing, 906, 907
Progenitor cells, 39, 41–43, 48, 52, 146–47
Proliferating pool, 104
Proliferation, 13–16, 865
Proliferation defects, in functional classification of anemia, 189–90
Proliferation-inducing domain, 50
Proliferative index, 865
Prolonged prothrombin time (PPT), 379
Prolymphocytes, 133, 539
Promonocytes, 114
Promyelocytes, 101, 102, 103, 487–88
Pronormoblasts, 60, 61, 62
Prophase, 13
Proplatelets, 149
Proteins, 11–12

acarboxy, 637
activated protein C resistance, 730
anion exchange, 66
Bence-Jones, 545
C, 727–29, 768–69
composition, in erythrocyte membrane, 65–67
C (PC), 655–56
C-reactive, 723

Platelets (Continued)
distribution width, 146
factor 3, 626
function, 620–28
giant, 146
in hemostasis, 615–28
manual count, 795
mean platelet volume, 160
megakaryocyte biology and, 146–50
metabolic activity, 619
morphology, 145–46
in myelodysplastic syndromes, 484
peripheral blood, 145–46
plug, 625
procoagulation activity, 626
production of, 150
quantitative evaluation, 146
release of, 623
reticulated, 145, 840
satellitism, 146, 161, 792
secretion, 623, 683
shape change, 622–23
stress, 148
structure of, 615–20

Platelet type-pseudo-VWD, 697
Pleocytosis, 576
Plethora, 463, 466
Pleural cavities, 574
Pleural fluid, 581, 590–93
Ploidy, 865
Plumbism, 218
Pluripotential hematopoietic stem cells, 42, 45
Pneumocystis jirovecii, 577
Poikilocytosis, 164, 165
Point-of-care (POC) instruments, 776
Point-of-care testing (POCT), 784
Polychromatophilic erythrocytes, 60, 61, 159, 169
Polychromatophilic normoblast, 61
Polyclonal gammopathy, 137
Polycythemia, 461, 790
Polycythemia vera (PV), 448, 461–66

bone marrow, 464, 466
classification of, 461–62
clinical findings, 463
differential diagnosis, 465
erythropoietin measurement, 466
genetics, 464, 466
laboratory differentiation of, 466
laboratory findings, 463–64
other laboratory findings, 464
pathophysiology, 462–63
peripheral blood, 463–64
prognosis and therapy, 464–65

Polycythermia vera, 896
Polymerase chain reaction (PCR), 398, 544, 888, 889–90
Polymerization, 236–37, 644
Polymorphic, defined, 559
Polymorphic variants, 877
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Clinical Laboratory Improvement Amendments of 1988, 905, 907
competency testing, 907–8
comprehensive program, 905
examination component, 905–6
linear regression analysis, 910
method evaluation/instrument comparison, 908–10
patient results, review of. See Hematology results, review of
post-examination component, 906–7
pre-examination component, 905
proficiency testing, 906, 907
reference interval determination, 910–11
safety, 911
selection, 908
test coding and reimbursement, 904–5
transcription errors, 906
turnaround time, 906

Quality control (QC), in hematology laboratory, 912–14
Bull’s testing algorithm (moving average), 913
charts, interpretation of, 912–13
control materials, 912
correction for intefering substances, 917–18
limits, establishing, 912
monitoring with patient samples, 913–14

Quantitation, of hemoglobin F, 802
Quantitative fibrinogen assay, 758–59
Quantitative platelet disorders, 669–79
Quaternary structure of a protein, 12
Quebec platelet disorder, 683
Quiescence (G0), 13

R
Random variation, 908
Rapoport-Luebering shunt, 70
Raynaud’s phenomenon, 359
RBC indices, 4
RB gene, 430
Reactive chronic neutrophilia, 390
Reactive lymphocytes, 134, 135, 410
Reactive lymphocytosis, 413
Reactive oxygen species (ROS), 70, 262
Reactive (secondary) eosinophilia, 400–401
Reactive thrombocytosis, 679
Reagent blank, 833
Real-time polymerase chain reaction (qPCR), 891–92
Receptor editing, 128
Receptor functional domains, 50
Receptor serine kinases (RSKs), 50
Receptor tyrosine kinases (RTKs), 49, 50
Recombinant FVIIa (rFVIIa), 682
Recombination-activating gene 1 (Rag1), 125
Recombination-activating gene 2 (Rag2), 125
Red blood cells (RBCs). See also Erythrocytes 2, 4, 155

destruction, 237
maturation, 59–60
mature, 61

Red cell distribution width (RDW), 158–59, 211, 503
classification of anemia with, 192–93

integral, 65
in iron homeostasis, 206
peripheral, 65, 66
S, 729, 769
S (PS), 655
Z, 657

Protein synthesis, 11–12
Protein tyrosine kinases (PTKs), 50
Protein tyrosine phosphatases (PTPs), 50
Proteomics, proteosome, 11, 12
Prothrombin

time (PT), 758
Prothrombinase complexes, 638
Prothrombin group, 635, 636
Prothrombin (PT), 644

deficiency, 704
G20210A, 730, 769, 900
gene mutation 20210, 730
time (PT), 4, 377, 460, 666

Protofibrils, 646
Proto-oncogenes, 21, 429
Protopod, 134
Proximal histidine (F8), 83
Prussian blue stain for iron, 823
Pseudodiploid, 875
Pseudo-neutropenia, 395
Pseudo-neutrophilia, 390
Pseudopolycythemia, 465
Pseuochylous, 579
Pteroylmonoglutamate (PteGlu), 283
Pulmonary embolism (PE), 723
Pure red cell aplasia, 303, 310–12
Purging, of hematopoietic stem cells, 562
Purpura

associated with dysproteinemias, 668
defined, 665
due to decreased connective tissue, 667–68
due to vasculitis, 668
fulminans, 668
mechanical, 668
miscellaneous causes of, 668
nonthrombocytopenic, 667
post-transfusion, 674
senile, 667–68
thrombotic thrombocytopenic, 675, 737

P50 value, 259
Pyknotic nucleus, 396
Pyridoxine therapy, 220
Pyruvate kinase (PK), 335

deficiency, 342–43

Q
Qualitative fluorescent spot test, 340
Qualitative platelet disorders, 679–83
Qualitative platelet evaluation, 146
Quality assessment, in hematology laboratory, 903–18

analytical reliability, 908–9
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Rubriblast, 60
Rule of three, 157, 796

S
Safety, in hematology laboratory, 911
Sandhoff disease, 403
Sandwich technique, 763
Satellite DNA, 871
Satellitism, 161
Scatterplots, 834
Schilling test, 292, 293
Schistocytes, 67, 167, 168
Scott syndrome, 683
Scramblase, 683
Screening tests, for secondary hemostasis, 757–59
Scurvy, 668
Sea-blue histiocytosis syndrome, 404
Secondary hemochromatosis, 222
Secondary hemostasis plug, 609. See also Hemostasis, secondary
Secondary lymphoid tissues, 27
Secondary polycythemia, 465
Secondary thrombocytosis, 679
Segmented neutrophil, 102, 103–4
Semen, 601–4
Senile purpura, 667–68
Sequestrian crisis, 239
Serine proteases, 637
Serologic tests, for infectious mononucleosis, 412
Serotonin release assay (SRA), 736
Serous fluids, 574–75
Serum-ascites albumin gradient (SAGG), 575
Serum or soluble transferrin receptors (sTfRs), 203
Severe combined immunodeficiency syndrome (SCID), 50, 418–19, 537
Sex-linked agammaglobulinemia, 420
Sex-linked SCID, 419
Sex-linked sideroblastic anemia (XLSA), 218
Sézary cells, 550
Sézary’s syndrome, 550
Shift reticulocytes, 185
Shift to the left, 391
Shiga toxin, 375, 376
Shigella dysenteriae type 1, 738
Short-term repopulating cells (STRs), 39
Shwachman-Diamond Syndrome (SDS), 307
Sickle cell anemia, 236–41

acute chest syndrome, 239
acute splenic sequestration, 239
anemia, 237–38
bacterial infection, 238
bone marrow, 240
clinical findings, 237–39
hemoglobin electrophoresis, 240
iron overload, 239
irreversibly sickled cells, 237
laboratory findings, 239–40
oxygen affinty of HbS, 237
pathophysiology, 236–37

Red cell mass (RCM), 461
Red cell membrane skeleton, 66
Red thrombi, 723
Redundancy, 46
Reed-Sternberg (R-S) cell, 552, 588
Reference intervals (RIs), 754, 794

determination, 910–11
Reflex hematology procedures, 800–809
Reflex testing, 4, 100
Refractive index, 789
Refractory anemia with excess blasts (RAEBs), 491
Refractory anemia with ring sideroblasts (RARs), 490–91
Refractory cytopenia with multilineage dysplasia (RCMD), 491
Refractory cytopenia with unilineage dysplasia (RCUD), 490
Regulatory T cells (TReg), 125
Reimbursement, 904–5
Reiter’s disease, 597
Relapse, 531
Relative polycythemia, 465–66
Relaxed (R) structure, 85
Renal disease, 313–14
Reportable range, 910
Reptilase time (RT), 761–62
Respiratory burst, 110
Respiratory burst oxidase (RBO), 110
Restriction endonucleases, 893
Restriction point (R), 13
Reticular cells, 27
Reticulated platelets, 145, 840
Reticulin stain, 437, 809
Reticulocytes, 60, 61, 62–63

count, 159–60, 184–85, 798–99
distribution on stained smears, variation in, 159
hemoglobin content, 185
immaturity, quantitation of, 185
mean cell volume, 157–58
production index (RPI), 185
stress, 185

Reticulofilamentous substance, 172
Reverse-transcriptase PCR (RT-PCR), 892
Revised European-American Lymphoma (REAL) classification 

system, 435
Rheostat, 19
Rh immunoglobulin (RhIG), 367
Rh incompatibility, 366–67
Rh null disease, 326
Rhodamine123, 39
Ribonucleic acid (RNA), 10, 47, 219, 830
Richter’s transformation, 540
Ring sideroblasts, 220, 486, 487, 823
Ristocetin, 755
Rituximab (monoclonal anti-CD20), 358
RNA, 10
Romanowsky-type stains, 145, 148, 159, 170, 791, 799
ROTEM Haemostasis Whole Blood Analyzer, 774
Rough endoplasmic reticulum (RER), 135, 414
Rouleaux, 161, 545, 792
Routine hematology procedures, 790–99
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S phase, 13
fraction, 865

Spherical aberration, 788
Spherocytes, 167, 168–69
Spleen, 30–31

architecture, 31
blood flow, 31
function, 31–32
hypersplenism, 33
splenectomy, 33

Splenectomy, 33, 358
Splenic sequestration, increased, 677
Split samples, 908
Spoke wheel arrangement, 135
Sponge model, 147
Spur cell anemia, 297, 327
Spur cells, 165
Spurious polycythemia, 465
Stage, 539
Standard deviation (SD), 908
“Starry sky” appearance, 545
Stem cell disorders, 393. See also Hematopoietic stem cells (HSCs)
Stem cell factors (SCFs), 45, 47, 112
Stem cell regulators, 48
Stem cells, 39

compartment, 39–40
niches, 40–41, 53
phenotype, 39

Stem cell transplantation (SCT). See Hematopoietic stem cell 
transplantation

Stimulated bone marrow states, 392–93
Stimulated erythropoiesis, 298
Stomatocytes, 167, 169
Storage, 204
Streptococcus pneumoniae, 32, 238, 376, 378
Streptokinase (SK), 650, 769
Stress erythrocytosis, 465
Stress platelets, 148
Stress reticulocytes, 185
Stroma, 28–29
Stromal cells, 52
Structural aberrations, 875
Structural zone, 618
Subarachnoid hemorrhage (SAH), 576
Submetacentric chromosomes, 871
Substrate, 637
Sudan Black B (SBB), 437, 489, 805–6
Sulfhemoglobin, 93
Supernatants, 803
Supravital stain, 798
Surface folate receptor@a, 285
Surface markers, leukocyte, 100
Survival defects in functional classification of anemia, 191–92
Synergism, 46
Synovial fluid, 577, 581
Synovium, 577
Syringes, 786
Sysmex Automated Hematology Analyzers, 185

peripheral blood, 239
RBC destruction, 237
sickle cell trait, 241
sickling test, 240
solubility test, 240
therapy, 240–41
vaso-occlusive crisis, 238

Sickle cell disease, 89, 241
Sickle cell disorder, 241
Sickle cells, 166. See also Drepanocytes
Sickle cell trait, 241
Side light scatter, 856
Sideroblastic anemia (SA), 200

bone marrow, 219–20
d@aminolevulinic acid synthase enzyme, 218
erythroid form of, 218
molecular studies, 220
nonerythroid form of, 217
peripheral blood, 218–19
sex-linked, 218

Sideroblastic anemias (SAs), 216–20
acquired. See Acquired sideroblastic anemia
classification, 216–17
clinical features, 218
hereditary, 217
laboratory features, 218–20
pathophysiology, 217–18
therapy, 220

Sideroblasts, 63, 171, 172
Siderocytes, 63, 171, 172
Sideropenic anemia, 200
Siderosomes, 204
Siemens Healthcare ADVIA 120, 846–48
Siemens Healthcare ADVIA 2120, 848
Signaling pathways, 50
Signal transducers, 429–30
Silent carrier a@thalassemia, 261
Single nucleotide polymorphism (SNP), 11
Sjögren’s syndrome, 544, 734
Skeletal protein abnormalities, 318–20
Slope, 909
Small-cell carcinoma, 595
Small lymphocytic lymphoma (SLL), 539–40
Smudge cells, 539, 792
Solubility

hemoglobin S, 799–800
test for hemoglobin, 240

Soluble transferrin receptor, 805
Somatic mutation, oncogenes and, 432
Southern blot, 893
Specific esterase, 437
Specific factor inhibitor assay, 765–66
Specimens, collecting and processing, 752–54, 878–79
Spectrin, 67
Spent phase, 463
Sperm, 601

count, 602–3
vitality, 602
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characteristics of, 262
clinical findings, 263, 265
genetics, 261–62
intermedia, 266–67
major, 262–65
minima, 267
minor, 265–66
treatment, 264–65, 266

Therapeutic plasma exchange, 358
Therapeutic ranges, 771
Therapy-related myelodysplasia (t-MDS), 492
Therapy-related myeloid disorders, 512, 881
Thermal injury, 380
Threshold limits, 831
Thrombin

generation, 643–44
generation test (TGT), 774
time (TT), 379, 723, 758, 772

Thrombin-activatable fibrinolysis inhibitor (TAFI), 644, 652–53, 770
Thrombocytes, 2
Thrombocythemia, 461
Thrombocytopenia, 145, 670–79

autoimmune, 671–73
conditions with multiple mechanisms of, 677–78
dilutional, 677
drug-induced, 674–75
heparin-associated, 675
heparin-induced, 675, 735–36
hereditary, 677
immune, 671–73
neonatal alloimmune, 673
platelets, increased destruction of, 670–71
splenic sequestration, increased, 677

Thrombocytopenia with absent radii (TAR), 676
Thrombocytosis, 461, 678–79

causes of, 678
primary, 678
reactive, 679
secondary, 679

Thromboelastography (TEG), 774
Thromboembolic disease, 733
Thromboembolism (TE), 722
Thrombogenic blood vessels, 613
Thrombolytic therapy, 740, 742–43
Thrombomodulin (TM), 656
Thrombophilia, 720–44

acquired, 733–39
anticoagulant therapy, 740–44
defined, 721, 724
genetic risk factors, 731–33
hereditary, 725–30
thrombosis, laboratory testing in patients with suspected, 739–40
thrombus formation, 722–24

Thrombophlebitis, 723
Thrombopoiesis, 48, 149
Thrombopoietin (TPO), 47, 147, 450, 615
Thrombopoietin (TPO) receptor, 39
Thrombosis, 722, 739–40, 769–70

Sysmex XE-series, 838–40
Sysmex XN-series, 840–43
Systematic variation, 908
Systemic lupus erythrematosus (SLE), 468
Systemic mastocytosis (SM), 473, 474

T
Target cells, 166
Tartrate-resistant acid phosphatase (TRAP), 437, 541, 808
Tay-Sachs disease, 403
T-cell ALL, 524
T-cell large granular lymphocytic (T-LGL) leukemia, 550
T-cell prolymphocytic leukemia (T-PLL), 549–50
T-cell receptors (TCR), 125, 129, 416
T cytotoxic cells (TC), 125
Teardrops. See Dacrocytes
Technologies, molecular, 889–95
TEF platelet mapping assay, 774
Telomerase reverse transcriptase (TERT), 304
Telomerase RNA template (TERC), 304
Telophase, 13
Tense (T) structure, 85
Terminal deoxynucleotidyl transferase (TdT), 125, 526, 545, 588, 808–9
Terminally differentiated, 38
Test coding, 904–5
Thalassemia, 251–72, 896
a-thalassemia trait, 257
b@thalassemia, 261
clinical findings, 255–56
combination disorders, 270–71
db@, 267
differential diagnosis of, 271
gdb@, 267
genetic defects in, 254
Hemoglobin Constant Spring, 254, 267–68
Hemoglobin Lepore, 254, 269–70
hemoglobinopathies versus, 233, 253
hereditary persistence of fetal hemoglobin, 268–70
laboratory findings, 256
other thalassemias, characteristics of, 268
pathophysiology, 255
types of, 254

Thalassemia, alpha (a), 257–61
affected alleles, 257
affected individuals, 257
characteristics of, 258
clinical findings, 258
etiology, 257
genotypes, 257
hemoglobin H disease, 259–60
laboratory results, 258
major (hydrops fetalis), 257
minor, 260
pathophysiology, 257
silent carrier, 261

Thalassemia, beta (b), 261–67
affected individuals, 262
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Tropomyosin, 67
Tube holders, 786
Tumor necrosis factor (TNF), 18, 60, 105, 129, 304
Tumor suppressor genes, 21, 430, 482
Turbidimetric clot detection, 775
Turnaround time (TAT), 784, 906
2,3-bisphosphoglycerate (2,3 BPG), 86
2,3-diphosphoglycerate (2,3-DPG), 181
Type 1 interferon-producing cells, 517
Tyrosine kinase inhibitors (TKIs), 455, 879

U
Ubiquitin system, 12
Ultralarge VWF multimers (ULVWF), 642
Umbilical cord blood, 559–60
Umbilical cord stem cell transplantation, 559–60
Unfractionated heparin (UFH), 736, 771
Unique identification number, 787
Universal precautions, 911
Unsaturated iron-binding capacity (UIBC), 202
Untranslated regions (UTR), 11
uPA receptor (uPAR), 650
Upshaw-Shulman syndrome, 737
Urinary-type plasminogen activator (uPA), 640, 650
Urokinase (UK), 648
Uropod, 134

V
Vascular endothelial cells (VECs), 105, 108
Vascular endothelial growth factor (VEGF), 619
Vascular niche, 41, 148
Vascular system

disorders of, 666–68
primary hemostasis, 615–28

Vasculature, of bone marrow, 27–28
Vasculitis, 668
Vasoconstriction, 654
Vaso-occlusive crisis, 238
Venipuncture, 787
Venous thrombi, 723–24

microparticles in, 724
Venous thromboembolism (VTE), 723, 767
Vertical interactions, 318–19
Viral infection, oncogenes and, 432
Viral load, 417
Virgin lymphocytes, 124
Visceral membrane, 574
Viscosity, 838
Vitamin B12, 279, 287–94

deficiency, 289–94
metabolism, 288–89
requirements, 289
structure and function, 287–88

Vitamin K deficiency bleeding (VKDB), 711
Vitamin K-dependent clotting factors, 705
Vitamin K-dependent coagulation proteins, 636, 637

Thrombotic microangiopathies (TMA), 737–38
Thrombotic thrombocytopenic purpura (TTP), 374, 377–78, 675, 737
Thrombus, 722

formation, 722–24
Thymidine triphosphate (TTP), 890
Thymocytes, 129
Thymus, 30, 31
Tingible body macrophages, 542
Tissue, neutrophil, 105
Tissue destruction/injury, inflammation, metabolic disorders, 

associated with neutrophilia, 392
Tissue factor pathway, 658
Tissue factor pathway inhibitor (TFPI), 654, 656–57

variant, 731
Tissue homeostasis, 13–20

defined, 8
differentiation, 16–20
proliferation, 13–16

Tissue hypoxia, in secondary polycythemia, 465
Tissue plasminogen activator (tPA), 733, 770
Tissue-type plasminogen activator (tPA), 640, 649–50
T lymphoblastic lymphoma (T-LBL), 529–31
T lymphocyte, natural killer cell progenitor (TNKP), 44
T lymphocytes, 123, 129–32

antigen receptor, 129
cytotoxic, 20
developmental stages, 130
major histocompatibility complex, 129
membrane markers, 129
natural killer cell, 132

T lymphoid cell antigens, 505
Toluidine blue, 437, 809
Total blood neutrophil pool (TBNP), 105
Total iron-binding capacity (TIBC), 202, 209, 486
Touch imprints, 821
Tourniquet, 787
Toxic granules, 397
Toxoplasma gondii, 413
Toxoplasmosis, 413
Trabeculae, 27
Transcobalamin I, II, or III, 288
Transcription, 891

errors, 906
factors (TFs), 11, 50–51, 430

Transcription-ready status, 16
Transferrin (T), 63, 202

receptor, 203
saturation, 202

Transforming growth factor, 48
Transient erythroblastopenia of childhood (TEC), 312, 313
Translational regulation, 16
Translocations, 889, 899
Transplant-associated microangiopathy (TA-TAM), 380
Transudate, 575
Triacidic stain, discovery of, 98
Triosephosphateisomerase (TPI) deficiency, 343
Trisomy, 875
Tropomodulin, 67
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for acute myeloid leukemias, 504, 880
for hematopoietic and lymphopoietic neoplasms, 427
for HIV, 416
for lymphoid malignancies, 538
for mast cell disease, 473
for myelodysplastic syndromes, 480, 489, 490, 493
for myeloproliferative disorders, 448
for myeloproliferative neoplasms, 448
for neoplasms, 434
for oral anticoagulant therapy, 771

The WHO Laboratory Manual for the Examination and 
Processing of Human Semen, 601

Whole blood aggregation, 756
Williams factor, 705
Wiskott-Aldrich syndrome (WAS), 419–20, 537, 677
Wolman’s disease, 403
World Health Organization (WHO), 338
Wright-Giemsa stain, 264, 282, 283, 791

X
X chromatin body (Barr body), 104
X-linked lymphoproliferative disorder (XLP), 411
X-linked recessive disorders, 697–702
X-linked sideroblastic anemia with ataxia (XLSA/A), 208
X-linked thrombocytopenia with thalassemia (XLTT), 676
X-linked thrombocytopenia (XLT), 676

Y
y-intercept, 909

Z
Zygosity state, 257
Zymogens, 634

VKORC1, 900
von Willebrand disease, 681, 692–97, 900

autosomal dominant inheritance, 692–97
classification of, 695–96
clinical findings, 692–94
collagen-binding assays for, 764
laboratory evaluatin of, 694–95
nature of, 696
prenatal diagnosis of, 697
therapy, 697

von Willebrand factor (vWF), 378, 450, 460, 464, 613, 641–43, 691
activity, 763
antigen assay, 763
antigen (VWF:Ag), 694
laboratory tests for, 694–95, 762–64
multimer analysis, 763–64
multimers, 695
nomenclature of, 698
ristocetin cofactor activity (VWF:RCo), 695

W
Waldenström macroglobulinemia, 545
Warfarin/Coumadin, 637
Waring blender syndrome, 380
Warm autoimmune hemolytic anemia (WAIHA), 350, 355–58
WBC differential, 99, 160
Wedge smear, 160, 790
Westgard rules, 912–13
White blood cells (WBC), See also Leukocytes 4, 98, 155, 841

morphologic abnormalities of, 163
White thrombi, 722
WHO classification, 502

for acute leukemias, 861
for acute lymphoblastic leukemias, 527–31

Z05_MCKE6011_03_SE_IDX.indd   1000 06/08/14   6:17 PM



★ TABLE D Reference Values for Common Coagulation 
Test Reference Valuesa,b

Analyte Reference Value

Activated partial thromboplastin  
 time (APTT)

36–40 seconds (birth to 1 week)  
25–35 seconds (1 week to adult)

Prothrombin time 11.9–15.1 seconds

0.8–1.2 INR (6 months to adult)

2.0–3.0 INR range for anticoagulant  
 therapy for venous thrombosis

2.5–3.5 INR range for anticoagulant  
 therapy for mechanical heart valve

Bleeding Time 1–7 minutes

Thrombin time 15–19 seconds

Fibrinogen 200–400 mg/dL (2.0–4.0 g/L)

Reptilase time 18–22 seconds

Protein S functional 55–174%

Protein S free 70–140%

Protein S total 70–140%

Protein C functional 70–140%

Protein C antigen 65–150%

FII 70–145%

FV 60–150%

FVII 65–140%

FVIII 50–150%

FIX 50–160%

FX 70–150%

FXI 70–130%

FXII 50–160%

Factor II, V, VII, VIII, IX, X, XI  
 inhibitors

60.5 BU/mL

D-dimer 6400 ng/L

Dilute Russell's viper venom  
 time (DRVVT)

640 seconds

Hexagonal phase correction 68 seconds

Lupus anticoagulant negative

Antithrombin (AT) 80–125%

AT

 Antigen 22–40 mg/dL

 Activity 80–120%

Activated protein C resistance  
 (APCR)

72.1

Plasminogen 76–124 (males)

65–153% (females)

Plasminogen activator  
 inhibitor-1 (PAI-1)

  Activity 78–142%

  Antigen 4943 mcg/mL

von Willebrand factor activity 42–139%

von Willebrand factor antigen 60–150%
aCompiled from multiple sources.
bResults vary depending on reagent and instrument combinations used in 
testing.

★ TABLE E Reference Values for Tests to Monitor 
Erythrocyte Destruction

Analyte Age Conventional Unit

Bilirubin 61 day 1–6 mg/dL

1–2 days 6–7.5 mg/dL

2965 days 4–8 mg/dL

75 days to 
adult

0.2–1.0 mg/dL total  
 (high critical limit  
 15 mg/dL with 5 SD)

0–0.2 mg/dL (conjugated)

Haptoglobin —

 Female 40–175 mg/dL (400–1750 mg/L)

 Male 35–164 mg/dL (350–1640 mg/L)

★ TABLE F Reference Intervals for Iron Analytesa

Analyte Age Sex
Conventional 
Units

Serum iron 61 month — 609200 mcg/dL

1mo–1 year — 159160 mcg/dL

1–17 years — 509120 mcg/dL

Adult Male 659180 mcg/dL

Adult Female 509180 mcg/dL

Serum ferritin Newborn — 259200 mcg/L

6 months–15 years — 79142 mcg/L

715 years Male 209300 mcg/L

715 years Female 129200 mcg/L

 Iron deficient 715 years — 635 mcg/L

 Iron overload 715 years — 7335 mcg/L

TIBC Adult — 2509450 mcg/dL

UIBC Adult Male 1329323 mcg/dL

Adult Female 1449412 mcg/dL

Percent saturation Adult Male 20–50%

Adult Female 15–50%

sTfR Adult — 8.7–28.1 nmol/L

TfR-Ferritin index 0.63–1.8
aCompiled from multiple sources.
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★ TABLE g Reference Values for Other Common Tests 
to Differentiate Causes of Anemiaa

Analysis Conventional Unit

Hemoglobin electrophoresis Hb A 795%

Hb A2 1.5–3.7%

Hb F 0–2.0% (71 year)

0–85% (birth to 1 year)

Vitamin B12 150–450 pg/mL (decreases significantly 
with age in males)

Serum folate 72.5 ng/mL (adults)

73.0 ng/mL (1-year-old children)

76.5 ng/mL (1–10-year-old children)

RBC folate 160–700 ng/mL (adults)

75–1000 ng/mL (children 61 year old)

95–365 ng/mL (children 1–11 years old)

Erythropoietin (EPO) 3–16 IU/L (SI unit)

Methemoglobin 0.06–0.24 g/dL (9.3–37.2 mmol/L)
aCompiled from multiple sources.

★ TABLE H Reference Values for Porphyrins and  
Porphyrin Precursorsa

Analyte Urine Erythrocytes

Uroporphyrin 4920 mcg/day

Coproporphyrin 139180 mcg/day

Porphobilinogen 62 mg/day

∆ Aminolevulinic acid 1.5–7.5 mg/day

Protoporphyrin 17977 mcg/dL of RBCs
aCompiled from multiple sources.

★ TABLE I Reference Values for Normal  
Osmotic Fragility

Sodium Chloride (NaCl)  
Concentration (%)

% Hemolysis  
Before Incubation

% Hemolysis  
After Incubation

0.20 100 95–100

0.30 97–100 85–100

0.35 90–99 75–100

0.40 50–95 65–100

0.45 5–45 55–95

0.50 0–6 40–85

0.55 0 15–70

0.60 0 0–40

0.65 0 0–10

0.70 0 0–5

0.75 0 0

Increased osmotic fragility, as occurs in the presence of spherocytes, 
shows hemolysis beginning at 0.65–0.60% NaCl and is complete at about 
0.45–0.40% before incubation. Some forms of hereditary spherocytosis 
will not show increased osmotic fragility until the cells are incubated at 
37°C for 24 hours before running this test. After incubation these abnor-
mal cells will begin to lyse at 0.65–0.70% NaCl, and lysis is complete at 
about 0.55%.

★ TABLE j Reference Values for Leukocyte Alkaline 
Phosphatase (LAP) Scores

Interpretation Score

Normal 13–130

Chronic myelogenous leukemia 0–13

Polycythemia vera, infection,  
 myeloid metaplasia

Upper range of normal or elevated

Paroxysmal nocturnal  
 hemoglobinuria

Very low
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