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Preface

The eighth edition of Rockwood & Wilkins® Fractures in Children
has new editors with our promotion from associate editors
of the seventh edition. We are grateful to Drs. Jim Beaty and
Jim Kasser for trusting us with carrying on their tradition of
excellence. Jim and Jim have been great mentors and we are
indebted. All texts are dependent on the outstanding contribu-
tions of the authors. This edition is no exception. All of the
chapters have up-to-date information on techniques, treatment
options, clinical outcomes, and the basic science information
that guides care.

This edition has further expanded our electronic and visual
content. Both the print and improved electronic versions are

available. We have added a video section of operative cases for
quick reference and visual-based learning. We reorganized the
chapters and added new ones to make the book more clinical
and in depth. We updated the illustrations and added more
color clinical and surgical photographs to ease your learning.
Our goal is to keep pace with the rapid changes around us in
how we all receive and process information.

We hope this edition continues the excellent work started
by Drs. Rockwood, Wilkins, and King, carried on by Drs. Beaty
and Kasser, and now under our stewardship. Our goal is to
help you provide better and safer care for your patients with
pediatric musculoskeletal injuries.
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INTRODUCTION

Epidemiology is defined as the study of the distribution and
determinants of health and disease and the application of this
science to the control of diseases and other health problems.
As such, epidemiology is the cornerstone of an evidence-based
approach to preventing disease, and to optimizing treatment
strategies. The term “epidemiology” is derived from the Greek
roots epi = upon, demos = people, logos = study, meaning “the
study of what is upon the people.” Although epidemiology
was originally applied to communicable diseases, those who
care for children will immediately understand that trauma is
the disease that is “upon the people” under our care. Various
epidemiologic methods including surveillance and descriptive
studies can be used to investigate the distribution of frequency,
pattern, and burden of disease whereas analytical methods can
be used to study the determinants of disease. An understanding
of the epidemiology of pediatric trauma is a prerequisite for the
timely evolution of optimal care strategies, and for the develop-
ment of effective prevention strategies.

EPIDEMIOLOGY OF FRACTURES
IN CHILDREN

SECTION ONE

Basic Principles

Brian Brighton and Michael Vitale

Sports-Related Activities 9
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Motor Vehicle Accidents 12

Gunshot and Firearm Injuries 13

¢ EvoLVING EPIDEMIOLOGY OF FRACTURES
IN CHILDREN 14
Preventive Programs 14
National Campaigns 14
Local Community Participation 14

Injuries in children and adolescents represent a major pub-
lic health challenge facing pediatric patients, families, and
health care providers worldwide. The incidence of pediatric
trauma in the United States is among the highest in the devel-
oping world, reflecting the realities of urban violence, fire-
arms, and the dangers of a highly mechanized society. Given
the wide-reaching impact that pediatric musculoskeletal injury
has on public health, an understanding of the epidemiology of
pediatric fractures provides an opportunity to maximize efforts
aimed at prevention and optimal treatment. Unintentional inju-
ries are the leading cause of death for children in the United
States. In 2009, the Centers for Disease Control and Prevention
(CDO) reported 7,712 deaths of children between the ages of 0
and 18 years caused by unintentional injuries (http:/webappa.
cdc.gov/sasweb/ncipe/mortrate10_us.html). However, fatalities
only represent a small portion of the impact unintentional
injuries have on children. There were 8,612,481 nonfatal unin-
tentional injuries to children of the same age group in 2010.
(http://webappa.cdc.gov/sasweb/ncipe/nfirates2001.html)
Pediatric trauma often results in temporary activity limitation,




2 SECTION ONE Basic Principles

hospitalization, and sometimes in permanent disability.”* Inju-
ries requiring medical attention, or resulting in restricted activ-
ity, affect more than 20 million children and adolescents and
cost $17 billion annually for medical treatment.” As the lead-
ing cause of death and disability in children, pediatric trauma
presents one of the largest challenges to the health of children,
as well as an important opportunity for positive impact.

INCIDENCE OF FRACTURES IN CHILDREN

“Classification Bias”: Difficulties
Defining Disease

Rigorous epidemiologic studies demand consistent information
about how we define and classify a given disease state. This is
a challenge in pediatric trauma, making it difficult to compare
studies. Some studies extend the pediatric age group to only
16 years, for example, whereas others include patients up to
21 years of age. Moreover, it is particularly difficult to examine
injuries that only sometimes result in admission. Many stud-
ies'®®! are limited to injuries that require hospital admission,
despite the fact that most injuries in children do not. Reports
vary in the precision of their defined types of fracture patterns.
In the older series, reports were only of the long bone involved,
such as the radius. Series that are more recent have emphasized
a more specific location, separating the radius, for example,
into physeal, distal, shaft, and proximal fracture types. Recently,
an international study group has developed and attempted
early validation of a standardized classification system of pedi-
atric fractures.®*!2**3 The authors of an agreement study found
that with appropriate training, the AO comprehensive pediatric
long bone fracture classification system could be used by expe-
rienced surgeons as a reliable classification system for pediatric
fractures for future prospective studies.'

Thus, in trying to define the exact incidence of pediatric frac-
tures, it is difficult to compare series because of cultural, envi-
ronmental, and age differences. In the following synopsis, these
differences were considered in grouping the results and pro-
ducing average figures. These data are presented in an attempt
to provide a reasonable and accurate reflection of the overall
incidence of injuries and fractures in all children. It is estimated
that the incidence of nonfatal injuries in children is 25% annu-
ally representing 56,000 injuries per day in the United States
with an estimated 38 fatal injuries per 100,000 children. !
Fractures account for 8.5% to 25% of those injuries.”'**'*/

Early studies on the incidence of fractures in children formed
a knowledge base about fracture healing in children. In 1941,
Beekman and Sullivan'' published an extensive review of the
incidence of children’s fractures. Their pioneering work—still
quoted today—included a study of 2,094 long-bone fractures
seen over a 10-year period at Bellevue Hospital in New York
City. The major purpose of their study was to develop basic
principles for treating children’s fractures.

In 1954, two reports, one by Hanlon and Estes® and the
other by Lichtenberg,”” confirmed the findings of the previous
studies with regard to the general incidence of children’s long
bone fractures and their ability to heal and readily remodel.

These initial reviews were mainly statistical analyses and did
not delve deeply into the true epidemiology of children’s frac-
tures. In 1965, Wong'” explored the effect of cultural factors
on the incidence of fractures by comparing Indian, Malay, and
Swedish children. In the 1970s, two other studies, one by
Iqbal’® and another by Reed,'® added more statistics regarding
the incidence of the various long bone fractures.

Landin’s 1983 report on 8,682 fractures remains a landmark
study on the incidence of fractures in children.”” He reviewed
the data on all fractures in children that occurred in Malmo,
Sweden, over 30 years and examined the factors affecting the
incidence of children’s fractures. By studying two populations,
30 years apart, he determined that fracture patterns were chang-
ing and suggested reasons for such changes. His initial goal was
to establish data for preventive programs, so he focused on
fractures that produced clean, concise, concrete data. In 1997,
Landin updated his work, reemphasizing the statistics from his
previous publication. He suggested that the twofold increase in
fracture rate during the 30 years from 1950 to 1979 in Malmo
was caused mainly by an increased participation in sports. In
1999, in cooperation with Tiderius and Duppe, Landin studied
the incidence in the same age group again in Malmo and found
that the rate had actually declined by 9% in 1993 and 1994."**
The only exception was an increase of distal forearm fractures
in girls, which he attributed to their increased participation
in sporting events. The authors attributed this to less physical
activity on the part of modern-day children coupled with better
protective sports equipment and increased traffic safety (e.g.,
stronger cars and use of auto restraint systems).

Cheng and Shen,” in their 1993 study from Hong Kong,
also set out to define children’s fractures by separating the inci-
dences into age groups. They tried to gather epidemiologic data
to build preventive programs. In 1999, this study was expanded
to include almost 6,500 fractures in children 16 and younger
over a 10-year period.”” The fracture patterns changed little
over those 10 years; however, there was an increased frequency
of closed reduction and percutaneous pin fixation of fractures,
with a corresponding decrease in open reductions along with a
marked decrease in the hospital stay of their patients.

More recently, studies on the incidence of fractures in
Edinburgh, Scotland in 2000, as reviewed by Rennie et al.,'"! was
20.2 per 1,000 children annually. A similar fracture incidence
0f 201/10,000 among children and adolescents was reported in
northern Sweden between 1993 and 2007 with a 13% increase
during the years between 1998 and 2007. The authors also
reported the accumulated risk of sustaining a fracture before the
age of 17 being 34%.”* In Landin’s series from Malmo, Sweden,
the chance of a child sustaining a fracture during childhood
(birth to age 16) was 42% for boys and 27% for girls.”” When
considered on an annual basis, 2.1% of all the children (2.6%
for boys; 1.7% for girls) sustained at least one fracture each
year. These figures were for all fracture types and included
those treated on an inpatient basis and an outpatient basis. The
overall chance of fracture per year was 1.6% for both girls and
boys in a study from England of both outpatients and inpatients
by Worlock and Stower."” The chance of a child sustaining a
fracture severe enough to require inpatient treatment during



y::IXEW Overall Frequency of Fractures

Percentage of children sustaining at least one fracture from
0—16 y of age: Boys, 42%; girls, 27%

Percentage of children sustaining a fracture in 1y: 1.6—2.1%

Percentage of patients with injuries (all types) who have
fractures: 17.8%

From: Barlow B, Niemirska M, Gandhi RP, et al. Ten years of experience
with falls from a height in children. J Pediatr Surg. 1983;18(4):509-511;
Hindmarsh J, Melin G, Melin KA. Accidents in childhood. Acta Chir Scand.
1946;94(6):493-514; Igbal QM. Long bone fractures among children in
Malaysia. Int Surg. 1974;59(8):410-415; Landin LA. Epidemiology of chil-
dren'’s fractures. J Pediatr Orthop B. 1997,6(2):79-83; Landin L, Nilsson
BE. Bone mineral content in children with fractures. Clin Orthop Relat Res.
1983;(178):292-296; Nathorst Westfelt JA. Environmental factors in child-
hood accidents: A prospective study in Goteborg, Sweden. Acta Paediatr
Scand Suppl. 1982;291:1-75; Stark AD, Bennet GC, Stone DH, et al. Asso-
ciation between childhood fractures and poverty: Population based study.
BMJ. 2002;324(7335):457; Laffoy M. Childhood accidents at home. Ir Med J.
1997;90(1):26-27; Reed MH. Fractures and dislocations of the extremities
in children. J Trauma. 1977;17(5):351-354.
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the first 16 years of life is 6.8%.”° Thus, on an annual basis,
0.43% of the children in an average community will be admit-
ted for a fracture-related problem during the year. The overall
incidence of children’s fractures is summarized in Table 1-1.

Early reports of children’s fractures lumped the areas frac-
tured together, and fractures were reported only as to the long
bone involved (e.g., radius, humerus, femur).""*>%"8 More
recent reports have split fractures into the more specific areas of
the long bone involved (e.g., the distal radius, the radial neck,
the supracondylar area of the humerus), 070110157

In children, fractures in the upper extremity are much more
common than those in the lower extremity.”” Overall, the
radius is the most commonly fractured long bone, followed by
the humerus. In the lower extremity, the tibia is more com-
monly fractured than the femur (Table 1-2).

Given the fact that different reports classify fractures some-
what differently, it is somewhat of a challenge to distill detailed

/.:IIX®W Incidence of Fractures in Long

Bones
Bone %
Radius 451
Humerus 18.4
Tibia 15.1
Clavicle 13.8
Femur 7.6

From: Kempe CH, Silverman FN, Steele BF, et al. The battered-child syn-
drome. JAMA. 1962;181:17-24; Rivara FP, Bergman AB, LoGerfo JP, et al.
Epidemiology of childhood injuries. II. Sex differences in injury rates. Am J
Dis Child. 1982;136(6):502-506; Fleming DM, Charlton JR. Morbidity and
healthcare utilisation of children in households with one adult: Comparative
observational study. BMJ. 1998;316(7144):1572-1576; Laffoy M. Childhood
accidents at home. Ir Med J. 1997;90(1):26-27; Lichtenberg RP. A study of
2,532 fractures in children. Am J Surg. 1954,87(3):330-338; Rohl L. On frac-
tures through the radial condyle of the humerus in children. Acta Chir Scand.
1952;104(1):74-80.
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.\:[IXEW Incidence of Specific Fracture

Types

Fracture %

Distal radius and physis 23.3
Hand (carpals, metacarpals, and phalanges) 20.1
Elbow area (distal humerus and proximal radius 12

and ulna)

Clavicle 6.4
Radius shaft 6.4
Tibia shaft 6.2
Foot (metatarsals and phalanges) 5.9
Ankle (distal tibia) 4.4
Femur (neck and shaft) 2.3
Humerus (proximal and shaft) 1.4
Other 11.6

From: Barlow B, Niemirska M, Gandhi RP, et al. Ten years of experience

with falls from a height in children. J Pediatr Surg. 1983;18(4):509-511;
Hindmarsh J, Melin G, Melin KA. Accidents in childhood. Acta Chir Scand.
1946;94(6):493-514; Landin LA. Epidemiology of children’s fractures. J Pediatr
Orthop B. 1997;6(2):79-83; Wareham K, Johansen A, Stone MD, et al. Sea-
sonal variation in the incidence of wrist and forearm fractures, and its conse-
quences. Injury. 2003;34(3):219-222; Fleming DM, Charlton JR. Morbidity and
healthcare utilisation of children in households with one adult: Comparative
observational study. BMJ. 1998;316(7144):1572-1576.
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and accurate prevalence data for specific fractures; in trying to
do so, we have identified areas common to a number of recent
reports,”*?*"M BT by have taken some liberties in doing so. For
example, distal radial metaphyseal and physeal fractures were
combined as the distal radial fractures. Likewise, the carpals,
metacarpals, and phalanges were combined to form the region of
the hand and wrist. All the fractures around the elbow, from those
of the radial neck to supracondylar fractures, were grouped as
elbow fractures. This grouping allows comparison of the regional
incidence of specific fracture types in children (Table 1-3).

The individual reports agreed that the most common area frac-
tured was the distal radius. The next most common area, how-
ever, varied from the hand in Landin’s series to the elbow (mainly
supracondylar fractures) in Cheng and Shen’s data (Fig. 1-1).*°

Physeal Fractures

The incidence of physeal injuries overall varied from 14.5%
to a high of 27.6%.% To obtain an overall incidence of phy-
seal fractures, six reports totaling 6,479 fractures in children
were combined. >89+ 110157 Iy this group, 1,404 involved the
physis, producing an average overall incidence of 21.7% for
physeal fractures (Table 1-4).

Open Fractures

The overall incidence of open fractures in children is consistent.
The data were combined from the four reports in which the inci-
dence of open fractures was reported.”®***"" The incidence in
these reports varied from 1.5% to 2.6%. Combined, these reports
represented a total of 8,367 fractures with 246 open fractures,
resulting in an average incidence of 2.9% (Table 1-5).
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Regional trauma centers often see patients exposed to more
severe trauma, so there may be a higher incidence of open frac-
tures in these patients. The incidence of open fractures was
9% in a report of patients admitted to the trauma center of the
Children’s National Medical Center, Washington, DC.'®

Multiple Fractures

Multiple fractures in children are uncommon: The incidence
ranges in the various series from 1.7% to as much as 9.7%. In
four major reports totaling 5,262 patients, 192 patients had
more than one fracture (Table 1-6).2°*%" The incidence in
these multiple series was 3.6%.

Fractures in Weak Bone

Children with generalized bone dysplasias and metabolic dis-
eases that produce osteopenia (such as osteogenesis imperfecta)
are expected to have recurrent fractures. In these patients, the
etiology is understandable and predictable. However, some
children with normal osseous structures are prone to recur-
rent fractures for reasons that remain unclear. The incidence of
recurrent fractures in children is about 1%.

/.\:IZ¥W Incidence of Physeal Fractures

Total fractures = 6,477
Number of physeal injuries = 1,404
Percentage of physeal injuries = 21.7%

From: Barlow B, Niemirska M, Gandhi RP, et al. Ten years of experience
with falls from a height in children. J Pediatr Surg. 1983;18(4):509-511;
Kowal-Vern A, Paxton TP, Ros SP, et al. Fractures in the under-3-year-old age
cohort. Clin Pediatr (Phila). 1992;31(11):653-659; Wong PCN. A comparative
epidemiologic study of fractures among Indian, Malay and Swedish children.
Med J Malaya. 1965;20(2):132-143; Rohl L. On fractures through the radial
condyle of the humerus in children. Acta Chir Scand. 1952;104(1):74-80;
Tiderius CJ, Landin L, Duppe H. Decreasing incidence of fractures in children:
An epidemiological analysis of 1,673 fractures in Malmo, Sweden, 1993-
1994. Acta Orthop Scand. 1999;70(6):622-626.
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FIGURE 1-1 The frequency of occurrence of the most
common fracture areas in children. The frequency of
each fracture pattern differs with the various age groups.
The figures express the percentage of total fractures
: for that age group and represent boys and girls com-
E g bined. (Reprinted from Cheng JC, Shen WY. Limb frac-
] ture pattern in different pediatric age groups: A study
of 3,350 children. J Orthop Trauma. 1993;7(1):15-22,
with permission.)

Landin and Nilsson® found that children who sustained
fractures with relatively little trauma had a lower mineral con-
tent in their forearms, but they could not correlate this finding
with subsequent fractures. Thus, in children who seem to be
structurally normal, there does not appear to be a physical rea-
son for their recurrent fractures.

Repeat Fractures

Failure to find a physical cause for repeat fractures shifts the
focus to a psychological or social cause. The one common factor
in accident repeaters has been a high incidence of dysfunctional
families.”® In Sweden, researches found that children who were
accident repeaters came from “socially handicapped” families
(i.e., those on public assistance or those with a caregiver who
was an alcoholic).'”" Thus, repeat fractures are probably more
because of behavioral or social causes than physical causes.
Landin,” in his follow-up article, followed children with repeat
fractures (four or more) into adolescence and adulthood. He
found these children had a significantly increased incidence of
convictions for serious criminal offenses when compared with
children with only one lifetime fracture.

Despite the importance of understanding the epidemiol-
ogy of pediatric fractures, there are still significant gaps in our

IR E Incidence of Open Fractures

Total number of fractures = 8,367

Total open fractures = 246
Percentage = 2.9%

From: Barlow B, Niemirska M, Gandhi RP, et al. Ten years of experience
with falls from a height in children. J Pediatr Surg. 1983;18(4):509-511;
Kowal-Vern A, Paxton TP, Ros SP, et al. Fractures in the under-3-year-old
age cohort. Clin Pediatr (Phila). 1992;31(11):653-659; Wong PCN. A com-
parative epidemiologic study of fractures among Indian, Malay and Swedish
children. Med J Malaya. 1965;20(2):132-143; Laffoy M. Childhood accidents
at home. Ir Med J. 1997;90(1):26-27.

o _/




\:IIXFW Incidence of Multiple Fractures

Total fractures = 5,262
Total number of multiple fractures = 192
Percentage = 3.6%

From: Barlow B, Niemirska M, Gandhi RP, et al. Ten years of experience with
falls from a height in children. J Pediatr Surg. 1983;18(4):509-511; Landin LA.
Epidemiology of children’s fractures. J Pediatr Orthop B. 1997,6(2):79-83;
Fleming DM, Charlton JR. Morbidity and healthcare utilisation of children

in households with one adult: Comparative observational study. BMJ.
1998;316(7144):1572-1576; Laffoy M. Childhood accidents at home. Ir Med J.
1997;90(1):26-27.
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knowledge base, and there is much work to be done. There are
several challenges to gathering appropriate data in this area:
risk factors for pediatric injury are diverse and heterogenous,
practice patterns vary across countries and even within coun-
tries, and the available infrastructure to support data collection
for pediatric trauma is far from ideal.

Patient Factors Influence Fracture Incidence
and Fracture Patterns
Age
Fracture incidence in children increases with age. Age-specific
fracture patterns and locations are influenced by many factors
including age-dependent activities and changing intrinsic bone
properties. Starting with birth and extending to age 12, all the
major series that segregated patients by age have demonstrated
a linear increase in the annual incidence of fractures with age
(Flg 1_2).]6,25,26,56,70,]11‘157

Although there is a high incidence of injuries in children of
ages 1 to 2, the incidence of fractures is low with most fractures
being related to accidental or nonaccidental trauma from oth-
ers.”” The anatomic areas most often fractured seem to be the
same in the major series, but these rates change with age. Ren-
nie et al.""" demonstrated in their 2000 study from Edinburgh
that the incidence of fractures increased and fracture patterns
changed as children aged. Fracture incidence curves for each
of the most commonest fractures separated by gender were
shown on six basic incidence curves similar to Landin’s ini-
tial work (Fig. 1-3).” When Landin compared these variability
patterns with the common etiologies, he found some correla-
tion. For example, late-peak fractures (distal forearm, phalan-
ges, proximal humerus) were closely correlated with sports
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and equipment etiologies. Bimodal pattern fractures (clavicle,
femur, radioulnar, diaphyses) showed an early increase from
lower energy trauma, then a late peak in incidence caused by
injury from high- or moderate-energy trauma likely caused by
motor vehicle accidents (MVAs), recreational activities, and
contact sports in the adolescent population. Early peak frac-
tures (supracondylar humeral fractures are a classic example)
were mainly caused by falls from high levels.

Prematurity may also have some impact on the incidence of
fractures in the very young child. Fractures not related to birth
trauma reportedly occur in 1% to 2% of low—birth-weight or pre-
mature infants during their stay in a neonatal intensive care unit.”
A combination of clinical history, radiographic appearance, and
laboratory data has shown evidence of bone loss from inadequate
calcium and phosphorus intake in these infants. Correcting the
metabolic status of these low—birth-weight infants, with special
emphasis on calcium and phosphorus intake, appears to decrease
the incidence of repeat fractures and to improve the radiographic
appearance of their bony tissues. Once the metabolic abnormali-
ties are corrected, this temporary deficiency seems to have no
long-term effects. When premature infants were followed into
later years, there was no difference in their fracture rate com-
pared with that of children of normal birth weight.>

Gender

Gender differences can be seen across the incidence of injures,
location of injuries, and etiology of injuries across all age
groups. For all age groups, the overall ratio of boys to girls who
sustain a single fracture is 2.7:1.%° In girls, fracture incidence
peaks just before adolescence and then decreases during ado-
lescence.**"*"" In the 10-year study from Hong Kong by Cheng
et al.,” the male incidence in the 12- to 16-year age group was
83%. The incidence of fractures in girls steadily declined from
their peak in the birth to 3-year age group.

In some areas, there is little difference in the incidence of
fractures between boys and girls. For example, during the first
2 years of life, the overall incidence of injuries and fractures
in both genders is nearly equal. During these first 2 years, the
injury rates for foreign body ingestion, poisons, and burns
have no significant gender differences. With activities in which
there is a male difference in participation, such as with sports
equipment and bicycles, there is a marked increase in the inci-
dence of injuries in boys.”>''* The injury incidence may not be
caused by the rate of exposure alone; behavior may be a major

6000
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FIGURE 1-2 Incidence of fractures by age. Boys (#) c 2000
peak at 13 years whereas girls (W) peak earlier, at 12
years, and then decline. (Reprinted from Rennie L, 1000
Court-Brown CM, Mok JY, et al. The epidemiology
of fractures in children. Injury. 2007;38(8):913-922, 0

with permission.) 0
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Distal tibia
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FIGURE 1-3 Patterns of fracture: Variations with age. The peak ages for the various fracture types occur
in one of six patterns. (Reprinted from Rennie L, Court-Brown CM, Mok JY, et al. The epidemiology of

fractures in children. Injury. 2007;38(8):913-922, with permission.)



factor.'® For example, one study found that the incidence of
auto/pedestrian childhood injuries peaks in both sexes at ages 5
to 8."® When the total number of street crossings per day was
studied, both sexes did so equally. Despite this equal exposure,
boys had a higher number of injuries. Thus, the difference in
the rate between the sexes begins to develop a male predomi-
nance when behaviors change. The difference in the injury rate
between the genders may change in the future as more girls
participate in activities with increased physical risk.*>!'*!**

Hand Dominance

In most series, the left upper extremity demonstrates a slight
but significant predominance.'**!?**%* The ratio of left to
right overall averages 1.3:1. In some fractures, however, espe-
cially those of supracondylar bones, lateral condyles, and the
distal radius, the incidence is far greater, increasing to as much
as 2.3:1 for the lateral condyle. In the lower extremity, the inci-
dence of injury on the right side is slightly increased.*"

The reasons for the predominance of the left upper extrem-
ity have been studied, but no definite answers have been found.
Rohl'"* speculated that the right upper extremity is often being
used actively during the injury, so the left assumes the role of
protection. In a study examining the left-sided predominance
in the upper extremity, Mortensson and Thonell” questioned
patients and their parents on arrival to the emergency depart-
ment about which arm was used for protection and the posi-
tion of the fractured extremity at the time of the accident. They
found two trends: Regardless of handedness, the left arm was
used more often to break the fall, and when exposed to trauma,
the left arm was more likely to be fractured.

Socioeconomic and Cultural Differences

The incidence of pediatric fracture varies in different cultural
settings. For instance, Cheng and Shen” studied children in
Hong Kong who lived in confined high-rise apartments. Their
risk of exposure to injury differed from the study by Reed'"* of
children living in the rural environment of Winnipeg, Canada.
Two separate reviews by Laffoy®” and Westlelt'" found that
children in a poor social environment (as defined by a lower
social class or by dependence on public assistance) had more
frequent accidents than more affluent children. In England,
children from single-parent families were found to have higher
accident and infection rates than children from two-parent
families.” In the United States, the increased rate of pediatric
femur fractures was influenced by adverse socioeconomic and
sociodemographic fractures.”

Two additional studies in the United Kingdom looked at the
relationship of affluence to the incidence of fractures in children.
Lyons et al.* found no difference in the fracture rates of children
in affluent population groups compared to those of children in
nonaffluent families. On the other hand, Stark et al."*® in Scotland
found that the fracture rates in children from nonaffluent social
groups was significantly higher than those in affluent families.

Clinical Factors

In recent years there has been an attention to a number of clini-
cally related factors in determining children’s fractures, such as
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obesity, low bone mineral density, and low calcium and vitamin
D intake. Obesity is an increasing health problem in children
and adolescents representing a complex interaction of host fac-
tors, and is the most prevalent nutritional problem for chil-
dren in the United States. In a retrospective chart review, Taylor
et al.'* noted that overweight children had a higher reported
incidence of fractures and musculoskeletal complaints.
Although Leonard et al.” found increased bone mineral density
in obese adolescents, the lack of physical activity often seen in
obesity may in fact lead to reduced muscle mass, strength and
coordination resulted in impaired proprioception, balance and
increased risk of falling and fracture. In a recent study, Valerio
et al.'"” confirmed a greater prevalence of overweight/obesity in
children and adolescents with a recent fracture when compared
to age- and gender-matched fracture-free children, and found
obesity rate was increased in girls with upper limb fractures and
girls and boys with lower limb fractures.

Low bone mineral density and decreased bone mass are
linked to increased fracture risk in the adult population; how-
ever, in children the relationship is less clear with a meta-
analysis showing some association between fracture risk and
low bone mineral density.*” In 2006, Clark examined in a pro-
spective fashion the association between bone mass and frac-
ture risk in childhood. Over 6,000 children, at 9.9 years of
age were followed for 2 years and the study showed an 89%
increased risk of fracture per SD decrease in size-adjusted bone
mineral density.”" In a follow-up study of this same cohort the
risk of fracture following slight or moderate-to-severe trauma
was inversely related to bone size relative to body size perhaps
reflecting the determinants of volumetric BMD such as cortical
thickness on skeletal fragility.”®

Nutritional factors may also play a role in the incidence of
fractures in children. In a study in Spain, a significant differ-
ence in fracture rates was found when cities with a higher cal-
cium content in their water were compared with those with a
lower calcium content. With all other factors being equal (e.g.,
fluoride content, socioeconomic background), children who
lived in the cities with a lower calcium content had a higher
fracture rate."*® An increase in the consumption of carbonated
beverages has also been shown to produce an increased inci-
dence of fractures in adolescents.'*®

Environmental Factors Impact
on Fractures in Children

Seasonal and Climatic Differences

Fractures are more common during the summer, when chil-
dren are out of school and exposed to more vigorous physical
activities (Fig. 1-4). An analysis of seasonal variation in many
studies shows an increase in fractures in the warmer months of
the years 2022 70ILIHILIT The most consistent climatic fac-
tor appears to be the number of hours of sunshine. Masterson
et al,”” in a study from Ireland, found a strong positive corre-
lation between monthly sunshine hours and monthly fracture
admissions. There was also a weak negative correlation with
monthly rainfall. Overall, the average number of fractures in
the summer was 2.5 times than that in the winter. In days with
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FIGURE 1-4 Distribution of children’s fractures on a monthly basis.
Note the general increase from May to October. (Reprinted from

Reed MH. Fractures and dislocations of the extremities in children.
J Trauma. 1977;17(5):351-354, with permission.)

more sunshine hours than average, the average fracture admis-
sion rate was 2.31 per day; on days with fewer sunshine hours
than average, the admission rate was 1.07 per day.

In Sweden, the incidence of fractures in the summer had a
bimodal pattern that seemed to be influenced by cultural tra-
ditions. In two large series of both accidents and fractures in
Sweden by Westfelt'® and Landin,” the researchers noticed
increases in May and September and significant decreases in
June, July, and August. Both writers attributed this to the fact
that those children in their region left the cities to spend the
summer in the countryside. Thus, the decrease in the overall
fracture rate was probably because of a decrease in the number
of children at risk remaining in the city.

Masterson et al.” speculated that because the rate of growth
increases during the summer, the number of physeal fractures
should also increase, as the physes would be weaker during
this time. For example, the incidence of slipped capital femo-
ral epiphysis, which is related to physeal weakness, increases
during the summer.® However, Landin, in his study of more
than 8,000 fractures of all types, found that the overall seasonal
incidence of physeal injuries to be exactly the same as nonphy-
seal injuries.”® Thus, it appears that climate, especially in areas
where there are definite seasonal variations, influences the inci-
dence of fractures in all children, especially in older children.
However, in small children and infants, whose activities are
not seasonally dependent, there appears to be no significant
seasonal influence.

The climate may be a strong factor as well. Children in
colder climates, with ice and snow, are exposed to risks differ-
ent from those of children living in warmer climates. The expo-
sure time to outdoor activities may be greater for children who
live in warmer climates. Pediatric trauma should be viewed as
a disease where there are direct and predictable relationships
between exposure and incidence.

Time of Day

The time of day in which children are most active seems to
correlate with the peak time for fracture occurrence. In Swe-
den, the incidence peaked between 2 pM and 3 pm.'®! In
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FIGURE 1-5 Incidence of children’s fractures per time of day.
There is an almost bell-shaped curve with a peak at around 6 pPm.
(Reprinted from Shank LP, Bagg RJ, Wagnon J. Etiology of pediatric
fractures: The fatigue factors in children’s fractures. Paper pre-
sented at: Proceedings of the 4th National Conference on Pediatric
Trauma; September 24-26, 1992; Indianapolis, IN, with permission.)

a well-documented study from Texas by Shank et al.,'** the
hourly incidence of fractures formed a well-defined bell curve
peaking at about 6 pm (Fig. 1-5).

Home Environment

Fractures sustained in the home environment are defined as
those that occur in the house and surrounding vicinity. These
generally occur in a fairly supervised environment and are
mainly caused by falls from furniture, stairs, fences, and trees
as well as from injuries sustained from recreational equipment
(trampolines and home jungle gyms). Falls can vary in severity
from a simple fall while running to a fall of great magnitude,
such as from a third story window. In falling from heights,
adults often land on their lower extremities, accounting for the
high number of lower extremity fractures, especially the calca-
neus. Children tend to fall head first, using the upper extremi-
ties to break the fall. This accounts for the larger number of
skull and radial fractures in children. Femoral fractures also are
common in children falling from great heights. In contrast to
adults, spinal fractures are rare in children who fall from great
heights.'®?"'**1%% In one study, children falling three stories or
less all survived. Falls from the fifth or sixth floor resulted in a
50% mortality rate.'’

Interestingly, a Swedish study " showed that an increased
incidence of fractures in a home environment did not necessar-
ily correlate with the physical attributes or poor safety precau-
tions of the house. Rather, it appears that a disruption of the
family structure and presence of social handicaps (alcoholism,
welfare recipients, etc.) is an important risk factor for pediatric
fracture.
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School Environment

The supervised environments at school are generally safe, and
the overall annual rate of injury (total percentage of children



injured in a single year) in the school environment ranges from
2.8% t0 16.5%.">"*1°"12° Most injuries occur as a result of use of
playground or recreational equipment or participation in athletic
activity. True rates may be higher because of inaccurate report-
ing, especially of mild injuries. In one series, the official rate
was 5.6%, but when the parents were closely questioned, the
incidence of unreported, trivial injuries was as much as 15%."
In 2001 to 2002, a review of the National Electronic Injury Sur-
veillance System (NEISS) demonstrated that 16.5% of the nearly
15 million injuries resulting in ED visits in school-aged children
occurred at school.” The annual fracture rate of school injuries
is thought to be low. Of all injuries sustained by children at
school in a year, only 5% to 10% involved fractures.”"*!* Tn
Worlock and Stower’s series of children’s fractures from Eng-
land,”” only 20% occurred at school. Most injuries (53%)
occurring in school are related to athletics and sporting events,”
and injuries are highest in the middle school children with one
study citing a 20% fracture rate in school-aged children of those
injured during physical education class.'* The peak time of day
for injuries at school is in the morning, which differs from the
injury patterns of children in general.*"*

ETiOLOGY OF FRACTURES IN CHILDREN
Three Broad Causes

Broadly, fractures have three main causes: (i) Accidental trauma,
(i) nonaccidental trauma (child abuse), and (iii) pathologic con-
ditions. Accidental trauma forms the largest etiologic group and
can occur in a variety of settings, some often overlapping others.
Nonaccidental trauma and fractures resulting from pathologic
conditions are discussed in later chapters of this book.

Sports-Related Activities

The last two decades have seen an increase in youth participation
in organized athletic participation, especially among younger
children. Injuries in this population can occur in team or indi-
vidual, organized or nonorganized, and contact and noncontact
sporting activities. Wood et al. studied at the annual incidence of
sports-related fractures in children 10 to 19 years presenting to
hospitalsinEdinburgh. The overallincidence was5.63/1,000/year
with males accounting for 87% of fractures. Soccer, rughy, and
skiing were responsible for nearly two-thirds of the fractures
among the 30 sporting activities that adolescents participated
in. Upper extremity fractures were by far the most common
injury accounting for 84% of all fractures with most being low-
energy injuries and few requiring operative intervention."”® A
retrospective study over a 16-year time period from an emer-
gency department at a level 1 trauma center in the Netherlands
examined risk factors for upper extremity injury in sports-
related activities. Most injuries occurred while playing soccer
and upper extremity injuries were most common. Risk factors
for injury were young age and playing individual sports, no-
contact sports, or no-ball sports. Women were at risk in speed
skating, in-line skating, and basketball, whereas men mostly
got injured during skiing and snowboarding.'* In Canada, soc-
cer accounted for a significant proportion of injuries presented
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to Canadian Hospitals Injury Reporting and Prevention Pro-
gram emergency departments during 1994 to 2004 with over
30% of these injuries presenting as [ractures or dislocations.*
A study using data from the Dutch Injury Surveillance System
revealed a substantial sports-related increase in the incidence
rate of wrist fractures in boys and girls aged 5 to 9 and 10 to
14 years in the period from 1997 to 2009. The authors con-
cluded that incidence rate of wrist fractures in childhood in
this study population is increasing, mainly as a result of soccer
and gymnastics at school and recommended that future sport
injury research and surveillance data are necessary to develop
new prevention programs based on identifying and addressing
specific risk factors, especially in young athletes.*

In the United States, football- and basketball-related inju-
ries are common complaints presenting to pediatric emergency
departments, with fractures occurring more frequently in foot-
ball.” In a 5-year survey of the NEISS-All Injury Program, injury
rates ranged from 6.1 to 11 per 1,000 participants/year as age
increased, with fractures and dislocations accounting for nearly
30% of all injuries receiving emergency room evaluation.”

Recreational Activities and Devices

In addition to increasing participation in sports, new activities
and devices have emerged that expose children to increased
fracture risk. Traditional activities such as skateboarding, roller
skating, alpine sports, and bicycling have taken on a new look
in the era of extreme sports where such activities now involve
high speeds and stunts. In addition, several recreational
devices have been the focus of public health interventions and
legislation because of their association with injuries in chil-
dren. Many of these activities have safety equipment available
but that does not assure compliance. Organizations such as the
American Academy of Pediatrics and the American Academy of
Orthopaedic Surgeons (AAOS) have issued position statements
regarding the proper use and supervision of such devices, but
it remains within the duty of the physician to educate and
reinforce to patients and families to promote safety around
these activities.”

Playground Equipment

Play is an essential element of a childs life. It enhances physi-
cal development and fosters social interaction. Unfortunately,
unsupervised or careless use of some play equipment can
endanger life and limb. When Mott et al.” studied the inci-
dence and pattern of injuries to children using public play-
grounds, they found that approximately 1% of children using
playgrounds sustained injuries. Swings, climbers, and slides are
the pieces of playground equipment associated with 88% of the
playground injuries.®

In a study of injuries resulting from playground equipment,
Waltzman et al." found that most injuries occurred in boys
(56%) with a peak incidence in the summer months. Fractures
accounted for 61% of these injuries, 90% of which involved
the upper extremity and were sustained in falls from play-
ground equipments such as monkey bars and climbing frames.
Younger children (1 to 4 years old) were more likely to sustain
fractures than older children.
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Similar observations were made in a study by Lillis and
Jalfe™ in which upper extremity injuries, especially [ractures,
accounted for most of hospitalizations resulting from injuries
on playground equipment. Older children sustained more
injuries on climbing apparatus, whereas younger children sus-
tained more injuries on slides.

Loder® utilized the NEISS dataset to explore the demograph-
ics of playground equipment injuries in children. Monkey bars
were the most common cause of fractures. In another study
looking specifically at injuries from monkey bars, the peak age
group was the 5- to 12-year-old group, with supracondylar
humeral fractures being the most common fracture sustained.®’

The correlation of the hardness of the playground surface
with the risk of injury has been confirmed in numerous stud-
ies.**%0%% Changing playground surfaces from concrete to
more impact-absorbing surfaces such as bark reduced the inci-
dence and severity of head injury but increased the tendency
for long bone fractures (40%), bruises, and sprains. Chalmers
et al.” determined that the height of the equipment was just
as great a risk factor as the surface composition. Using a novel
composite playground safety score, researchers from Hasbro
Children’s Hospital in Rhode Island found that the incidence
of supracondylar humerus fractures was increased in their com-
munity with playgrounds with lower composite safety scores
and suggested that improvements in playground infrastructure
may potentially reduce the incidence of supracondylar humerus
fractures, and other injuries in children.'”

Public playgrounds appear to have a higher risk for injuries
than private playgrounds because they usually have harder sur-
faces and higher pieces of equipment,'® although playground
injury was most likely to occur at school compared to home,
public, and other locations.'”’

Bicycle Injuries
Bicycle injuries are a significant cause of mortality and mor-
bidity for children.'” Bicycle mishaps are the most common
causes of serious head injury in children." Boys in the 5- to
14-year age group are at greatest risk for bicycle injury (80%).
Puranik et al.'” studied the profile of pediatric bicycle injuries
in a sample of 211 children who were treated for bicycle-related
injury at their trauma center over a 4-year period. They found
that bicycle injuries accounted for 18% of all pediatric trauma
patients. Bicycle/motor vehicle collisions caused 86% of inju-
ries. Sixty-seven percent had head injuries and 29% sustained
fractures. More than half of the incidents occurred on the week-
end. Sixteen percent were injured by ejection from a bicycle
after losing control, hitting a pothole, or colliding with a fixed
object or another bicycle. Fractures mainly involved the lower
extremity, upper extremity, skull, ribs, and pelvis in decreasing
order of incidence. Over the last decade, youth participation in
mountain biking has seen an increase and with that so has the
number of injuries related to mountain biking increased with
many caused by unpredictable terrain and falls as one rides
downhill.>*

The study by Puranik et al.”™ pointed out an equally impor-
tant issue related to bicycle safety as they detected that hel-
met use was disturbingly low (<2%). Other studies confirm
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the observation that fewer than 13% to 15% of children wear
helmets while riding bicycles.*"'"> The Year 2000 Health
Objectives called for helmet use by 50% of bicyclists.”! Even
as recently as 2003, the use of bicycle helmets was still below
20%.”° Research has shown that legislation, combined with
education and helmet subsidies, is the most effective strategy
to increase use of safety helmets in child bicyclists.' As public
awareness of both the severity and preventability of bicycle-
related injuries grows, the goal of safer bicycling practices and
lower injury rates can be achieved.'”

Bicycle spokes and handlebars are also responsible for many
fractures and soft tissue injuries in children. D’Souza et al.”
and Segers et al.'"”’ found that bicycle spoke injuries are typi-
cally sustained when the child’s foot is caught in the spokes of
the rotating wheel. Of 130 children with bicycle spoke injuries,
29 children sustained fractures of the tibia, fibula, or foot bone.
Several had lacerations and soft tissue defects. D’Souza et al.”
suggested that a mesh cover to prevent the toes from enter-
ing between the spokes and a plastic shield to bridge the gap
between the fork and horizontal upright could substantially
decrease the incidence of these injuries.

Skateboarding

Skateboarding and in-line skating have experienced a renewed
surge in popularity over the past three decades. With the
increasing number of participants, high-tech equipment devel-
opment, and vigorous advertising, skateboard and skating inju-
ries are expected to increase. There was an initial increase in the
early 1980s, with a decrease after 1993. Since 1998, there has
been an increase in the number of skateboard injuries.®® Because
the nature of skateboarding encompasses both high speed and
extreme maneuvers, high-energy fractures and other injuries
can occur, as highlighted by several studies.'**'% Studies
have shown that skateboarding-related injuries are more severe
and have more serious consequences than roller skating or in-
line skating injuries.'™ In a study of skateboarding injuries,
Fountain et al.* found that fractures of the upper or lower
extremity accounted for 50% of all skateboarding injuries. Inter-
estingly, more than one-third of those injured sustained injuries
within the first week of skateboarding. Most injuries occurred in
preadolescent boys (75%) from 10 to 16 years of age; 65% sus-
tained injuries on public roads, footpaths, and parking lots. In a
study over a 5-year period of time using data from the National
Trauma Data Bank, skateboarding injuries were associated with a
higher incidence of closed head injuries and long bone fractures
with children under age 10 more likely to sustain a femur frac-
ture.*” Several reports™'** have recommended safety guidelines
and precautions such as use of helmets, knee and elbow pads,
and wrist guards, but such regulations seldom are enforced.

It was thought that formal skate parks could decrease the
injury rate. However, a study by Sheehan et al.'*> demonstrated
that dedicated skate parks led to an increase in pediatric frac-
tures referred to the hospital. The authors suggested that there
should be closer supervision and training of children and more
emphasis on limb protective gear. Lustenberger et al.*’ did how-
ever find that helmet use and designated skateboarding areas
decreased the incidence of serious head injury (Table 1-7).



Skateboard Safety Measures

Children younger than 5 years of age should not ride a skateboard

Children between 6 and 10 years of age should only ride with
adult supervision

Use a quality skateboard and keep it in good working order
Learn proper falling and rolling techniques
Do not ride in traffic

From: Lovejoy S, Weiss JM, Epps HR, et al. Preventable childhood injuries.
J Pediatr Orthop. 2012;32(7):741-747, with permission.
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Roller Skates and In-Line Skates

In a study of in-line skate and roller skate injuries in childhood,
Jerosch et al.” found that in a group of 1,036 skaters, 60% had
sustained injuries. Eight percent of these were fractures, mostly
involving the elbow, forearm, wrist, and fingers (78%). Fewer
than 20% used protective devices, and most lacked knowledge
of the basic techniques of skating, braking, and falling. In a
larger study of 60,730 skating injuries in children, Powell and
Tanz'® found that 68% of the children were preadolescent boys
with a mean age of 11.8 years. Fractures were the most com-
mon injury (65%) and two-thirds of these involved the distal
forearm. Two and a half percent required hospital admissions;
90% of these admissions were for a fracture. Similarly, Mitts
and Hennrikus” found that 75% of in-line skating fractures in
children occurred in the distal forearm as a result of falls on the
outstretched hand. One in eight children sustained a fracture
during the first attempt at the sport. The orthopedic commu-
nity has an obligation to educate the public on the need for
wearing wrist guards when using in-line skates or roller skates.

Over the last decade there has also been a new product
known as skate shoes or “heelys” that has increased in popu-
larity and with this a rise in injuries associated with the use of
these devices.! Ruth et al. (Ruth, Shah, & Fales, 2009) exam-
ined data over a 5-year period from the NEISS database for
injuries related to skate shoes in children of ages 5 to 14. Most
injuries in younger patients were {ractures with the most fre-
quent sites of fracture being the forearm and the wrist.

In-Line Scooters

Since 2000, a substantial increase in injuries related to non-
motorized scooters (kickboards) has been observed among
children. The wheels of the scooter getting caught by uneven
ground caused most of the scooter-related accidents, whereas
most skateboard accidents occurred during attempted trick
maneuvers. Protective gear was seldom used.”*%? Scooters
seem to have a high incidence of collisions with motor vehi-
cles.® The recent motorizing of the scooters will only increase
the severity of the injuries sustained.

Trampolines

Trampolines enjoyed increasing popularity in the 1990s and
are a significant cause of morbidity in children. Several stud-
ies have noted a dramatic increase in the number of pediatric
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trampoline injuries during the past 10 years, rightfully deeming
it as a “national epidemic.”*"**

Using the NEISS data, Smith"* estimated that there are
roughly 40,000 pediatric trampoline injuries per year. Furnival
et al.,”” in a retrospective study over a 7-year period, found
that the annual number of pediatric trampoline injuries tri-
pled between 1990 and 1997. In contrast to other recreational
activities in which boys constitute the population at risk,
patients with pediatric trampoline injuries were predominantly
girls, with a median age of 7 years. Nearly a third of the inju-
ries resulted from falling off the trampoline. Fractures of the
upper and lower extremities occurred in 45% and were more
frequently associated with falls off the trampoline. In another
excellent study on pediatric trampoline injuries, Smith'**
found that there was virtually a 100% increase in injuries from
1990 to 1995, with an average of more than 60,000 injuries
per year. Younger children had a higher incidence of upper
extremity fractures and other injuries. In a later study, Smith
and Shields'” reported that fractures, especially involving the
upper extremity, accounted for 35% of all injuries. Interest-
ingly, more than 50% of the injuries occurred under direct
adult supervision. More disturbingly, 73% of the parents were
aware of the potential dangers of trampolines, and 96% of
the injuries occurred in the home backyard. These research-
ers, along with others,* rightly concluded that use of warning
labels, public education, and even direct adult supervision
were inadequate in preventing these injuries and have called
for a total ban on the recreational, school, and competitive
use of trampolines by children.'”"**'** (Table 1-8)

Skiing Injuries

In a study of major skiing injuries in children and adoles-
cents, Shorter et al.'” found that more than 90% of injured
children were boys from 5 to 18 years of age. Sixty percent
of the accidents occurred in collisions with stationary objects
such as trees, poles, and stakes. Most injuries occurred in the
afternoon, among beginners, and in the first week of skiing sea-
son. Fractures accounted for one-third of the total injuries sus-
tained. The two main factors implicated in skiing injuries are
excessive speed and loss of control; effective prevention efforts
should target both of these factors.

/R ER Trampoline and Moon Bouncer
Safety Measures

Although use of a net or ground-level trampoline may decrease
injuries sustained while falling off of a trampoline, it does not
prevent injuries sustained from collisions and twisting events

Single child trampolining or moon bouncing is safest

If the children play together in small groups on these devices,
they should be of the same age and size

An adult should directly supervise trampoline and moon bounce
use at all times

From: Lovejoy S, Weiss JM, Epps HR, et al. Preventable childhood injuries.
J Pediatr Orthop. 2012;32(7):741-747, with permission.
G J
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Snowboarding Injuries

Snowboarding runs a risk similar to skiing. Bladin et al."* found
that approximately 60% of snowboarding injuries involved the
lower limbs and occurred in novices. The most common inju-
ries were sprains (53%) and fractures (26%). Compared to ski-
ers, snowboarders had 2'/, times as many fractures, particularly
to the upper limb, as well as more ankle injuries and higher
rates of head injury. The absence of ski poles and the fixed posi-
tion of the feet on the snowboard mean that the upper limbs
absorb the full impact of any fall. Wrist braces can decrease
the incidence of wrist injuries in snowboarding.'”” In addi-
tion, fractures of the lateral process of the talus can be seen in
snowboarding ankle injuries.” Of some concern, a recent study
has shown that rates of snowboard injuries seem to be rising,
whereas rates of ski injuries have been flat.”!

Motor Vehicle Accidents

This category includes injuries sustained by occupants of a
motor vehicle and victims of vehicle—pedestrian accidents.

The injury patterns of children involved in MVAs differ from
those of adults. In all types of MVAs for all ages, children consti-
tute a little over 10% of the total number of patients injured.”®'"
Of all the persons injured as motor vehicle occupants, only about
17% to 18% are children. Of the victims of vehicle-versus-pedes-
trian accidents, about 29% are children. Of the total number
of children involved in MVAs, 56.4% were vehicle—pedestrian
accidents, and 19.6% were vehicle-bicycle accidents.”

The fracture rate of children in MVAs is less than that of adults.
Of the total number of vehicle—pedestrian accidents, about 22%
of the children sustained fractures; 40% of the adults sustained
fractures in the same type of accident. This has been attributed
to the fact that children are more likely to “bounce” when hit.”

Children are twice as likely as adults to sustain a femoral frac-
ture when struck by an automobile; in adults, tibial and knee inju-
ries are more common in the same type of accident. This seems to
be related to where the car's bumper strikes the victim.'®** MVAs
do produce a high proportion of spinal and pelvic injuries.'®

All-Terrain Vehicles (ATVs)

Recreational all-terrain vehicles (ATVs) have emerged as a new
cause of serious pediatric injury. In 1988, the United States
Consumer Product Safety Council signed an agreement with
the ATV industry banning ATV use in children under 16 years
of age, discontinuing production of three-wheeled ATVs, and
promoting educational and safety programs. The consent
decrees expired in 1998. An ATV Action Plan remained in
place that prohibited manufacturers to market or sell three-
wheeled ATVs, not market or sell adult-size ATVs to or for use
by children younger than 16, promote training, and conduct
safety education campaigns.” Despite these efforts ATV acci-
dents have increased over the last two decades.”® According
to the 2007 report of the Consumer Product Safety Commis-
sion, serious ATV injuries in children younger than 16 years
requiring emergency room treatment rose from 146,000 in
2006 to 150,900 in 2007. Using the Kids™ Inpatient Database
(KID) dataset, Killingsworth et al.°! showed that 5,292 children
were admitted to a hospital in 1997 and 2000 (the 2 years

for which KID data was available) resulting in 74 million dol-
lars in hospital charges, with rates of hospitalization increasing
80% between these 2 years. In fact, using the Oregon State
database, Mullins et al.'®° showed that the number of patients
who sought tertiary care for severe injuries caused by off-road
vehicles doubled over a period of 4 years. In contrast to other
etiologies of injury, children who sustained ATV-related fractures
had more severe injuries and a higher percentage of significant
head trauma, with 1% of these injuries resulting in inhospital
death. These statistics point to the failure of voluntary safety
efforts to date and argue for much stronger regulatory control.

In their 11-year review of ATV injuries treated at a level 1 pedi-
atric trauma center, Kute et al.*> determined that ATV accident-
related admissions increased almost five times and overall frac-
ture number increased four times over the study period; 63%
of the 238 patients sustained at least one fracture. In a review of
96 children who sustained injuries in ATV-related accidents dur-
ing a 30-month period, Kellum et al.”® noted age-related patterns
of injury. Younger children (<12 years) were more likely to sus-
tain an isolated fracture and were more likely to sustain a lower
extremity fracture, specifically a femoral fracture, than older chil-
dren. Older children were more likely to sustain a pelvic fracture.
Kirkpatrick et al.> expressed concern about the frequency and
severity of fractures about the elbow in their 73 patients injured
in ATV accidents between 2001 and 2007: All six open fractures
involving the upper extremity involved the elbow. In a recent
review of the 2006 KID, Sawyer et al.'*® found that despite the
known risks associated with ATV use in children, their use and
injury rate continue to increase. The injury rate for children from
ATV accidents has increased 240% since 1997, whereas the spi-
nal injury rate has increased 476% over the same time frame.
The authors found that injuries to the spinal column occurred in
7.4% of patients with the most common level of fracture was tho-
racic (39%), followed by lumbar (29%) and cervical (16%). Pelvic
fractures were the most common associated fractures, account-
ing for 44% of all musculoskeletal injuries, followed by forearm/
wrist fractures (15%) and femoral fractures (9%). Despite edu-
cational and legislative efforts, children account for a dispropor-
tionate percentage of morbidity and mortality from ATV-related
accidents. The sport of motocross has also been shown to have a
high rate of musculoskeletal injuries requiring hospitalization in
children.” (Table 1-9)

Strategies to Improve All-Terrain
Vehicle (ATV) Rider Safety in

Children

State-sponsored safety courses should be required
Always use a helmet

Never ride on paved roads shared by automobile traffic
Restrict riders till 16 years of age

No passenger

From: Lovejoy S, Weiss JM, Epps HR, et al. Preventable childhood injuries.
J Pediatr Orthop. 2012;32(7):741-747, with permission.
S J
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per each age category. (Reprinted from Wor-
lock P, Stower M. Fracture patterns in Not-
tingham children. J Pediatr Orthop. 1986;6(6):
656-660, with permission.)

The etiologic aspects of children’s fractures are summarized
in Figure 1-6 and Table 1-10.

Gunshot and Firearm Injuries

Etiology. Gunshot or missile wounds arise from objects
projected into space by an explosive device. Gunshot wounds
have become increasingly common in children in the United
States." In a sad reflection of the changing times and the newly
pervasive gun culture, firearms are determined to be second
only to motor vehicles as the leading cause of death in youths.
In considering the prevalence of firearms in the United States,
it has been estimated that there are about 200 million privately
owned guns in the United States and that approximately 40%
of US households contain firearms of some type.*®

In two reports from inner-city hospitals in the United States
in the 1990s, most injuries resulted from random violence to
innocent bystanders; the prime example was “drive-by shoot-
ings.”" "1 Few were self-inflicted, either voluntarily or acciden-
tally. In a 1976 report on patients in a relatively rural setting in
Canada, almost all the missile injuries were accidental, having
been caused by the patient or a close friend or relative.”

In the urban setting, handguns and rifles are the most com-
mon weapons.'**'*>* In the rural setting, the most common
weapon is a shotgun.” The firepower of these weapons has
changed over the years. In one urban hospital reporting gun-
shot wounds from 1973 to 1983, most of the injuries were from
.32- or .38-caliber weapons; only 5% were high-caliber or high-
velocity weapons.'” In a later study of gunshot wounds from
the same institution from 1991 to 1994, the incidence of injuries
from high-caliber and high-velocity weapons (e.g., .357 Mag-
num, AK-47, and other assault rifles) had increased to 35%."*

Infants

~ Toddlers School children

(Numbers expressed as total patients)

In the urban setting, the victims’ ages ranged from 1 to
17 years, and most of the injuries were in children aged 12 to
141021015152 1 the rural setting, the patients were younger;
the average age was 9 years.”

/X ELR Summary of Etiologic Factors in
Children’s Fractures

Home environment
Injuries
83% of all children’s injuries
Fractures
37% of all children’s fractures

School environment
Injuries
Overall rate, 2.8-9.2% annually
53% related to athletic events
Peak age: Middle school group

Fractures
Occur in only 5-10% of all school-related injuries
About 20% of all children’s fractures

Motor vehicle accidents (MVAs)
Injuries
Children only 10% of all MVAs
Of children’s MVAs, only 17-18% were occupants;
remainder were vehicle/pedestrian or vehicle/bicycle

Fractures
High incidence of femur fractures in vehicle—pedestrian
accidents in children
Children have a higher incidence of spinal and pelvic
fractures with MVAs than with other mechanisms

o J
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Of 839 children sustaining gunshot wounds, 274 (32.6%)
involved the extremities.'”>'*'*>>> Of the gunshot wounds
that involved the extremities, 51.3% produced significant frac-
tures.”*'*12 No single bone seemed to predominate, although
most of the fractures were distal to the elbow.'*!#:1%:152

Complications from Gunshot Wounds. The two most
common complications were growth arrest and infection. Other
complications included delayed union and malunion. The
treatment of fractures associated with gunshot wounds in chil-
dren is never simple. Bone defects, associated peripheral nerve
injuries, and involvement of the joint can negatively influence
outcomes.” Considering the magnitude of many of these inju-
ries, the infection rate for extremity wounds was low (about
7.3%). The type of missile did not seem to have any relation to
the development of an infection.'”*

In Letts and Miller’s 1976 series, one-sixth of the patients had
some type of growth disturbance.” In a third of their patients,
the missile was only in close proximity to the physis, but still
appeared to cause a growth disturbance. In a 1995 report by
Washington et al.,'>? the incidence of missiles’ growth arrest was
exactly the same; however, all were a result of a direct injury to
the physis by the missile. None of their patients with growth
arrest had proximity missile wounds. The higher incidence of
growth abnormalities in the 1976 series was because of the
larger number of shotgun and hunting rifle injuries, which dis-
sipate more of their energy peripheral to the missile track.

In two of the studies in which patients were followed closely,
all of the fractures ultimately healed.”®'** On the other hand,
DiScala and Sege’” found in their review of children and ado-
lescents who required hospitalization for gunshot wounds that
almost half of them were discharged with disabilities.

Prevention. Firearm-related injury and safety have
received much attention nationally and internationally in the
wake of the events over the last decade. In a 1998 report, Freed
et al.* analyzed the magnitude and implications of the increas-
ing incidence of firearm-related injuries in children. They sug-
gested a product-oriented approach, focusing on the gun, in
an attempt to provide an efficient strategy of gun control and
hence reduce the disturbing trend of firearm-related injuries
and death among youths. Rather than modifying behavioral or
environmental issues, which are more complex, they suggested
focusing primarily on strategies that offset the accessibility and
design of firearms. In brief, these strategies included reducing
the number of guns in the environment through restrictive leg-
islation, gun buy-back programs, gun taxes, physician coun-
seling, and modifying the design of guns to make them more
childproof and prevent unauthorized and unintended use.

EvoLviING EPIDEMIOLOGY OF FRACTURES IN
CHILDREN

Preventive Programs

While studying the epidemiology of fractures, it is important
to focus on the etiology of fractures and the settings in which
they occur. Fractures do not occur in a vacuum, and well-

researched studies that analyze the physical and social envi-
ronment in which they occur are extremely valuable. Efforts
can be made toward creating a safer environment for play and
recreation. It is hoped that by targeting these areas, programs
can be designed to decrease the risk factors.

National Campaigns

Several national organizations have developed safety programs.
The foremost is the American Academy of Pediatrics, which
has committees on injury and poison prevention and sports
medicine and fitness that has produced guidelines for athlet-
ics,” playgrounds, trampolines,"”” ATVs’ and skateboards.’®
The AAOS has also produced a program designed to decrease
the incidence of playground injuries. These programs offer
background data and guidelines for various activities, but their
effectiveness has not been fully studied. In addition, the AAOS,
the Orthopaedic Trauma Association (OTA), and Pediatric
Orthopaedic Society of North America (POSNA) have issued
updated position statements regarding the safe use of ATVs,
trampolines, skateboards, and in-line skating.

Local Community Participation

To be effective, accident prevention programs require local
participation and cooperation. They must be broad based, and
they require considerable effort by members of the local com-
munity. In the United States, one effective program is the New
York Health Departments “Kids Can't Fly” campaign, devel-
oped in response to the large number of injuries and deaths
from children falling out of apartment house windows in the
1970s."" This extensive program consisted of a good reporting
system from hospital emergency rooms, with follow-up by pub-
lic health personnel; a strong media campaign to educate the
public; a door-to-door hazard identification program; and the
distribution of low- or no-cost, easily installed window guards
to families in high-rise apartments. The city required property
owners to provide window guards in apartments where chil-
dren of 10 years or younger lived. The success of this program
was demonstrated by a 50% decrease in reported falls after
3 years and a 96% decrease after 7 years.'""’

Over the past 30 years, Sweden has developed broader-
based, community-oriented programs to decrease the inci-
dence of all types of childhood injuries.”* The development of
these pilot programs has been relatively easy in a country like
Sweden because the population is homogeneous, the incidence
of poverty is low, and the government is stable. The Swed-
ish program had a three-pronged approach: Injury surveillance
and prevention research; establishment of a safer environment
for children through legislative regulation; and a broad-based
safety education campaign. These programs have produced
positive results. Schelp'*' demonstrated a 27% reduction in
home accidents in the municipality of Falkoping only 3 years
after the establishment of a community-wide campaign.

Effective prevention programs require local community par-
ticipation and education. All the articles, lectures, and pam-
phlets in the world cannot help unless local communities make
the necessary changes to decrease accident risks.



Modern Day Data Systems may Provide Expanded
Opportunities to Examine the Epidemiology of
Pediatric Trauma

Several sources of administrative, national, and regional data
have recently become available providing significantly improved
investigation into various areas within pediatric trauma. The
Healthcare Cost and Utilization Project (HCUP) is a family of
databases including the State Inpatient Databases (SID), the
Nationwide Inpatient Sample (NIS), and the KID. Although
administrative data may lack clinical detail for certain purposes,
these datasets provide a comprehensive overview of health care
utilization in the United States and are available without pur-
chase  (http://www.ahrq.gov/research/data/hcup/index.html).'*
The KID database has been increasingly used to examine the
incidence of pediatric trauma as well as practice patterns in pedi-
atric trauma. Data for KIDS are collected and published every
3 years, with data currently available for 1997, 2000, 2003, and
2006. KIDS is “nationally representative,” meaning that the data-
base contains a large but incomplete sample of the hospital dis-
charge records (3.1 million in 2006), which are then statistically
weighted upward to reflect the complete population of pediatric
discharges (7.6 million in 2006). In the United States, using the
HCUP KID dataset, Galano et al.*® examined the face of pediatric
inpatient trauma in 1997. They estimated that roughly 84,000
children were admitted for fracture care that resulted in about
1 billion dollars in hospital charges. Of some interest, more than
70% of children were treated at nonchildren’s hospitals. In 2011
study, utilizing the 2006 HCUP KID dataset, Gao*' reported on
lower extremity fractures requiring hospitalization and found
there were about 11,500 admission records for children aged
0 to 20 with lower extremity fractures. Urban hospitalizations
accounted for 93% of cases and 66% of admissions were to
teaching hospitals in Gao’s study. There was an increased mortal-
ity risk among patients cared for in nonteaching hospitals and
hospitals located in a rural region.

Several other databases including the United States Con-
sumer Product Safety Commission’s NEISS (http://www.cpsc.
gov/library/neiss.html) have also been useful in providing infor-
mation about the epidemiology of pediatric trauma. The NEISS
provides a national sample from hospitals with patient infor-
mation regarding emergency room visits related to an injury
with associated consumer products. The information from the
NEISS provides data necessary for surveillance efforts to iden-
tify problem areas, risk factors for injuries, and translation into
prevention programs. Internationally, many countries have
national health registries that can provide epidemiologic data
on injury patterns. On a local level, many hospitals and hospi-
tal systems have created their own trauma and injury registries
for clinical and academic use. One limitation to the currently
available data sources is that they provide scant clinical detail,
limiting broader utility as a source of health outcomes data
in the field. Pilot efforts on an organizational level have also
evaluated the feasibility of a national pediatric musculoskeletal
trauma outcomes registry.'*

Trauma registries are another source for injury data that doc-
ument clinical and demographic information regarding acute
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care delivered to hospitalized patients with injuries at trauma
centers. These databases are designed to provide information
that can be used to study the effectiveness and quality of trauma
care and identify areas for quality improvement. Although the
amount of information available through regional and national
databases allowed is immense, the creation and maintenance of
these registries require a significant amount of time and finan-
cial resources. Several limitations of these databases include the
focus on adult over pediatric injuries and the data that does
not always reflect population-based samples. Constructed in
an attempt to fill such a role, the National Pediatric Trauma
Registry (NPTR) was a multi-institutional database designed
to provide a snapshot of physiologic and clinical informa-
tion regarding pediatric injuries. The NPTR was functional
for about 15 years and provided a source of important data
in the realm of pediatric trauma.'*’ Attempts are being made
to transform the NPTR into a more comprehensive database
that will be called the National Trauma Registry for Children.*
Currently the American College of Surgeons National Trauma
Data Bank serves as the largest database which does produce
annual reports on pediatric injury from trauma centers from
the United States and Canada (http://www.ntdb.org). In the
future, databases such as these may provide the infrastructure
needed to study pediatric musculoskeletal trauma care.
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Roughly 20% of children will sustain a fracture, and the incidence
of pediatric fractures associated with minor trauma is increasing
over time.****> Thus, childhood fractures are not only important
from an orthopedic standpoint, but are also an important societal
health issue. Children are not just small adults, and nowhere in
the practice of orthopedics is this principle more important than
in understanding the differences between how a growing childs
and an adult’s skeleton responds to trauma, and how injuries are
best treated. Understanding these differences provides important
insights into how to manage children’s fractures. The age of a
child can help to identify the most likely fracture type, based on
which tissues are weakest in the growing skeleton. A child’s bones
heal quicker, are surrounded by thicker periosteum, and have a
substantially greater remodeling potential than adults. These dif-
ferences change the way fractures are treated. For instance, mid-
shaft femur fractures that are treated by internal fixation in adults
are successfully managed in a cast in a young child.”

In a growing child, injury can damage the growth plate, which
can be the weakest region of bone.” Such injury can result in
temporary or permanent growth arrest. Physeal fracture patterns
vary with the extent of chondroosseous maturation. Salter and
Harris classified growth plate injuries and found that type I and II
injuries are common in younger children, whereas types III and
IV become more common as the secondary ossification center
enlarges and physeal undulations develop.*® The growth plate can
also remodel less than perfect reductions and there can be tre-
mendous remodeling potential. As an example, the distal radius
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can correct deformities at a rate of one degree a month in line
with the flexion and extension arc of motion of the wrist.***%>*
Children can have underlying disorders that weaken bone
or slow healing, such as osteogenesis imperfecta,’®’ neurofi-
bromatosis,” or a bone tumor.*! The first presentation of such
conditions may be a referral to an orthopedist for a fracture.
Understanding how the bone normally behaves to an injury
can help in the identification of a pathologic bone injury,
which may be caused by such an underlying condition. For
instance, an avulsion fracture, such as in the ulna, can be the
first presentation for a preteen with osteogenesis imperfecta.**
Identification of unusual fracture patterns can also help in the
identification of nonaccidental trauma, and an orthopedist can
save a child’s life by the early identification of nonaccidental
trauma childhood.** Childhood osteoporosis is increasing in
frequency, and a fracture with an abnormal injury pattern may
the first presentation of childhood osteoporosis. For these rea-
sons it is critical to understand the normal response of a child’s
bone to trauma to know when there is something unusual in
the presentation or course of healing, to make these diagnoses.

BonNE GROWTH

During embryonic and postnatal development, cells proliferate,
differentiate, and even die off to ultimately form a normally
patterned adult. In the limb, progenitor cells proliferate and
compact to form the limb bud. Cells on the outside of the limb

19



20 SECTION ONE Basic Principles

bud, the ectoderm, provide information to pattern the limb,
whereas cells on the inside, the mesoderm, form the limb struc-
tures. As the mesoderm cells proliferate, regions within the
limb bud that undergo greater cell condensation will form the
future long bones. At the sites where the joints eventually form,
the cells develop a fibroblast like phenotype and some undergo
programmed cell death, or apoptosis, forming the interzone,
the first overt sign of joint formation.”**

The cells between the interzone form the long bones through
a process of enchondral ossification. These cells differentiate
to chondrocytes, which are distinguished by their expression
of type 1I collagen. Chondrocytes at the ends of the bone (or
epiphysis) become articular chondrocytes (located at joint sur-
faces) or growth plate chondrocytes (responsible for longitudinal
bone growth), which are located closer to the middle of the bone.
Vascular cells enter the center of the cartilaginous template of the
bone, and osteoblasts replace the cartilage to form the primary
center of ossification. Later in development a similar process
occurs at the ends of the bones to form a secondary center of
ossification, and this separates the articular from the growth plate
chondrocytes. Articular chondrocytes remain relatively quiescent
throughout life, regulating the turnover of extracellular matrix
components for normal joint function. In contrast, growth plate
chondrocytes undergo a coordinated process of cell differentia-
tion, ultimately undergoing hypertrophy, and then apoptosis,
providing the scaffolding on which new bone is formed.***"!
Adjacent to the region where chondrocytes undergo terminal
differentiation, blood vessels play an important role both in the
removal of cartilage and in osteoblast recruitment to lengthen
the bone. Osteoblasts derive from mesenchymal progenitor cells,
termed mesenchymal stem or stromal cells (MSCs). MSCs come
from a number of sources. They exist in bone in the bone mar-

Perichondrium

Epiphysis

Growth plate

Metaphysis

B

row as stromal cells, in the periosteum surrounding the bone,
and around blood vessels as pericytes.” Recent data suggest that
the pericytes are an important source of new osteoblasts.”® How-
ever, many types of mesenchymal cells, even chondrocytes, can
change their phenotype to a cell that makes bone. As such there
is probably not a single cell type responsible for becoming an
osteoblast, but instead multiple cell types can contribute to make
new bone.” This makes sense from the standpoint of develop-
ing a system to maintain the skeleton after trauma, as if repair
could only happen from a single cell type, we would be limited
in our capacity to heal a fracture. Bone formation and growth
plate function are intimately linked, as cell signaling pathways
that regulate growth plate chondrocyte differentiation also regu-
late osteoblast differentiation. These factors may also be respon-
sible in part for the differences between how bone heals between
growing children and adults (Fig. 2-1).

When bone is initially formed, it is immature woven bone,
which is remodeled to more mature, and stronger, lamellar
bone. During bone growth at the metaphysis, the trabeculae of
bone-covered calcified cartilage (called primary spongiosa) are
resorbed by osteoclasts and the cartilage template is replaced
by lamellar bone, which is remodeled into more mature bone
trabeculae (secondary spongiosa). The deposited secondary
bone trabeculae at the metaphyseal-diaphyseal junction is
further remodeled and incorporated into the diaphysis, in a
process in which osteoclasts remove bone from the periphery
of the metaphysis and new bone is formed at the endosteal
surfaces. The cortical bone is remodeled into a complex struc-
ture of osteons that together form the cortical bone.” Osteons
are tubular structures that consist of layers of ordered lamellar
bone around a central canal. The central canal contains blood
vessels, lymphatics, and in some cases, nerves.”
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FIGURE 2-1 Bone development. During embryonic development, undifferentiated cells proliferate
and compact to form the limb bud. As these cells proliferate, regions within the limb bud that undergo
greater condensation will form future long bones. A: Radiograph of a tibia showing the anatomic por-
tions of the long bones. B: The ends of long bones consist of the epiphysis and metaphysis, with the
growth plate between the two. C: Growth plate chondrocytes undergo a programmed differentiation
pathway causing the longitudinal growth of the bones, ending in hypertrophy and programmed cell
death. Indian hedgehog (IHH) and parathyroid hormone-like hormone (PTHLH) act in a negative feed-
back loop regulating this differentiation process. Vascular cells enter the center of the cartilaginous
template of the bone, and osteoblasts replace the cartilage to form the primary center of ossification.
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FIGURE 2-2 The linked activities of osteoclast bone resorption and osteoblast bone forma-
tion during bone remodeling. Bone-lining cells, osteoblasts, or some marrow stromal cells express
RANKL, which activates receptor RANK on osteoclast progenitors of the monocyte-macrophage lin-
eage and stimulates the osteoclast differentiation and activation. M-CSF is another essential factor for
osteoclast differentiation. However, decoy receptor osteoprotegerin (OPG) binds RANKL and antago-
nizes RANK function and thus inhibits osteoclast formation. Activated osteoclasts secrete acid and
proteases and erode bone on the surface. During the resorption process, sequestered growth factors,
such as IGF-I, TGF-B, and FGFs, are released from the bone matrix and activated, which results in the
recruitment, differentiation, and activation of the osteoprogenitors to become osteoblasts to initiate

bone matrix synthesis and bone formation.

Bone is constantly remodeled by osteoclasts and osteoblasts.
Osteoblasts produce new bone, and start as bone-lining cells
with slender cellular processes that make contact with the more
mature osteocytes within the mineralized bone. Osteocytes are
thought to arise from osteoblasts that have become entrapped
during bone formation. Besides the cellular processes that con-
nect osteocytes to one another and to the bone-lining cells,
these cells also can sense their mechanical environment. When
mechanical stress is higher, they will deposit more bone matrix,
whereas if a lack of stress, bone resorption occurs. Osteoclasts
are bone-degrading cells that are produced from hematopoi-
etic progenitors. Upon activation, they bind to the surface of
the bone and secrete enzymes into the space beneath. The
space is acidic and contains proteolytic and bone-degrading
enzymes.***%

Osteoblast and osteoclast activities are linked during the bone
remodeling. Osteoclastic activity releases growth factors, such as
insulin growth factor and bone morphogenetic protein (BMP),
from the matrix stimulating osteoblastic differentiation. Osteo-
blast lineage cells produce a protein called receptor activator of
NF-B ligand (or RANKL), which binds its receptor, RANK, on
osteoclast precursors, to cause osteoclast activation. Osteoprote-

gerin (OPQ), is a decoy receptor for RANKL, which blocks the
binding of RANKL, and thus, inhibits the development of osteo-
clasts. Modulation of this system has been developed into a phar-
macologic agent (Denosumab), which blocks RANK activation
and osteoclast-mediated bone resorption®* (Fig. 2-2).

AnATOMIC REGIONS OF THE CHILD'S BONE

Long bones can be divided into epiphysis, physis, metaphysis,
and diaphysis.

Epiphysis

The epiphysis is the region of a long bone between the end of the
bone and the growth plate (or physis). At birth, the end of the
bones is completely cartilaginous (except for the distal femur),
and termed a chondroepiphysis. A secondary center of ossifica-
tion forms at a specific time for each chondroepiphysis, which
gradually enlarges until the cartilaginous area has been almost
completely replaced by bone at skeletal maturity. The appearance
of the ossification centers differs between different bones, and
this needs to be taken into account when diagnosing fractures
of these regions.'®” As the ossification center matures, there is
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increased rigidity at the end of the bone, and this increase in
rigidity is responsible for changes in the fracture pattern with age.
Indeed, injuries that might not result in a fracture in this region
in the very young may do so as the skeleton becomes more rigid.

The external surface of the epiphysis is composed of artic-
ular cartilage or perichondrium. Muscle fibers, tendons, and
ligaments attach to the perichondrium, which also contributes
to the centrifugal enlargement of the epiphysis. The perichon-
drium blends into the periosteum. This perichondrial/periosteal
tissue continuity contributes to the biomechanical strength of
the epiphyseal/metaphyseal junction at a region that is called the
zone of Ranvier."** Hyaline cartilage below the articular cartilage
contributes to the growth of the epiphysis. As skeletal maturity
is reached, a tidemark develops at the demarcation between the
articular and calcified epiphyseal hyaline cartilage. Articular and
hyaline chondrocytes cannot perform each other’s functions, and
this was demonstrated by studies” showing that when a con-
tiguous core of articular and hyaline cartilage is removed, turned
180°, and reinserted, the transposed hyaline cartilage eventually
will form bone at the joint surface, whereas the transposed artic-
ular cartilage remains cartilaginous and becomes surrounded by
the enlarging secondary ossification center. Such a situation in a
child will lead to a nonunion.

Physis

The physis, or growth plate, is located between the cartilaginous
epiphysis and the newly generated bone in the metaphysis, is
responsible for longitudinal bone growth. The perichondrium
is a layer of dense connective tissue which surrounds the growth
plate. Within the growth plate, chondrocytes undergo differ-
entiation progressing through the resting, proliferation, pre-
hypertrophic, and hypertrophic stages, eventually undergoing
programmed cell death. The hypertrophic chondrocytes form
columns parallel to the long axis of the bone, and produce type
X collagen, which may act as a template for the new bone for-
mation. Adjacent to the region where chondrocytes undergo
apoptosis, blood vessels invade the cartilage matrix, presumably
bringing in osteoblasts that produce endochondral bone.'*%*
Because the epiphyseal cartilage remains radiolucent through-
out the early stages of growth, its location is inferred from the
metaphyseal contour, which follows the physeal contour.

The blood supply to the growth plate comes from the epiph-
yseal side. If a segment of the epiphyseal vasculature is compro-
mised, the cartilaginous growth associated with the particular
vessels slow. Unaffected regions of the physis continue normal
growth; however, growth rates of the cells directly adjacent to
the affected area are more compromised than cellular areas far-
ther away. The differential growth results in an angular or lon-
gitudinal growth deformity, or both. In contrast, interruption
of the metaphyseal circulation has no effect on chondrogenesis,
but the transformation of cartilage to bone is blocked, causing
widening of the growth plate. Once the disrupted metaphyseal
circulation is reestablished, this widened region of the physis
is ossified, returning the physis to its normal width (Fig. 2-3).

In the past decade there has been a substantial increase in
research into the control of growth plate chondrocyte function.
Such work is the first step in developing approaches to modulate

Ischemia

Peripheral || Ischemia

Central

FIGURE 2-3 Patterns of response to ischemia of the growth
plate. Response to ischemia of the epiphyseal (A, B) versus metaph-
yseal (C, D) circulatory systems. Metaphyseal ischemia is usually
transient; epiphyseal ischemia is usually severe and permanent.

growth plate function, such as using a drug, a cell, or a biologic
approach. Such treatments could someday be used to treat a par-
tial growth arrest following an injury. Research using genetically
modified mice is one approach that has been particularly useful
in improving our knowledge about growth plate regulation. This
is because mice can be genetically engineered to have particular
genes deleted from just chondrocytes, thus providing a robust
method to determine the function of a particular gene. Chondro-
cytes develop from an undifferentiated mesenchymal precursor
cell, sometimes called MSCs, which differentiate into a common
osteochondroprogenitor cell. The Wnt/B-catenin signaling path-
way plays a key role in determining if these cells become osteo-
blasts or chondrocytes, as in the absence of B-catenin they develop
into chondrocytes. Several drugs are available that modulate
B-catenin, and these could someday be used to modulate growth
plate activity.””**** Once cells become committed to become
growth plate chondrocytes, they undergo a coordinated process
of differentiation, with expression of various genes (SOX9, [HH,
PTHrP, RUNX2, and then type X Collagen)"**?° marking the states
of differentiation. Resting cells proliferate, then hypertrophy,
before undergoing terminal differentiation, where they express
type X Collagen and become replaced by bone. The resting cells
maintain the growth plate cells, and as such these cells located
nearest to the epiphysis are critical to normal bone growth, and
damage to these cells will permanently disrupt growth.

The hedgehog (Hh) signaling pathway is crucial in the regu-
lation of chondrocyte fate in the growth plate. Prehypertrophic
chondrocytes in the growth plate express the Hh ligand Indian
Hh (IHH).!**%" THH serves as a key regulator of endochondral



ossification, acting in a negative feedback look with parathy-
roid hormone-like hormone (PTHLH), also called parathyroid
hormone-related protein (PTHrP). IHH regulates the onset of
hypertrophic differentiation by signaling the periarticular chon-
drocytes to upregulate PTHLH which inhibits the differentiation
of proliferating chondrocytes. IHH also regulates chondrocyte
differentiation and induces ossification of the perichondrium
in a PTHLH-independent manner.” The regulation of PTHLH
by IHH involves mediators such as BMPs which also play a role
initiating the chondrocyte differentiation cascade.” In this way
IHH and PTHrP act in a feedback loop controlling the pace of
growth plate chondrocyte differentiation (Fig. 2-1).

Metaphysis

The metaphysis is the flared portion of the bone at each end of
the diaphysis. It has a decreased cortical thickness and increased
volume of trabecular bone in the secondary spongiosa. During
growth, endochondral modeling centrally and peripherally ini-
tially forms the primary spongiosa, which then is remodeled into
the more mature secondary spongiosa by osteoclasts and osteo-
blasts. For this reason, there is considerable bone turnover in the
metaphysis compared to other regions of the bone. The metaph-
yseal cortex is thinner and is more porous than the diaphysis,
and there are cortical fenestrations, which contain fibrovascular
soft tissue elements that connect the metaphyseal marrow spaces
with the subperiosteal region. The metaphyseal region does not
develop extensive secondary and tertiary Haversian systems until
the late stages of skeletal maturation. These microscopic and ana-
tomic changes correlate with changing fracture patterns, and the
ability of bone to deform without breaking in this region is why
buckle (or torus) fractures are more likely to occur than complete
metaphyseal or epiphyseal/physeal fractures.*”>*
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Although the periosteum is attached relatively loosely to
the diaphysis, it is firmly fixed to the metaphysis because
of the increasingly complex continuity of fibrous tissue through
the metaphyseal fenestrations. The periosteum subsequently
attaches densely into the peripheral physis, blending into the
zone of Ranvier as well as the epiphyseal perichondrium. The
zone of Ranvier is a specialized region between bone and carti-
lage formation, and cells in this zone contribute to growth plate
remodeling over time."*™ The fenestrated metaphyseal cortex
extends to the physis as the thin osseous ring of Lacroix. There
are no significant direct muscle attachments to the metaphyseal
bone; instead, muscle fibers primarily blend into the perios-
teum. The medial distal femoral attachment of the adductor
muscles is a significant exception. Because of extensive remod-
eling and insertion of muscle and tendon in this area, the bone
often appears irregular and may be misinterpreted as showing
chronic trauma.

Growth Lines of Park and Harris

Many bones exhibit transversely oriented, dense trabecular linear
bone patterns within the metaphysis. These lines duplicate the
contiguous physeal contour, and appear after processes which
transiently slow growth or increase mineralization. As such, they
are seen after generalized illnesses, treatment with bisphospho-
nate drugs (which inhibit osteoclasts, and therefore increase min-
eralization), or after localized processes within the bone, such as
infection or growth plate trauma. The lines are called Harris or
Park growth slowdown or arrest lines. Once the normal longitu-
dinal growth rate resumes, longitudinal trabecular® orientation
is restored. The thickened, transversely oriented osseous plate is
left behind, and will be gradually remodeled, and with time will
disappear® (Fig. 2-4).

FIGURE 2-4 Growth lines. Histologic section (A) and x-ray study (B) of a distal femur showing a typi-
cal Harris line (arrows). This is formed during an acute illness and chemotherapy for leukemia. The child
then resumed a more normal pattern of growth until her death from leukemia about 14 months later.
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In a systemic problem slowing bone growth, the lines are dis-
tributed relatively symmetrically throughout the skeleton, and
are thickest in metaphyses from bones that grow most rapidly. In
response to administration of bisphosphonate in children (e.g.,
in the treatment of osteogenesis imperfecta) there are distinct
metaphyseal bands in the growing skeleton, whose spacing is
determined by the frequency of treatment, age of the patient, and
rate of growth. These are sometimes called zebra lines.” The lines
are important in analyzing the effects of a fracture on growth.
They can be measured and the sides compared to corroborate
femoral overgrowth after diaphyseal fracture and eccentric over-
growth medially after proximal tibial metaphyseal fracture. A line
that converges toward a physis suggests localized growth dam-
age that may result in an osseous bridge and the risk of angular
deformity (Fig. 2-5). This radiographic finding is best evaluated
roughly 6 months after the injury, and requires an x-ray centered
over the physis.”" If a line parallel to, but separate from the
growth plate is seen at this time point, the risk of future growth
disturbance is very low.

Diaphysis

The diaphysis constitutes the major portion of each long bone,
and is formed from bone remodeled from the metaphysis.
Mature, lamellar bone is the dominant feature of the diaphy-
seal bone, and the developing diaphyseal bone is extremely
vascular. When analyzed in cross section, the center is much
less dense than the maturing bone of older children, adoles-
cents, and adults. Subsequent growth leads to increased com-
plexity of the Haversian (osteonal) systems and the formation
of increasing amounts of extracellular matrix, causing a rela-
tive decrease in cross-sectional porosity and an increase in
hardness. Some bones, such as the tibia, exhibit a decrease in
vascularity as the bone matures; this factor affects the rate of
healing and risk of nonunion.”"* The vascularity of bone is
important not only because it bring nutrients to the bone, but
also because pericyte cells surrounding blood vessels contrib-
ute to new osteoblasts.” In addition, hematopoietic progenitor
cells exist in the vascular centre of the bone, where bone cells
are required to maintain the stem cell population maintaining
blood cells.”

FIGURE 2-5 Example of a growth arrest line converging toward the
area of physeal arrest at the medial proximal tibial physis. (Used with
permission from the Children’s Orthopedic Center, Los Angeles.)

PERIOSTEUM

A child’s periosteum is thicker, is more readily elevated from the
bone than in adults. It also has a much greater osteogenic poten-
tial than that of an adult. Indeed, in young children, one can
remove the entire diaphysis of a bone, but leave the periosteum,
and the bone will regrow. The thicker and stronger periosteum
affects fracture displacement, ease of closed reduction, and the
capacity to form new bone. The periosteum is an important
internal restraint in closed reductions, where it helps to both
obtain and maintain acceptable fracture alignment. The perios-
teum usually remains intact on the concave (compression) side
of an injury. This intact periosteal hinge or sleeve may lessen
the extent of displacement of the fracture fragments, and it also
can be used to assist in the reduction, because the intact por-
tion contributes to the intrinsic stability. Thus, accentuating the
deformity, unlocks the periosteum, helping with the reduction.
Because the periosteum allows tissue continuity across the frac-
ture, the subperiosteal new bone that forms quickly bridges the
fracture gap and leads to more rapid long-term stability.*®

The periosteum comprises two tissue layers. An outer fibro-
blast layer provides fibrous attachment to subcutaneous connec-
tive tissue, muscles, tendons, and ligaments, whereas the inner
cambium layer contains a pool of cells that support bone for-
mation and repair. The periosteum, rather than the bone itself,
serves as the origin for muscle fibers along the metaphysis and
diaphysis. This mechanism allows coordinated growth of bone
and muscle units; something that would be impossible if all
the muscle tissues attached directly to the developing bone or
cartilage. Exceptions include the attachment of muscle fibers
near the linea aspera and into the medial distal femoral metaph-
ysis. The latter pattern of direct metaphyseal osseous attachment
may be associated with significant irregularity of cortical and tra-
becular bones. Radiographs of this area often are misinterpreted
as showing a neoplastic, osteomyelitic, or traumatic response,
even though this is actually a variation of skeletal development.
The periosteum in the growing child also plays a critical role in
remodeling, as the tissues in tension over the concave side of
a deformity will produce new bone. The bone on the tension,
or convex, side of a deformity will be resorbed over time, ulti-
mately resulting in a straight diaphysis.>**

APOPHYSIS

An apophysis is composed of fibrocartilage instead of columnar
cartilage and grows primarily in response to tensile forces. They
are generally attached to muscular structures. With growth sec-
ondary ossification centers can form in the apophysis. Because
of the differing histologic composition of these structures, they
fail differently than other parts of the bone, and excessive ten-
sile stress may avulse the apophysis, especially during the late
stages of closure. Such injuries can generate large amounts of
new bone, and may be mistaken for tumors, especially around
the pelvis. Healing of a displaced fragment to the underlying
undisplaced secondary center creates the symptomatic reac-
tive overgrowth, and in the tibial tuberosity apophysis, this is
known as an Osgood—Schlatter lesion.>> %!



ComPOSITION OF CARTILAGE AND BONE

The cartilage matrix is synthesized by chondrocytes, and the
main constituents of the cartilaginous matrix are collagens
(mainly type II) and proteoglycans. Although collagen provides
structural strength, the proteoglycans contribute the ability to
respond to resist deformation, and also has regulatory effects on
cells. Except for a small percentage of molecules from the cir-
culation and pre-existent matrices that may become entrapped,
the bone matrix is almost entirely synthesized by osteoblasts.
Bone matrix is a composite material composed of an inorganic
(mineral) portion and an organic portion. The composition of
living bone is 60% to 70% inorganic components, 5% to 8%
water, and the remainder 22% to 35% is organic. The inorganic
portion is mainly hydroxyapatite, with some carbonate and acid
phosphate groups. It has also been suggested that bone crystals
do not contain hydroxyl groups and should be termed apatite
rather than hydroxyapatite. The organic portion is composed of
collagen type T (90%) and noncollagenous proteins. The non-
collagenous protein portion includes a number of proteins and
proteoglycans that perform structural and regulatory functions.
The composite structure provides physical strength and resil-
ience to fracture. Bone with deficient inorganic mineral content
is pliable, and bone with deficient organic content is brittle.”*®*
Proteoglycans are critical components of cartilage and bone,
and are present in large amounts within all connective tissues.
They have either one or a number of polysaccharide chains
linked to a protein core. The polysaccharide’s glycosaminogly-
can side chains are heparin, heparin sulfate, chondroitin sulfate,
dermatan sulfate, or keratan sulfate. The glycosaminoglycans
differ in the composition of their constituent disaccharide struc-
tures. They can combine with other molecules within the matrix
to form macromolecular structures. The proteoglycans present
in the physis include large proteoglycans like aggrecan as well
as smaller proteoglycans, such as decorin and biglycan. Decorin
and biglycan have side chains of dermatan sulfate, and betagly-
can has chondroitin and heparin sulfate chains. Fibromodulin
has side chains of keratan sulfate. Proteoglycans have not only a
structural role but also interaction with growth factors.®

FRACTURE REPAIR IMIECHANISMS

Fracture healing is a complex regenerative process initiated
in response to injury, in which bone can heal by primary or
secondary mechanisms. In primary healing, new bone is laid
down without any intermediate. This type of healing is rare in
a complete bone fracture, except when the fracture is rigidly
fixed through certain types of surgery. In the more common
secondary healing, immature and disorganized bone forms
between the fragments, which is termed the callus."”**®""" Dur-
ing the fracture repair process, cells progress through stages of
differentiation reminiscent of those that cells progress through
during normal fetal bone development. In normal development
of long bone, undifferentiated mesenchymal cells initially form
a template of the bone, which differentiate to chondrocytes.
This cartilaginous template is termed the bone’s anlage. Follow-
ing this phase, blood vessels enter the cartilaginous template,
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and osteoblasts, which differentiate from perivascular and other
cells surrounding the bone form bone.

There are, however, several important differences between
bone repair, and development. One is that repair does not need
to progress through a cartilaginous template. Another is that
the liberation of growth factors in the extracellular environment
and inflammatory mediators initiates fracture repair, and the
activation of these factors does not occur during development.
Indeed, this inflammatory initiation of repair processes may be
the fundamental difference between development and regen-
eration. This is one reason that agents that modulate inflamma-
tion can affect bone formation. Although some inflammatory
pathways can have both positive and negative effects on bone
repair, an inhibition of prostaglandin activity inhibits bone
formation, and indeed this has been used clinically to prevent
bone formation.'>*>#

Osseous repair progresses through closely integrated phases.
In the initial phase of fracture repair, bleeding from the dam-
aged tissues causes a hematoma at the fracture site, stopping
blood loss and liberating growth factors and cytokines. Endo-
thelial cells respond by increasing their vascular permeability,
allowing leukocytes, monocytes, macrophages, and multipo-
tential mesenchymal cells to reach the fracture site.”” The blood
supply is temporarily disrupted for a few millimeters on either
side of the fracture site, producing local necrosis and hypoxia.
It is likely that necrosis also results in the release of seques-
tered growth factors (e.g., BMPs), which promotes differentia-
tion of the surrounding mesenchymal cells into bone-forming
cells.'020%8887 In the proliferative phase, undifferentiated mes-
enchymal cells aggregate at the site of injury, proliferate, and
differentiate presumably in response to growth factors pro-
duced by the injured tissues." This process involves both intra-
membranous and endochondral ossification. Intramembranous
ossification involves the formation of bone directly from com-
mitted osteoprogenitor cells and undifferentiated mesenchymal
cells that reside in the periosteum, resulting in hard callus for-
mation.** During endochondral ossification, mesenchymal cells
differentiate into chondrocytes, producing cartilaginous matrix,
which then undergoes calcification and eventually is replaced
by bone. The formation of primary bone is followed by exten-
sive remodeling until the damaged skeletal element regains its
original shape and size**®"#* (Fig. 2-6).

The strength of bone is a function of the intrinsic mechani-
cal properties of the ossified tissue as well as the way the tissue
is organized. The moment of inertia is a measure of how the
shape of a material changes, how it resists deformation, and is
a function of how far the material is placed from the center of
the deforming force. If the material is placed further from the
center, it will resist deformation as a unit better. An example of
this is a plastic ruler, which is shaped like a long thin rectangle.
If you try to bend the ruler in its thin axis, it is easy to bend,
but if you try to bend it along its thicker axis, it is much harder
to bend, even though one bends the same amount of material.
It is the shape and how far the material is from the center that
make it stronger. When a child’s fracture heals, the weaker cal-
lous has a larger diameter than the intact bone, but because
the weaker material is farther from the center, the moment of
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FIGURE 2-6 Phases of fracture repair. The figure demonstrates
the three phases of fracture repair (A) inflammatory phase,
(B) reparative phase, and (C) remodeling phase. The inflamma-
tory cells remove the debris from the fracture site and, together
with the fibroblastic cells, develop the site into a matrix that will
support the cells that enable new bone to be formed. The mesen-
chymal cells are recruited by the release of growth factors in the
fracture site. The mesenchymal cells may differentiate into osteo-
blasts that produce bone in a membranous fashion. Alternately the
mesenchymal cell may become chondrogenic and produce bone
by the endochondral pathway. Remodeling begins with resorption
of mechanically unnecessary, inefficient portions of the callus and
the subsequent orientation of trabecular bone along the lines of
stress.

inertia is increased, and as a whole unit the bone can be just as
strong as if it had not fractured. Children form a larger diam-
eter callous than adults, in part because the stronger perios-
teum comes off the bone easier and forms a wider barrier to the
callous. In addition, during the proliferative phase of fracture
repair, children form new bone faster than adults. These fac-
tors combine to make children’s bone regain its strength much
quicker following a fracture than an adult. Furthermore, these
factors are responsible for the observation that the younger the
child the quicker a fractured bone will regain its strength.

Several cell signaling pathways are normally activated dur-
ing fracture repair, and many of these are the same ones that are
activated during bone development. In the case of one of these
signaling pathways, BMP signaling, such studies have already
led to improved clinical management. Certain BMPs are liber-
ated early in the repair process, and they stimulate undifferenti-
ated mesenchymal cells to achieve an osteoblastic phenotype.
Tibial fractures are a high-risk injury for developing a nonunion
and clinical studies show that treatment with select BMPs will
improve the rate of healing in this situation.”® Another pathway
that plays an important role in bone repair is B-catenin. There
is upregulation of B-catenin during the healing process,”'"'®
and healing is repressed in mice lacking B-catenin. However,
B-catenin functions differently at different stages of fracture
repair. In early stages, precise regulation of B-catenin is required
for mesenchymal cells to differentiate to either osteoblasts or
chondrocytes. Once these cells have become committed to the
osteoblast lineage, B-catenin positively regulates osteogenesis."’
Because drugs are in development that modulate B-catenin, this
is an area in which novel therapies may be able to be used to
improve delayed repair.'”'*!

The various signaling pathways which play a role in bone
repair also interact with each other during the repair process.
For instance, the inflammatory process activates prostaglandin
synthesis, which regulates BMP expression in mesenchymal pro-
genitors.® In a similar manner, prostaglandin activity also regu-
lates B-catenin activity.*® Furthermore, BMP stimulation requires
B-catenin to produce bone.'® Thus, the various signaling path-
ways involved in bone repair and regeneration do not act alone
but in a coordinated manner to allow for bone regeneration.

PHYSEAL HEALING

Fractures through the physis heal faster than through the bone,
usually within 2 to 4 weeks. This rate of healing is important
as manipulation after healing can lead to growth arrest. The
physis also has a limited ability to repair, and injury does not
always lead to a restoration of normal function. The growth
plate heals by increased endochondral bone and cartilage for-
mation, and gradual reinvasion by the disrupted metaphyseal
vessels. Depending on the level of injury within the physis, dif-
ferent types of chondroosseous healing may occur. When the
fracture occurs through the hypertrophic chondrocytes healing
occurs primarily by continued, relatively rapid increases in the
number of cells within the columns of hypertrophic chondro-
cytes, causing moderate widening of the physis. Small epiphy-
seal vessels, which act to resorb damaged tissues and produce a
hyperemic response, will also increase the cellular proliferation
rate. This causes an increased rate of bone replacement of the
hypertrophic cartilage.”"®

The most common level for a physeal fracture is through
the transition of hypertrophic cells to primary spongiosa. When
this occurs, there is a separation of the tissue and the gap is
filled by hemorrhagic and fibroblastic tissues. This region will
progressively form disorganized cartilaginous tissue, similar to
in the initial phases of repair of fracture through bone. The
growth plate continues to proliferate and differentiate on the



epiphyseal side of the callus, leading to widening of the phy-
sis. Vascular invasion of the remnants of hypertrophic, calci-
fied cartilage also rapidly occurs on the metaphyseal side of the
fracture. However, once metaphyseal vessel invasion reaches
the disorganized cartilaginous callus, vascular-mediated bone
replacement is temporarily slowed, because there is no pattern
of cell columns to invade in an organized fashion. The callus is
replaced at different rates, and the invading metaphyseal ves-
sels reach the normal cell columns, which have been maturing
in a normal sequence but without osseous replacement. This
widened physis is rapidly invaded by the vessels and replaced
by primary spongiosa, and normal physeal width is progres-
sively restored.?”*>7®

When the injury extends across all cell layers of the physis,
fibrous tissue fills the gap between separated physeal compo-
nents, whereas typical callus formation occurs in the contiguous
metaphyseal spongiosa or epiphyseal ossification center. The
reparative response shows irregular healing of the epiphyseal
and physeal cartilages, with loss of normal cellular architec-
ture. The gap remains fibrous, but with the potential to ossify.
For the fibrous tissue to become replaced with cartilage the
germinal and hypertrophic cell regions needs to expand by cell
division, maturation, and matrix expansion. The intervening
fibrous tissue may disappear through growth, but only if the
gap is narrow. Because blood supply is minimal in this region,
the fibrous tissue is not well vascularized, and significant cell
modulation, especially to osteoblastic tissue, is less likely in the
short term. However, the larger the gap filled with fibrous tis-
sue and the longer the time from fracture to skeletal maturity,
the greater the likelihood of developing sufficient vascularity
to commence an osteoblastic response and to form an osse-
ous bridge. The time for vascularization explains the delayed
appearance of the osseous bridge. If accurate anatomic reduc-
tion is performed, a thin gap should be present that should fill
in with minimal fibrous tissue, allowing progressive replace-
ment of the tissue by the growth of the physis.*’>>%"

Physeal injury can be classified by how the fracture anatomi-
cally crosses the growth plate. The Salter—Harris classification
is used most frequently. In type I fractures, the fracture line
goes through the growth plate; type 1I fractures go through the
metaphysis and the growth plate; type III through the epiphysis
and the growth plate; type IV across the growth plate from the
metaphysis to the epiphysis; and a type V fracture is a crush
of the growth plate. Failure to correct anatomic displacement,
especially in Salter—Harris type IV growth mechanism injuries,
increases the possibility of apposition of the epiphyseal ossifica-
tion center and metaphyseal bone, and thereby enhances the
risk of forming an osseous bridge between the two regions.
When the defect was large enough and the fracture involved the
whole width of the physis extending from the metaphysis to the
epiphysis, the injured physis will have structural disorganiza-
tion, formation of vertical septa, and finally formation of a bone
bridge. When the bone bridge is large enough, particularly in
Salter—Harris types IIl and IV injuries, the defect will result in a
growth arrest. Although growth arrest at the peripheral portions
of the physis results in angular deformities, centrally located
lesions may cause longitudinal shortening®*® (Fig. 2-7).
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FIGURE 2-7 Salter-Harris classification of physeal fractures.
The anatomic region of the fracture through the growth plate is
shown, in each type. A higher number is associated with a higher
risk of growth arrest.

The risk of growth arrest is a function of the anatomy of the
growth plate, the anatomic type of injury (higher Salter—Harris
types have an increased rate of growth arrest), and the force
of the injury. A large and irregularly shaped growth plate, like
the distal femur, takes more energy to fracture than a smaller
growth plate, with less irregularity, like the distal radius. Severe
damage to the cartilage or an injury that leaves the growth plate
unreduced, such as a displaced type Il or IV injury, more likely
will cause partial or complete arrest. Type IV injures are hardest
to keep aligned, as both the epiphyseal and metaphyseal sides
of the growth plate are unstable, and thus have a higher chance
of partial growth arrest.**

REMODELING OF BONES AFTER
A FRACTURE IN CHILDREN

In a growing child, the normal process of bone growth and
remodeling may realign initially malunited fragments, making
anatomic reduction less important than in an adult. Bone and
cartilage generally remodel in response to normal stresses of
body weight, muscle action, and joint reaction forces, as well
as intrinsic control mechanisms such as the periosteum. The
potential for spontaneous, complete correction is greater if the
child is younger, the fracture site is closer to the physis, and
there is relative alignment of the angulation in the normal plane
of motion of the joint.”” This is particularly evident in fractures
involving hinge joints such as the knee, ankle, elbow, or wrist,
in which corrections are relatively rapid if the angulation is in
the normal plane of motion. As an example, the distal radius can
correct deformities at a rate of one degree a month.”***** How-
ever, spontaneous correction of angular deformities is unlikely
in other directions, such as a cubitus varus deformity following
a supracondylar fracture of the humerus. Similarly, rotational
deformities usually do not correct spontaneously>* (Fig. 2-8).

GROWTH STIMULATION

Fractures may stimulate longitudinal growth by increasing the
blood supply to the metaphysis, physis, and epiphysis, and at
least on an experimental basis, by disrupting the periosteum
and its physiologic restraint on the rates of longitudinal growth
of the physes. Such increased growth may make the bone
longer than it would have been without an injury. Eccentric
overgrowth may also occur; this is particularly evident in tibia
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FIGURE 2-8 Remodeling of a fracture. A and B show the initial and
follow-up radiographs of a proximal humeral fracture, illustrating an
impressive degree of remodeling. C shows how bone deposition and
resorption results in straightening of the deformity over time. Efficient
remodeling requires an open growth plate, and as such is a unigue
feature of childhood injury.

valgum following an incomplete fracture of the proximal tibial
metaphysis.”

CONCLUSION

Understanding differences in how bones grow, are anatomically
organized, and heal following an injury between children and
adults, provides important insights into how to best treat child-
hood injuries. Knowledge from this chapter provides the basic
principles that one can build on to safely treat childhood bone
injuries involving any anatomic site in the body.
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INTRODUCTION

Pain management in the pediatric patient presenting with a
musculoskeletal injury spans a continuum beginning with
the initial presentation, continuing through the fracture treat-
ment, and finally during the postmanagement phase of care. It
includes a multimodal approach that can involve both phar-
macologic and nonpharmacologic interventions. As the practice
has evolved we have seen the inclusion of not just opioid analge-
sics, but also an increase in the appropriate use of nonsteroidal
anti-inflammatories and local and regional anesthetics as well
as other nonpharmacologic modalities, such as including the
child life specialists as adjuncts to patient care.” %1% Work-
ing with the patient and family to improve their understanding
of the process can improve their expectations and outcomes as
well. The objectives of this chapter are to discuss the acute pain
management, use of procedural sedation, types of local/regional
anesthesia, and postoperative care for children and adolescents
with fractures. We will discuss current strategies to assess and
treat pain in the pediatric patient presenting to the emergency
department (ED) with a fracture. In addition, we will elabo-
rate on the “how to” portion of pain management techniques
from initial presentation to the posttreatment period. As always,
proper indications for the use of any of these modalities require
a thorough understanding of the risks and benefits of each treat-
ment by the orthopedist, emergency medicine specialist, anes-
thesiologist, and nurses caring for the patient.

EMERGENCY DEPARTMENT MANAGEMENT OF
ORTHOPEDIC INJURIES

For children and adolescents, orthopedic fractures are among
one of the most painful presenting conditions, and in the ED
fracture reduction is one of the most painful procedures per-
formed.”*# Effective and safe analgesia and sedation are essen-
tial for the management of fractures in the ED, as it decreases
the child’s pain and anxiety and improves patient, parent, and
provider satisfaction. Initial analgesia can be provided by oral,
intranasal (IN), intramuscular (IM), or intravenous (IV) medica-
tions.”'* Depending on the type of fracture reduction required,
local or regional anesthesia can be applied or procedural seda-
tion can be used.”® Procedural sedation provides anxiolysis,
analgesia, and sedation along a continuum while the patient
maintains cardiorespiratory function, which enables painful
procedures such as fracture reduction to be performed safely
and effectively in the ED.

Emergency Department Management
of Pain and Anxiety

The assessment and treatment of pain is a Joint Commission
mandated priority for children presenting to the ED with

Local and Regional Anesthetics 52
Postoperative Analgesia with Opioids 52

e AUTHOR’S PREFERRED IMIETHOD OF TREATMENT 54

potential fractures or other painful musculoskeletal injuries.''®
Several validated pain measurement tools have been developed
for children, and they should be used for the initial assessment
as well as ongoing evaluation of pain before, during, and after
treatment. Pediatric pain scales include the faces pain scales
(e.g., Wong—Baker Faces Pain Rating Scales, Faces Pain Scale-
Revised) for children 3 to 18 years old,””"'"* the visual analog
scale (VAS) for children greater than 5 years old,'®”'"* and the
color analog scale for children 6 to 15 years old.®!

Awareness of the need for initial and ongoing pain assess-
ment and management are important as children with fractures,
including angulated fractures or children reporting severe pain,
are not routinely treated with pain medications.'****® Early immo-
bilization, in triage or during the initial assessment, with a splint
and/or sling as well as elevation and ice packs are important in
the initial pain management.” During the physical examination
or during radiographic evaluation, manipulation of the injured
area can result in movement of the fracture, causing increased
pain; therefore, early administration of pain medications is
essential for the ongoing management of fracture-related pain.*
For nondisplaced fractures, oral pain medications may be suffi-
cient (Table 3-11).*® One strategy is to administer ibuprofen (10
mg/kg) and/or acetaminophen (15 mg/kg), as long as the child
has no allergies to these medications, and has not received them
in the past 4 to 6 hours.>*" If the child continues to have com-
plaints of pain or elevated pain scores after acetaminophen and
ibuprofen, oral oxycodone may be administered.”>** Codeine is
a less optimal analgesic as pharmacogenomic data demonstrates
up to 50% of individuals may be poor metabolizers who are not
able to metabolize codeine to an active analgesic, resulting in
suboptimal pain control for these children.” Other children may
be ultrarapid metabolizers of codeine and are at risk for the side
effects of opioid intoxication, including death.”® Several stud-
ies have demonstrated ibuprofen is either equally effective as or
more effective than codeine for analgesia, and with fewer side
effeC[S,S’Z]YS?’AH

For displaced fractures or for children reporting higher pain
scores, IV, IM, or IN pain medications may be necessary. Fentanyl

ASA Physical Status Classification
System

ASA Physical Status 1—A normal healthy patient

ASA Physical Status 2—A patient with mild systemic disease

ASA Physical Status 3—A patient with severe systemic disease

ASA Physical Status 4—A patient with severe systemic disease
that is a constant threat to life

ASA Physical Status 5—A moribund patient who is not
expected to survive without the operation

ASA Physical Status 6—A declared brain-dead patient whose
organs are being removed for donor purposes

o _/
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may be preferable as the initial narcotic as it is a fast-acting drug
with a shorter duration of action compared to morphine, which is
slower in onset but has a longer duration.'” IN fentanyl provides
safe and effective analgesia to children with pain when an IV is not
available.'® In addition, subdissociative doses of ketamine at 0.25
to 0.5 mg/kg IV can be administered for analgesia.'®*

AUTHOR’'S PREFERRED MIETHOD OF TREATMENT

In our ED, pain management guidelines begin in triage with
immobilization and application of ice packs to the injured
extremity. The Wong-Baker Faces Pain Rating Scale is used
for children 3 years and older. For a moderate pain score of 4
or higher, both ibuprofen (10 mg/kg) and acetaminophen (15
mg/kg) are given orally. For higher pain scores, IN fentanyl
is offered for rapid pain relief and can be given prior to x-ray
evaluation. Given the short duration of IN fentanyl, additional
pain medications (e.g., ibuprofen, acetaminophen, oxycodone,
or IV fentanyl) should be considered, depending on the child’s
pain level and type of fracture.

Pain Management After Discharge

After ED discharge, children report the highest levels of pain in
the first 48 hours after injury and use pain medications for anal-
gesia for up to 3 days after injury.”® Children with both nondis-
placed and displaced fractures requiring ED reduction report
clinically meaningful pain after discharge.'!! Caregiver’s instruc-
tions for pain management after ED discharge should include
the use of oral analgesics (e.g., ibuprofen for moderate pain
and oxycodone for higher levels of pain) (Table 3-11).72%%"%
Given the risks associated with codeine,”® our institution has
removed this medication from the formulary with a recommen-
dation to use oxycodone instead.

PROCEDURAL SEDATION FOR EMERGENCY
DerPARTMENT FRACTURE REDUCTION

Procedural sedation is defined as the method of administering
sedatives or dissociative medications, with or without analge-
sics, to induce an altered state of consciousness, which allows
the patient to tolerate unpleasant procedures while maintain-
ing cardiorespiratory function.® Fracture reduction and cast-
ing for the majority of displaced and angulated fractures can
be safely and successfully achieved in the ED with procedural
sedation for analgesia, anxiolysis, amnesia, and sedation.”
Sedation occurs along a continuum as the drug dose increases and
drug levels in the central nervous system (CNS) increase, con-
sciousness decreases, and the risk of cardiorespiratory depression
increases. Minimal sedation, or anxiolysis, is a drug-induced state
where the patient can still respond normally to verbal commands,
but may have cognitive or coordination impairment while main-
taining normal cardiorespiratory function. With moderate sedation
(previously conscious sedation) patients may respond purpose-
fully to verbal commands, either alone or with tactile stimulation,
while maintaining cardiorespiratory function. The next level of
sedation is dissociative sedation, which results in profound anal-

gesia and amnesia while the patient is able to retain protective air-
way reflexes and maintain cardiopulmonary function. With deep
sedation patients are not easily aroused, but may respond pur-
posefully with repeated or painful stimulation. This level of seda-
tion may result in impairment of spontaneous ventilation while
cardiovascular function is maintained. Finally, with general anes-
thesia the patient has loss of consciousness with impairment of
ventilatory and sometimes cardiovascular function.***’

Personnel

Providers administering procedural sedation must be trained to
rapidly identify and treat the most common cardiorespiratory
complications of sedation agents (respiratory depression, cen-
tral and obstructive apnea). They must also be able to perform
maneuvers to maintain airway patency and provide assisted
ventilation, if necessary. At least two providers are required:
one to administer medications and provide airway support and
another for monitoring and documentation.”*’

Presedation Assessment

To evaluate children for the potential risks of sedation, a
presedation assessment should be performed. This assessment
should include a directed history (including allergies and his-
tory of any prior adverse reactions to sedatives or anesthetics)
and a physical examination, with emphasis on the child’s air-
way and cardiopulmonary status.®*” The American Society of
Anesthesiologists’ (ASA) physical status classification for pre-
operative risk stratification can be used to stratify risk, with
most children undergoing ED procedural sedation being ASA
class 1 or 2 (Table 3-1).”

Preprocedure Fasting

Concern for pulmonary aspiration of gastric contents is the
primary reason for assessment of preprocedure fasting status.
Overall, the relative risk of aspiration during ED procedural
sedation is rare and is likely much lower than during general
anesthesia.”> A prospective study of 905 children undergo-
ing ED procedural sedation found that 56% were not fasted
in accordance with established guidelines, and there was
no association between preprocedural fasting and adverse
events.” For children in the ED, a prolonged fasting period

/-:IE*3 Normal Values for Heart Rate
by Age

Age Range (beats/min)

Newborn 110-150

1-11 mos 80-150

2y 85-125

4y 75-115

6y 65-110

8y 60-110

From: Rasch DK, Webster DE. Clinical Manual of Pediatric Anesthesia.
New York, NY: McGraw-Hill; 1994:16, with permission.
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would not allow for a timely fracture reduction to be per-
formed. However, this must be balanced with consideration
of a patient’s individual risk of aspiration, including recent
oral intake, for ensuring safe and effective, as well as timely,
procedural sedation.

A consensus-based clinical practice advisory for ED pre-
procedural fasting outlined the stratification of aspiration risk
by assessment of: (1) Potential airway/respiratory complica-
tions and systemic disease; (2) timing and nature of recent oral
intake; (3) urgency of the procedure; and (4) targeted depth
and length of sedation.” For a standard risk patient (normal
airway, ASA < 3) with no oral intake or only clear liquids in
the 3 hours prior to the procedure, all levels of sedation could
be performed for fracture reduction. For a standard risk patient
with a light snack 3 hours prior to the procedure, dissociative
sedation with ketamine, >20 minutes of moderate sedation or
<10 minutes deep sedation would be acceptable. If the stan-
dard risk patient had a heavier snack or meal in the 3 hours
prior to sedation, dissociative sedation or >20-minute moder-
ate sedation would be acceptable.”

Monitoring

Continuous close observation and monitoring of the child is
crucial throughout the sedation. The childs face, mouth, and
chest wall must be observed for respiratory effort. Noninva-
sive monitoring with continuous pulse oximetry, capnography,
and cardiorespiratory monitoring must be maintained dur-
ing the procedure. Capnography noninvasively measures the
concentration of carbon dioxide in exhaled breath, providing
continuous monitoring of ventilatory status, including respi-
ratory rate, and provides the earliest indication of respiratory
compromise.” In young children who can rapidly develop oxy-
gen desaturation because of their smaller functional residual
capacity and higher oxygen consumption,” early detection
of respiratory compromise is critical in preventing more seri-
ous complications related to prolonged hypoxia.” Vital signs
should be recorded before, during, and after the sedation at
predetermined intervals, depending on the level of sedation.
Supplemental oxygen (e.g., high-flow oxygen by mask)
administered during procedural sedation is recommended to
reduce the risk of sedation-associated hypoxia.”*** Suction,
reversal agents, and medications and equipment for advanced
airway management must be readily available.®” The highest risk
for complications occurs 5 to 10 minutes after IV drug admin-
istration and immediately following the completion of the pro-
cedure, when the painful stimuli have concluded.”® After the
procedure is completed, the child should be monitored until
he/she has returned to baseline with normal vital signs (Tables
3-2, 3-3, and 3-4) and age-appropriate level of consciousness,
and can talk and sit as appropriate for their age (Table 3-5).%

PHARMAcOLOGIC AGENTS USED IN PEDIATRIC
PROCEDURAL SEDATION AND ANALGESIA

Nitrous Oxide (N,O)

Nitrous oxide (N,O) is an odorless gas that provides anxiolysis
and mild analgesia while the patient remains awake and is able
to follow commands. It can be used for mild to moderately

-:IEEXW Normal Values for Blood Pressure
by Age
Blood Pressure (mm Hg)

Age Systolic Diastolic
Full-term infant 60 (45) 35

3-10 days 70-75 (50) 40

6 mos 95 (565) 45

4y 98 57

6y 110 60

8y 112 60

12y 115 65

16y 120 65

The numbers in parentheses refer to mean arterial blood pressure.

Data from: Steward DJ. Manual of Pediatric Anesthesia. New York, NY:
Churchill-Livingstone; 1990:24; Rasch DK, Webster DE. Clinical Manual of
Pediatric Anesthesia. New York, NY: McGraw-Hill; 1994:17, with permission.

_/

painful procedures as a sole agent or can be used for more pain-
ful procedures supplemented with local or regional anesthesia
(e.g., hematoma or nerve blocks). Nitrous oxide is dispensed
at concentrations between 30% and 70% in combination with
oxygen.'”* Because of its rapid diffusion into air-filled cavities,
N,O is contraindicated in a patient with pneumothorax, bowel
obstruction, head injury, or pregnancy. Other contraindications
for the use of nitrous oxide include cardiac or pulmonary dis-
ease. Emesis is the most common adverse effect, reported in up
to 10% of patients (Table 3-6).'*

There is a rapid onset of action (5 minutes to peak effect) and
offset (5 minutes) because of its low blood—gas solubility coef-
ficient allowing it to rapidly reach equilibrium in the brain.'** As
a result, fracture reduction can proceed after 5 minutes of N,O
administration. Nitrous oxide and a hematoma block provide
anxiolysis, amnesia, and analgesia for fracture reduction, while
allowing the older child to be awake and responsive.”® After the
fracture reduction, supplemental oxygen at 100% is administered
by face mask for 5 minutes to wash out the nitrous oxide and palli-
ate any diffusional hypoxia.”®'** A randomized ED comparison of
N,O with a hematoma block to ketamine plus midazolam in 102
children with fracture reduction, after initial oxycodone admin-
istration, found similar increases in distress during the reduction
in both groups. However, the N,O/hematoma block group had
a significantly shorter recovery time and reported fewer adverse

Calculation of Normal Blood
Pressure by Age

TABLE 3-4

80 + (2 x age in years) = normal systolic blood pressure for
age

70 + (2 x age in years) = lower limit of normal systolic blood
pressure for age

From: Rasch DK, Webster DE. Clinical Manual of Pediatric Anesthesia.
New York, NY: McGraw-Hill; 1994:197, with permission.
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Recommended Discharge Criteria
After Sedation

1. Cardiovascular function and airway patency are satisfactory
and within normal limits.

2. The patient is easily arousable, and protective reflexes are
intact.

3. The patient can talk (if age-appropriate).

. The patient can sit up unaided (if age-appropriate).

5. For a very young or disabled child incapable of the usually
expected responses, the presedation level of responsive-
ness or a level as close as possible to the normal level for
that child should be achieved.

6. The state of hydration is adequate.?

~

“Adequate hydration may be achieved with IV fluids. There is no specific
requirement that children be able to tolerate oral fluids before discharge from
a treatment facility. Children who are nauseated or actively vomiting should
be treated and observed until this problem resolves.

From: American Academy of Pediatrics Committee on Drugs. Guidelines for
monitoring and management of pediatric patients during and after sedation
for diagnostic and therapeutic procedures. Pediatrics. 1992;89:110-115, with
permission.

N

effects.” Randomized controlled trials of N,O compared to other
sedation regimens for ED fracture reduction are limited;* there-
fore, the specific use of N,O, with or without a hematoma block,
should be based on the skill and training of the treating providers
as well as the individual patient and fracture type.

AUTHOR’'S PREFERRED IMETHOD OF TREATMENT

When nitrous oxide is used by the authors it is most commonly
used with a hematoma block. The authors use this regimen in
patients with mild to moderately displaced fractures requiring
reduction provided the patient can cooperate with self-admin-
istration of N,O by face mask.

Benzodiazepines and Opioids

When used in combination, benzodiazepines and opioids are
another option for fracture reduction, with midazolam and fen-
tanyl being used the most commonly for moderate and deep
sedation. When used together these two drugs have a synergistic
effect with a higher risk of hypoxia and apnea compared to they

Medications for Analgesia and Procedural Sedation?®

Medication

Nitrous Oxide
(N,0)

Midazolam

Fentanyl

Ketamine

Propofol®

N

Dose

30-50% N,O with oxygen by
mask

PO: 0.25-0.5 mg/kg
(max dose: 20 mg)
IN: 0.2-0.3 mg/kg
(max dose: 0.5 mg/kg or 10 mg)
IM: 0.05-0.15
(max dose: 10 mg)
IV: 0.05-0.1 mg/kg
(max dose: 10 mg)

IV: 0.001 mg/kg, may give in
increments to a maximum of
0.003 mg/kg

IN: 0.0015 mg/kg

IM: 4 mg/kg
IV: 1-2 mg/kg

IV: 2 mg/kg (loading dose in
infants/young children, fol-
lowed by bolus of 1 mg/kg)

1 mg/kg (loading dose in older
children/teenagers followed by
bolus of 0.5 mg/kg)

Contraindications

e Pneumothorax
e Bowel obstruction
e Pregnancy

e History of adverse
reaction to benzodi-
azepines

e History of adverse
reaction to opioids

e <3 months old
e History of psychosis

e Allergies to soy or
eggs

“Lexicomp from http://online.lexi.com. Accessed on August 28, 2012.
bSahyoun C, Krauss B. Clinical implications of pharmacokinetics and pharmacodynamics of procedural sedation agents in children. Curr Opin Pediatr. 2012;24(2):225-232.

Advantages

¢ Rapid onset
Rapid offset

Reversible with
flumazenil (10 pg/
kg IV) if necessary
e Rapid onset

Disadvantages

e Emesis

No analgesia

Respiratory depression,
especially when combined
with opioids

e Rapid onset e No amnesia

e Reversible with e Risk of respiratory depres-
nalbuphine sion, especially when
(0.1 mg/kg IM combined with

or IV) if necessary

Provides sedation,
amnesia, analgesia
e Rapid onset

Rapid onset
Rapid offset

benzodiazepines

e |aryngospasm

Recovery agitation—may

be managed with

midazolam

e Emesis—may be managed
with ondansetron

e May have prolonged
recovery

Respiratory depression
and apnea common

e Pain on injection—pretreat
vein with I-2% lidocaine in
IV with tourniquet in place
Hypotension
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are when used alone. Therefore, careful IV titration with close
monitoring for respiratory depression must be exercised when
using these agents.”""'%*

Midazolam

Midazolam is a short-acting benzodiazepine with anxiolytic,
amnestic, sedative, hypnotic, muscle relaxant, and anticon-
vulsant properties; however, it does not provide analgesia.**'%*
With IV administration, peak effect occurs within 2 to 3 min-
utes and lasts 45 to 60 minutes. In addition, midazolam can be
administered intranasally or buccally in an aerosolized form,
without need for IV access.””'** Midazolam can also be admin-
istered orally, but may result in unreliable clinical effects due to
first-pass hepatic metabolism.'"*

Adverse effects of midazolam include mild cardiovascular
depression, nausea, vomiting, and paradoxical reactions — which
may be manifest by inconsolable crying, combativeness, dis-
orientation, agitation, and restlessness.”>® Flumazenil is the
benzodiazepine antagonist used to reverse severe respiratory
depression and oversedation.”” The duration of action of flu-
mazenil is shorter (20 to 30 minutes) than that of midazolam,
so multiple doses may be required to maintain reversal of ben-
zodiazepine effects.'®*

Fentanyl

IV fentanyl is a rapidly-acting, extremely potent opioid
with peak effect at 2 to 3 minutes and a duration of 20 to
60 minutes. It is preferred to morphine for procedural sedation
because of its faster onset, shorter recovery time, and lack of
histamine release. In infants and young children, more frequent
dosing may be required as they have a higher clearance of the
drug.'™ As it provides no sedation or anxiolysis at low doses
(1 to 2 meg/kg), fentanyl should be used in combination with
a benzodiazepine (e.g., midazolam) for sedation of painful pro-
cedures.” Adverse effects of fentanyl include nasal pruritus and
respiratory depression. Naloxone is an opioid antagonist that
reverses opioid effects within 1 to 2 minutes of administration
and lasts 20 to 40 minutes.'"*

Ketamine

Ketamine is a rapidly acting dissociative agent, which provides
sedation, analgesia, and amnesia, while preserving cardiovascu-
lar stability and airway reflexes. This drug is classified as a dis-
sociative as it chemically disconnects the thalamocortical and
limbic systems resulting in a dissociation of the CNS to external
stimuli, causing a trancelike cataleptic state.*®® It has a rapid
onset of action (IV: 30 to 60 seconds; intramuscular [IM]: 3 to
5 minutes), with sedative effects lasting 10 to 15 minutes with
a single dose and 20 to 30 minutes with multiple doses. Given
its rapid onset, ketamine should not be administered until the
orthopedist is ready to begin the procedure. The initial dose of
IV ketamine should be administered over 30 seconds, as rapid
administration can result in transient central apnea.*® Recovery
time is generally 50 to 110 minutes for IV administration and
60 to 140 minutes for IM.**#1%%1%% Although it may be given
IM, the IV route is generally preferred, as recovery is faster and
emesis less common. It is associated with nystagmus, diplopia,

pupillary dilatation, increased muscle tone, and transient hyper-
tension.'** Ketamine is contraindicated in children <3 months
old because of the increased risk for airway adverse events,
and in patients with a history of psychosis. Relative contra-
indications include: History of airway problems (e.g., tracheal
surgery), active pulmonary infection or asthma, cardiovascular
disease, any concern for increased intracranial pressure, or a
thyroid disorder.*

Ketamine does not exhibit a typical dose-response relation-
ship like other sedative and analgesic agents. At lower doses
(0.25 to 0.5 mg/kg IV) it causes analgesia and disorientation,
but does not result in a dissociative effect. These subdissocia-
tive doses can be used for analgesia prior to a procedure or
in combination with propofol for painful procedures.'™ To
reach a dissociative state, a dosing threshold for ketamine of
approximately 1 to 2 mg/kg IV or 4 to 5 mg/kg IM needs to
be administered. Additional or higher doses do not deepen the
dissociative state and do not affect airway integrity; therefore,
additional doses are only needed to maintain the dissociative
state over time.**%

Adverse events associated with ketamine are primarily
respiratory compromise, emesis, or recovery reactions. A meta-
analysis of airway and respiratory events associated with ketamine
analyzed 8,282 pediatric ketamine sedations and found that the
overall prevalence of airway or respiratory adverse events was
3.9%, including 0.3% with laryngospasm and 0.8% with apnea.”
A secondary case-control analysis from this larger meta-analysis
did not demonstrate any clinical, dosing, or age-related factors
associated with an increased risk of laryngospasm.* Although
laryngospasm may be a rare event, the clinician administer-
ing ketamine must be prepared to rapidly identify and manage
respiratory complications including performing bag-valve-mask
ventilation or tracheal intubation.” Another meta-analysis of the
same cohort of 8,282 children found the overall prevalence of
emesis was 8.4%, any recovery agitation (e.g., agitation, cry-
ing hallucinations, and nightmares) 7.6%, and recovery agita-
tion described as severe and/or requiring treatment 1.4%. Early
adolescence and IM administration was associated with more
ketamine-associated emesis. There was no age relationship or
change in risk with coadministered medications and recovery
agitation.”" A clinical practice guideline for ED ketamine seda-
tion supports its use in healthy adults without cardiac disease
and recommends treatment of recovery reactions with benzodi-
azepines.” In a study of post-ED discharge outcomes after pro-
cedural sedation, 18% of children had emesis, but there was a
low prevalence of adverse behavioral events.*

The coadministration of prophylactic anticholinergics to
decrease hypersalivation and the risk of airway complications
is no longer recommended. Similarly, the prophylactic use of
benzodiazepines to prevent recovery reactions is also no lon-
ger recommended, although they should be available to treat
any unpleasant recovery reactions that may occur. In contrast,
ondansetron may either be given prophylactically for vomiting
(number needed to treat 13),”* or may be given as needed after
nausea/emesis has occurred.”'” When considering narcotic
pretreatment for pain, one retrospective study of 858 children
given ketamine for procedural sedation examined the use of
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morphine pretreatment and found no increase in the number of
adverse events compared to those children without morphine
pretreatment.''® Pretreatment with morphine before ketamine
sedation, however, is associated with a longer recovery time
compared to having no narcotic pretreatment.”

At dissociative doses ketamine is a very effective agent for
ED fracture reduction because of its dissociative effects while
preserving airway and cardiopulmonary status.”” One study
of 260 children randomized them to either a combination of
fentanyl and midazolam or ketamine and midazolam for ED
fracture reduction. The children receiving ketamine and mid-
azolam had lower distress scores and parental ratings of pain
and anxiety than children in the fentanyl group, and had fewer
respiratory complications. Vomiting was more frequent in
those receiving ketamine, and they also had a longer recovery.**
Another study of 114 children given ketamine either IV or IM
for fracture reduction reported that children had minimal or
no pain during the reduction, as measured by the orthopedic
surgeons using the Children’s Hospital of Eastern Ontario Pain
Scale (CHEOPS) with high parent satisfaction.*® When adverse
effects between ketamine and fentanyl/midazolam are com-
pared, ketamine is associated with fewer respiratory adverse
events, but more vomiting.”"*

Propofol/Ketofol

Propofol is an extremely rapidly acting (15 to 30 seconds)
sedative with a narrow therapeutic range, and as a result has a
higher risk of airway obstruction and central apnea.®'** It also
has a very short recovery time (5 to 15 minutes) and inherent
antiemetic properties.”” With no analgesic properties, it must
be combined with either ketamine (ketofol) or a narcotic for
painful procedures. Several studies have reported the safety
and efficacy of propofol for painful ED procedures including
fracture reduction.'*"!°” More recently studies have examined
the use of ketamine/propofol (ketofol) for fracture reduction
and reported effective sedation and analgesia. The most com-
monly reported adverse effects were respiratory complications,
inadequate sedation, or recovery agitation.'™'*! Given the risks
of apnea and respiratory depression associated with both of
these drugs, providers must be skilled in the administration of
the drugs and management of potential adverse reactions when
ketamine and/or propofol are used for fracture reduction.

AUTHOR’'S PREFERRED MIETHOD OF TREATMENT

For angulated and displaced fractures requiring manipulation
for reduction and casting, the authors prefer the use of IV ket-
amine, without premedication, as it provides the most effec-
tive sedation and analgesia with the least risk of respiratory
adverse events.®” Ketamine sedation must be administered by
a clinician who is knowledgeable about the effects and risk of
this medication. The provider must also be skilled in the rapid
recognition of respiratory complications as well as the capabil-
ity of advanced airway management including bag-valve-mask
ventilation and tracheal intubation, which may be indicated for

laryngospasm. Although fentanyl and midazolam may be used
for fracture reduction, when compared to the use of ketamine
and midazolam for fracture reduction, fentanyl plus midazolam
is more likely to be associated with respiratory complications
and less effective sedation.”*® The use of propofol for proce-
dural sedation is expanding in our ED, but at this time is not
routinely being used for fracture reduction.

PeERIOPERATIVE PAIN MANAGEMENT

Regional Anesthesia in Children for a
Musculoskeletal Injury

The purpose of regional anesthesia is to provide site-specific
analgesia, and it can be divided into three categories: Neurax-
ial, peripheral, and field blocks. Regional anesthetics are often
preferred when possible over general anesthetics because of
their decreased systemic side effects. Neuraxial blockade is
injection of anesthetic agents into the epidural or intrathecal
space. As this procedure is typically performed by an anes-
thesiologist, this chapter will focus on the latter two forms of
blockade. As always, any of the described techniques should
be performed within the strict comfort level of the treating
physician and are not recommended for use without a clear
understanding of the relevant anatomy. We will focus on spe-
cific techniques to perform procedural regional anesthesia
with a “how to” organization. A basic review of local anes-
thetics will also be included.

Regional and Local Anesthetic Agents

Several effective techniques for local and regional anesthesia
have been described in the pediatric population including
hematoma, IV regional, and regional nerve blocks. As always,
use of these medications requires a thorough understanding of
the pharmacokinetics and appropriate dosing of these drugs
as well as proficiency in the techniques of administering them
safely. Local and regional anesthetic drugs work by blocking
the conduction of nerve impulses. At the cellular level they
depress sodium ion flux across the nerve cell membrane. This
results in the inhibition of the initiation and propagation of
action potentials.'®'** After injection, local anesthetics diffuse
toward their intended site of action and also toward nearby
vasculature where uptake is determined by the number of cap-
illaries, the local blood flow, and the affinity of the drug for the
tissues. Vasoconstrictors such as epinephrine are mixed with
local anesthetics to decrease the vascular uptake and prolong
the anesthetic effect.

Duration of action for the various local anesthetic medica-
tions is also determined in part by the type of regional block
performed. For example, single-dose brachial plexus blocks
tend to have a far longer duration than single-dose epidural or
subarachnoid blocks.® Adverse effects in the tissue surround-
ing injection sites have been described and include erythema,
swelling, and rarely, ischemia when injected into tissues sup-
plied by terminal arteries. Adverse systemic effects are caused
by high blood levels of local anesthetics and include tinnitus,
drowsiness, visual disturbances, muscle twitching, seizures,
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respiratory depression, and cardiac arrest. Bupivacaine can be
particularly dangerous because it binds with high affinity to
myocardial contractile proteins and can cause cardiac arrest.

Equipment

Before placing any anesthetic block it is important to con-
sider ahead of time the equipment and medication that will be
required for the procedure. Simple blocks may only require a
weight-based dose of the preferred anesthetic agent, needle(s),
syringe(s), and a sterile cleaning solution. For blocks that are
placed in deeper planes such as the axillary and femoral nerve
blocks and IV (Bier) blocks, additional equipment consider-
ations include appropriate electrocardiographic monitoring, air-
way management equipment, and a double-cuffed tourniquet
(Bier block). In addition, medications that should be readily
available include IV diazepam to manage seizures and IV lipid to
prevent potential cardiovascular collapse induced by accidental
intravascular injection of the anesthetic (especially with bupi-
vacaine). Again, a thorough understanding of the appropriate
dosing and resuscitation procedures in the event of local anes-
thetic toxicity is necessary before performing these procedures.
The use of nerve stimulators with insulated needles has gained
in popularity. Their use as well as the use of ultrasound have
dramatically improved efficacy of many regional blocks.

Local Anesthesia Toxicity

At least three types of adverse reactions can occur from local
anesthetic agents. Clinically, the most important is systemic
toxicity of the CNS and cardiovascular system from a relative
overdose into the circulation (Table 3-7). This type of reaction
is not a medication allergy, but is a function of having too much
medication into the bloodstream. In the presence of a major
artery, even a low dose of a local anesthetic can lead to seizure
activity. In most cases, however, the severity of systemic toxic-
ity is directly related to the concentration of local anesthetic
in the bloodstream.”® Seizures and cardiac arrest may be the

Manifestations of Local

Anesthetic Toxicity?

1. Numbness of the lips and tongue, metallic taste in the
mouth

2. Light-headedness

. Visual and auditory disturbances (double vision and tinnitus)

. Shivering, muscle twitching, tremors (initial tremors may
involve the muscles of the face and distal parts of the
extremities)

. Unconsciousness

. Convulsions

. Coma

. Respiratory arrest

. Cardiovascular depression and collapse

N
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“With gradual increases in plasma concentration, these signs and symptoms

may occur in order as listed. With the sudden development of high plasma

concentrations of a local anesthetic agent, the first manifestation of toxicity may

be a convulsion, respiratory arrest, or cardiovascular collapse. In young children,

or in children who are heavily sedated, subjective evidence of impending local
\anesthetic toxicity (manifestations 1, 2, 3) may be difficult to elicit. Y,

Prevention and Treatment of
Acute Local Anesthetic Systemic
Toxicity

Preventive Measures

1. Ensure availability of oxygen administration equipment,
airway equipment, suction equipment, and medications for
treatment of seizures (diazepam or midazolam, thiopental,
succinylcholine).

2. Ensure constant verbal contact with patient (for symptoms
of toxicity) and monitor cardiovascular signs and oxygen
saturation.

3. Personally prepare the dose of local anesthetic and ensure
it is within the accepted dosage range.

4. Give the anesthetic slowly, and fractionate the dose.

Treatment

1. Establish a clear airway; suction if required.

2. Give oxygen by face mask. Begin artificial ventilation if
necessary.

3. Give diazepam 0.1-0.3 mg/kg IV in incremental doses
until convulsions cease. Lorazepam (0.05-0.1 mg/kg) may
be used instead, also in increments until convulsions
cease.

4. Succinylcholine (1 mg/kg IV) may be used if there is inad-
equate control of ventilation with the other medications.
Artificial ventilation and possibly endotracheal intubation
are required after using succinylcholine.

5. Use advanced cardiac life-support measures as neces-
sary to support the cardiovascular system (more likely
with local anesthetics of increased potency, such as
bupivacaine).

o _J

initial manifestations of systemic toxicity in patients who rap-
idly attain a high serum level of medication.”**** Agents with
greater intrinsic potency, such as bupivacaine and etidocaine,
require lower levels for the production of symptoms.” Dys-
rhythmias and cardiovascular toxicity may be especially severe
with bupivacaine, and resuscitation of these patients may be
prolonged and difficult.**® The prevention and treatment of
acute local anesthetic systemic toxicity are outlined in Table 3-8.
Although the potential for CNS toxicity may be diminished
with barbiturates or benzodiazepines, given either as premedi-
cations or during the treatment of convulsions, these measures
do not alter the cardiotoxic threshold of local anesthetic agents.
With rapid and appropriate treatment, the fatality rate from
local anesthetic-related seizures can be greatly decreased.™ It
is essential to stay within accepted dose limits when using any
local anesthetic (Table 3-9). To aid in dose calculations, a sim-
ple formula for converting percent concentration to milligrams
per milliliter is provided in Table 3-10. Local nerve damage
and reversible skeletal muscle changes have also been reported
from the use of local anesthetics.*

Intravenous Regional Anesthesia
Bier Block

Bier block anesthesia was originally described in 1908 by
August Bier who used IV cocaine to obtain analgesia.'>'"
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- XW Maximal Recommended Doses /.:IEETR Conversion Formula from Percent
of Commonly Used Local Concentration to Milligrams/
Anesthetics in Children Milliliter

Injection Dose (mg/kg) Percentage concentration x 10 x Number of mg/mL

Agent Plain With Epinephrine? Examples: 0.25% bupivacaine has 2.5-mg bupivacaine/mL;

s 2% lidocaine has 20-mg lidocaine/mL
Lidocaine” (Xylocaine 5 7 . . . .

; i Xy ) Decreasing the percent concentration of anesthetic (as is
Bupivacaine® 25 3 done in the mini-dose Bier block technique) permits the
(Marcaine, Sensorcaine) infusion of a larger volume (mL) of drug with lower risk of
Mepivacaine (Carbocaine) 4 7 systemlc toxicity because the total amount (mg) of lido-

. . caine is lower.
Prilocaine 55 8.5 \_ Y,

“The addition of epinephrine (vasoconstrictor) reduces the rate of local anes- . . . .

thetic absorption into the bloodstream, permitting use of a higher dose. of upper extremity fractures in children in an amblﬂatory set-

®For IV regional anesthesia (Bier blocks), the maximal lidocaine dose is 3 mg/ ting_“*w'”*n’74 The block has also been described for use in
Egiérpgﬁfceg a;:",fé?;g’i?g:gikg'thom epinephrine should be used for either lower extremity fractures, but is less commonly utilized for this
‘Owing to its cardiotoxicity, bupivacaine should never be used for IV regional indication.”

anesthesia or for hematoma blocks. The technique for administering the Bier block in the upper
90f the amide local anesthetics, prilocaine is the least likely to produce CNS . . 1 1 f deflated . ff
and cardiovascular toxicity. However, a by-product of prilocaine metabolism extremity ivolves placement ol a dellated pneumatic cu
may lead to severe methemoglobinemia in young children. Prilocaine is, there- above the elbow of the 1njured extremity. Holmes® introduced

fore, contraindicated in children younger than 6 mos old. . . .

\ ) the concept of two cuffs in an effort to minimize tourniquet
discomfort with prolonged inflation, but the practice has not
proven to be necessary for the limited amount of time it takes

Although it declined in popularity as brachial plexus blocks for fracture reduction in a child.""""* The tourniquet should

were developed, it was revived in 1963, when its safe and suc- be secured with tape to prevent Velcro failure.®® TV access is

cessful use for the reduction of forearm fractures in adults was established in a vein on the dorsum of the hand of the injured
reported.”® Subsequently, a number of studies have described extremity with a 22- or 23-gauge butterfly needle. The arm is
the effective use of this technique of anesthesia for the treatment exsanguinated by elevating it for 1 to 2 minutes (Fig. 3-1A).

FIGURE 3-1 A-C: Exsanguination with Esmarch bandage (A), application of the double-cuff tourniquet
(B), and intravenous injection of local anesthetic into injured limb (C). (From: Military Advanced Regional
Anesthesia Handbook, with permission. www.arapmi.org/maraa-book-project.html)
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Although exsanguination with a circumferential elastic ban-
dage is described classically, this method can be more pain-
ful and difficult to perform in an injured extremity and is no
more efficacious than the gravity method.'”*>*® The blood
pressure cuff is then rapidly inflated to either 100 mm Hg
above systolic blood pressure or between 200 and 250 mm Hg
(Fig. 3-1B).'7*%°*% The arm is lowered after cuff inflation.
Next, lidocaine is administered, the IV catheter removed, and
reduction of the fracture performed (Fig. 3-1C). In the tradi-
tional technique, the lidocaine dose is 3 to 5 mg/kg'*** and,
in the “mini-dose” technique, 1 to 1.5 mg/kg.'">*°

The tourniquet is kept inflated until the fracture is immo-
bilized and radiographs are obtained, in case repeat manipula-
tion is necessary. In any event, the tourniquet should remain
inflated for at least 20 minutes to permit the lidocaine to dif-
fuse and become adequately fixed to the tissues, thus minimiz-
ing the risk of systemic toxicity.®""” The blood pressure cuff
may be deflated in either a single stage or graduated fashion,
although single stage release has proven to be clinically safe and
technically easier.”® During the entire procedure, basic respi-
ratory monitoring is required, and cardiac monitoring is also sug-
gested because of the potential cardiac toxicity. Routine IV access
in the uninjured extremity is highly recommended because of
the potential for cardiac effects, but is not required.'"** Patients
should be observed for at least 30 minutes following cuff defla-
tion for any adverse systemic reactions. Motor and sensory func-
tion typically returns during this period, allowing assessment of
neurovascular status of the injured extremity prior to discharge.'”

The literature within the past decade certainly speaks to the
effectiveness of the traditional Bier block, utilizing a lidocaine
dose of 3 to 5 mg/kg, in managing forearm fractures in chil-
dren. Four large series with a total of 895 patients undergoing
this technique demonstrated satisfactory anesthesia and suc-
cessful fracture reduction in over 90% of cases.'"* %! The
most common adverse effect of the procedure in these studies
was tourniquet pain in about 6% of patients.”>'"> One patient
experienced transient dizziness and circumoral paresthesias.'””
One patient developed persistent myoclonic twitching follow-
ing tourniquet deflation and was hospitalized for observation.®

Despite the efficacy and relatively low number of complica-
tions with the “traditional” Bier block (lidocaine, 3 to 5 mg/
kg), concerns and anecdotal reports of systemic lidocaine toxic-
ity (i.e., seizures, hypotension, tachycardia, arrhythmias) have
prompted the development of a “mini-dose” (lidocaine, 1 to
1.5 mg/kg) technique of Bier block anesthesia.'”** Reports
by Farrell et al.* and Bolte et al."” utilizing a lidocaine dose of
1.5 mg/kg and by Juliano et al.®® using a dose of 1 mg/kg in a
total of 218 patients have shown the mini-dose Bier block to
be effective in achieving adequate anesthesia in 94% of children
studied. Although the exact mechanism of action is uncertain,
the primary site of action of the Bier block is thought to be
the small peripheral nerve branches. At this anatomic level,
blockade is better achieved with a larger volume of anesthetic
that can be distributed more completely to the peripheral nerve
receptors. It appears to be the quantity (i.e., volume) and not
the dose of anesthetic that predicates success of the block. For
any given dose of lidocaine, diluting the concentration permits

the administration of a larger volume of fluid (Table 3-4). This
mechanism explains the success of the mini-dose technique. In
the series by Juliano et al.”® forearm fracture reduction was pain
free in 43 of 44 patients (98%) following Bier block performed
with a very dilute lidocaine solution (0.125%) and a relatively
small total dose (1 mg/kg).

Bier block anesthesia, using either the traditional or mini-
dose technique has several advantages. First, the technique is
fairly easy to administer. Also the onset of action of the block is
relatively fast (<10 minutes), but also of relatively short dura-
tion, which allows for the assessment of neurovascular function
in the extremity after fracture reduction and immobilization.
However, rapid recovery may also be considered a disadvan-
tage as the analgesic effect of the local anesthetic is lost once the
tourniquet is deflated. A recent report in adults examined the
addition of the nonsteroidal anti-inflammatory drug (NSAID)
ketorolac to the local anesthetic solution and found that
patients did obtain prolonged analgesia after the tourniquet
was released.”” An empty stomach is not required. However,
no pediatric studies have been performed on this technique.

Tourniquet discomfort is the most common adverse side
effect. Inadvertent cuff deflation with loss of analgesia or sys-
temic toxicity is a potentially significant problem. Compartment
syndrome has also been reported. Technically, placing the tour-
niquet and obtaining IV access in the injured extremity can be
a challenge in the uncooperative child, and application of the
splint or cast can be cumbersome with the tourniquet in place.
IV regional anesthesia is unsuitable for lesions above the elbow.™
This technique is contraindicated in patients with underlying
heart block, known hypersensitivity to local anesthetic agents,
and seizure disorders. Although not completely contraindicated,
caution is urged when using this technique in patients with
underlying hemoglobinopathies such as sickle cell disease.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing an Bier block are as
follows:

1. Confirm the immediate availability of a functioning
positive-pressure oxygen delivery system, as well as appro-
priate airway management equipment. Also, confirm the
immediate availability of medications for the treatment
of anesthetic-induced convulsions (Table 3-8). Personnel
familiar with administration of rescue medications and
emergency airway management should also be available.

2. Place an IV in the contralateral, uninjured, arm. A patent
IV line is of paramount importance in treating the compli-
cations of this block. Obtain a baseline set of vital signs,
including heart rate, respiratory rate, oxygen saturation,
and blood pressure. Pulse oximetry as well as cardiorespi-
ratory status should be monitored continuously.

3. Select an appropriate tourniquet. An orthopedic tourni-
quet that can be fastened securely should be used. Because
Velcro may become less adhesive with time, check the
tenacity of the tourniquet before use. As an added safety
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measure, the tourniquet may be covered with strong adhe-
sive tape or an elastic bandage after application. The
tourniquet should fully encircle the arm and overlap back on
itself by at least 6 cm. The arm may be minimally padded
with cast padding underneath the tourniquet.'” If a pneumatic
tourniquet is used, the provider must be familiar with the
location of the tourniquet pressure gauge and valves, because
these features vary in location from model to model.*® Narrow-
cuffed double tourniquets may not effectively occlude arterial
flow, and their use has been discouraged.”® Tourniquet dis-
comfort should not be a problem during short procedures, but
if this develops, a second tourniquet can be applied distally
over the anesthetized area of the arm.

. Palpate the radial pulse of the injured limb.

. Place and secure a short 22-gauge cannula or 23-gauge but-
terfly needle in a vein on the dorsum of the hand of the
fractured limb. IV catheters can be secured more readily.
If a distal vein is unavailable, a proximal vein or even an
antecubital vein can be used, but may result in a less effec-
tive block.™

. With the tourniquet deflated, exsanguinate the limb by
vertically elevating it above the level of the heart for
60 seconds.

. Rapidly inflate the tourniquet to a pressure of 225 to
250 mm Hg or 150 mm Hg above the patients systolic
blood pressure.” Check for disappearance of the radial
pulse. Cross-clamping the tubing of the cuff after infla-
tion is discouraged because it might prevent detection of
a small leak.”® Constant observation of the cuff pressure
gauge is recommended.

. Lower the extremity and slowly inject the local anesthetic.
This injection should be done over a period of 60 seconds.
A concentration of 0.125% to 0.5% plain lidocaine (1.25
to 5 mg/ml) is used. Bupivacaine is contraindicated for
this block because of its cardiotoxicity. To prevent throm-
bophlebitis, the local anesthetic solution must be free of
any additives or preservatives.’' In different studies, the
recommended dose of lidocaine has varied from 1.5 to
3 mg/kg ' 2#EEI A dose of 1.5 mg/kg appears to be safe
and effective and may be associated with a decreased rate
of complications.'” One study has recommended a maxi-
mal lidocaine dose of 100 mg for this block.* The skin of
the extremity becomes mottled as the drug is injected. The
patient, unless he or she is very sedated, and the parents,
if they are watching, should be warned that the extremity
will look and feel strange. Analgesia and muscle relaxation
develop within 5 minutes of injection.”® For fractures at
the wrist, placement of a regular Penrose drain tourniquet
around the distal forearm may improve distribution of the
local anesthetic solution at the fracture site.

. To improve analgesia for fracture reduction, the last 2 mL
of local anesthetic solution may be injected directly into
the fracture hematoma. The technique of local infiltration
anesthesia, or hematoma block, is discussed later in this
chapter.

10. Reduce the fracture and apply the cast or splint.

11. Leave the culf inflated for at least 15 minutes, even if the
surgical procedure takes less time to prevent significant
entry of local anesthetic into the general circulation.”®

12. Monitor the patient closely for at least 15 minutes for any
complications related to the block. The treatment of local
anesthetic-induced systemic toxicity has been discussed
(Table 3-8).

13. Depending on whatever sedation has been administered,
the patient should be monitored until discharge criteria
are met (Table 3-5). An assistant must be present to watch
the patient, the tourniquet, and the monitors at all times.

ReGloNAL NERVE BLOCKADE OF
THE UPPER EXTREMITY

Regional nerve blockade can be administered at several levels of
the upper extremity from the axilla to individual digits. In the
following section, various nerve blocks will be described based
upon anatomic level.

Axillary Block

The axillary block is the most common method to anesthetize
the majority of the brachial plexus. This can be used for pro-
cedures at, or below the elbow. The only sensory nerve not
reliably anesthetized with an axillary nerve block is the mus-
culocutaneous nerve, from which the anterolateral cutaneous
nerve of the forearm arises. Therefore, achieving a complete
block of the forearm may require an additional, separate injec-
tion to anesthetize this nerve (see musculocutaneous nerve block
below). A single infraclavicular injection could be utilized to
obtain the same result, but usually requires ultrasound guid-
ance. As there are easily palpable landmarks for an axillary
block, this block can be performed without ultrasound.
Potential complications of an axillary nerve block include
systemic lidocaine toxicity, hematoma formation, and persistent
neurologic symptoms. During injection for an axillary nerve
block, the provider should not continue to inject if they feel any
resistance, as this may be a sign that the needle is within the
nerve substance. Horner syndrome has also been reported. In
actuality, complications of axillary block anesthesia are rare.'*
None were encountered in the series reported by Cramer et
al’ of 111 children with displaced forearm fractures treated
in an ED setting. Contraindications to axillary block anesthesia
are the presence of a coagulopathy of any type, a pre-existing
neurologic or vascular abnormality of the extremity, axillary
lymphadenitis, or an uncooperative or combative patient.

AUTHOR’S PREFERRED TREATMENT

The basic steps involved in performing an axillary block are as
follows:
1. The axillary artery is the primary landmark for this block.
The child is positioned supine with the injured arm
abducted and externally rotated 90 degrees. Procedural
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FIGURE 3-2 Technigue of needle insertion for axillary block. The axillary artery is palpated and the
needle is inserted at the lateral edge of the pectoralis major and parallel to the coracobrachialis. This
is illustrated here by the clinical photograph (A) and drawing (B) of the left axilla. The patient’s arm
is abducted and externally rotated. The needle is seen inserted just lateral to the index finger of the
person performing the block. (Adapted from: McCarty EC, Mencio GA. Anesthesia and analgesia for
the ambulatory management of children’s fractures. In: Green NE, Swiontkowski MF, eds. Skeletal
Trauma in Children. 3rd ed. Philadelphia, PA: Saunders; 2003.)

sedation may be required for block placement in
children.

. The axilla is prepped with a bactericidal solution and

draped with sterile towels.

. The axillary artery is palpated in the axillary fossa and

trapped between the index and long fingers against the
humerus. If difficult to find, asking the patient to gently
adduct the arm against resistance highlights the groove
between the coracobrachialis and the pectoralis muscle
where the artery can be located (Fig. 3-2).

. A 1% lidocaine solution at a dose of 3 to 5 mg/kg is

used for injection. The target for delivery of the anes-
thetic agent is the axillary sheath, which contains the
axillary artery and vein surrounded by the radial nerve
(posterior), median nerve (anterolateral), and ulnar nerve
(medial). The musculocutaneous nerve courses outside
of this sheath through the coracobrachialis muscle on its
way to run between the biceps and the brachialis, and
therefore, may escape blockade. Proper placement of the
needle can be confirmed by several methods. If available,
ultrasound and/or nerve stimulator can be very helpful in
placement. 1f a nerve stimulator is available, it is attached
to a 22-to 25-gauge insulated needle, set to 1 mA cur-
rent, and the needle is inserted in line with the artery at
a 45-degree angle until one of the three things happen:
Blood returns, paresthesias are noted by patient, or distal
muscle twitches are elicited. If local muscles are stimulated
you need to back out and redirect as you have penetrated
nearby muscles and will miss the desired nerves. Follow-
ing this, the stimulator is switched off, and a weight-based

10.

11.

12.

dose of anesthetic is injected, stopping every 5 mL to aspi-
rate to check for intravascular needle migration.

. Alternatively, the transarterial method of axillary block

has also been shown to be efficacious in a pediatric
population.’ It has the benefit of not requiring a nerve
stimulator or ultrasound to localize the nerves.

. Similar to the above description, the axillary artery is pal-

pated in the axillary fossa between the index and long
fingers in line with the upper arm.

. A 25-gauge butterfly needle attached to tubing and a

syringe with the desired amount of injectable anesthetic
preloaded is inserted perpendicularly to the skin and
artery.

. The needle is advanced while being continuously aspi-

rated until a flash of arterial blood is seen, and then it
is advanced through the artery. In an effort to maximize
the spread of anesthetic into all areas around the artery,
approximately two-thirds of the lidocaine is injected into
the sheath deep to the artery, checking by aspiration after
every 5 cc to ensure extravascular positioning.

. The needle is then withdrawn to the superficial side

of the artery and the remaining lidocaine is injected.
Pressure is held over the puncture site for 5 minutes to
reduce the chance of hematoma formation.

Onset time, duration, and completeness of anesthesia will
depend on type of anesthetic and how close the injection was
to the radial, median, ulnar, and musculocutaneous nerves.
If there is incomplete anesthesia of the volar lateral fore-
arm a supplemental injection can be performed at the
elbow as described below.
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In most children, the axillary sheath is superficial because
of the dearth of subcutaneous fat, which makes this a techni-
cally easier procedure in a child than in an adult. Of course, this
advantage can be offset if the child is obese or uncooperative.
For this reason IV midazolam may assist in administration of this
block in a child by providing better tolerance of the procedure.

Nerve Blocks About the Elbow

Blockade at either the elbow or wrist anesthetizes the peripheral
branches of the brachial plexus supplying the hand. Although
a more proximal blockade (e.g., the axillary block) can serve
the same purpose, the more peripheral alternatives are available
if infection impedes access to the brachial plexus, the patient
suffers from coagulation abnormalities, bilateral surgery is indi-
cated, the patient has a difficult anatomy, or if blockade of the
brachial plexus requires further supplementation.

Ultrasound imaging has diminished emphasis on other
means of approximating the location of nerves (e.g., surface
anatomy, nerve stimulation, and elicitation of paresthesias).
The description to follow, however, is intended to guide the
user in performing elbow and wrist blocks in the event that
ultrasound imaging is unavailable.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing blockade of the median,
radial, musculocutaneous, and ulnar nerves at the elbow are as
follows and a drawing of the basic nerve location about the
elbow are shown in Figure 3-3.

Median Nerve

1. A line is drawn connecting the two humeral epicondyles.
Medial to the point of intersection of this line and the biceps
tendon is the brachial artery. Medial still is the median nerve
(Fig. 3-4).

2. A 22- to 25-gauge needle and preloaded syringe with
weight-based allowance of anesthetic are inserted in the
region of the median nerve.

3. After eliciting nerve stimulation or paresthesias, aspirate
first, flush any blood encountered back out, and redirect
2 to 3 mm more medially.

4. Injection of 3 to 5 mL of anesthetic is usually sufficient to
obtain complete blockade.

Radial Nerve

1. A line is drawn connecting the two humeral epicondyles
(Fig. 3-4).

2. The radial nerve courses over the lateral epicondyle and
it can be anesthetized by inserting a needle approximately
2 cm lateral to the intersection between the intercondylar
line and biceps tendon.

3. Advance a 22- to 25-gauge needle and preloaded syringe
with a weight-based allowance of anesthetic until bone is
encountered.

4. A fan-shaped injection of 3 to 5 mL of local anesthetic solu-
tion effectively blocks the radial nerve.

Biceps muscle

Median nerve

Brachial artery

Radial nerve Biceps tendon

el

FIGURE 3-3 lllustration of frontal view of right antecubital fossa and
cross-sectional view showing the relative location of median, radial,
and ulnar nerves. (From: Military Advanced Regional Anesthesia Hand-
book, with permission. www.arapmi.org/maraa-book-project.html)

Musculocutaneous Nerve

1. Aline is drawn connecting the two humeral epicondyles.

2. To anesthetize the musculocutaneous nerve (perhaps as
a supplement to the axillary block), the needle should be
positioned 1 c¢m lateral and 1 cm proximal to the intersec-
tion between the intercondylar line and biceps tendon.

3. Advance a 22- to 25-gauge needle and preloaded syringe
with a weight-based allowance of anesthetic into the subcu-
taneous tissue.

4. A fan-shaped injection of 3 to 5 mL of local anesthetic solu-
tion effectively blocks the musculocutaneous nerve.

Brachial >
- artery pulse
P ] i yp

FIGURE 3-4 Left antecubital fossa. “X" marks signify injection sites
for radial nerve (top of picture) and median (bottom of picture)
nerve. The dotted lines signify the location of the biceps tendon.
Solid line signifies brachial artery location. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)
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Medial
epicondyle

FIGURE 3-5 Picture of flexed left elbow. The dotted line signifies
the location of the ulnar nerve and large blue dot the medial epicon-
dyle. Note the needle is inserted 1 to 2 cm proximal to the epicon-
dyle. (From: Military Advanced Regional Anesthesia Handbook, with
permission. www.arapmi.org/maraa-book-project.html)

Ulnar Nerve

1. The ulnar nerve traverses the medial epicondyle on the pos-
terior aspect of the elbow. Injection at this location, perhaps
as a consequence of insulation by fibrous tissue, carries a
higher risk of nerve injury (Fig. 3-5).

2. An alternative injection site is at a point 1 to 2 ¢cm proxi-
mal to a line connecting the medial epicondyle and the
olecranon.

3. Advance a 22- to 25-gauge needle and preloaded syringe
with a weight-based allowance of anesthetic in the super-
ficial subcutaneous tissue only. No paresthesia should be
evoked using this approach.

4. A fan-shaped injection of 3 to 5 mL of lidocaine is employed
in a fan-like manner.

Nerve Blocks About the Wrist

Radial, median, and ulnar nerve blocks as well as hematoma
blocks can also be achieved for hand- and wrist-based anes-
thetic needs. Based on the location of the planned procedure,
the clinician may opt for a nerve block at the wrist.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing blockade of the median,
radial, and ulnar nerves at the wrist are as follows:

Median Nerve

1. The forearm is supinated and a 22- to 25-gauge needle is
inserted roughly 2 cm proximal to the wrist crease, between
the flexor carpi radialis and palmaris longus tendons. In
patients lacking a palmaris longus tendon, the median nerve
is approximately 1 cm ulnar to the flexor carpi radialis ten-
don (Fig. 3-6).

FIGURE 3-6 Picture of the volar aspect of the left wrist. The hashed
lines indicate the flexor palmaris longus (upper) and flexor carpi
radialis (lower). The needle and “x" on the median nerve injection
site. (From: Military Advanced Regional Anesthesia Handbook, with
permission. www.arapmi.org/maraa-book-project.htmi)

2. The needle should be inserted vertically and advanced to
a depth of roughly 1 cm, until the flexor retinaculum is
pierced (indicated by a slight “pop”).

3. At this point, 3 to 5 mL of anesthetic may be injected. Begin
injecting while the needle is deeply inserted and continue while
withdrawing the needle to the surface. Doing the opposite may
result in deposition of solution above the retinaculum.

Radial Nerve

1. Because of the branching fibers of the radial nerve, blocking
its various projections requires a field block (Fig. 3-7).

2. A 22- to 25-gauge needle is inserted at the base of the first
metacarpal, superficial to the extensor pollicis longus ten-
don and 2 mL of local anesthetic is injected.

3. A similar amount is injected superficial to the extensor pollicis
brevis tendon, on the opposite side of the anatomic snuffbox.

4. Smaller injections of 1 mL should be administered over the
dorsum of the wrist until the dorsal midline of the wrist is
reached.

Ulnar Nerve

1. At the level of the wrist, the ulnar nerve is medial to the
ulnar artery and both are radial to the flexor carpi ulnaris
(FCU) tendon (Fig. 3-8).

2. A 22- to 25-gauge needle is advanced perpendicular to the
long axis of the forearm roughly 6 cm proximal to the wrist
crease (this will ensure anesthetization of the nerve before
the palmar cutaneous and dorsal radiations branch off) to
a depth of approximately 1.5 cm, your goal is to insert the
needle tip just deep to the FCU sheath.

3. This approach may elicit paresthesias or a motor/sensory
response to nerve stimulation.

4. Aspirate to confirm extravascular placement.

5. When one of these end points is encountered, 4 to 8 mL of
local anesthetic solution can be deposited.



CHAPTER 3 Pain Management and Procedural Sedation for the Injured Child 45

il

Radial
artery

FIGURE 3-7 Picture of the radial aspect of the left wrist. Solid
line indicates the location of the radial artery. The vertical dashed
line indicates the area to inject for the field block that will block
the sensory branches of the radial nerve. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

Local Infiltration Anesthesia;
Hematoma Block

The hematoma block has been a popular method of anesthesia
for the reduction of fractures, particularly in the distal radius,
but also for the ankle."®**?>* In this technique, a local anes-
thetic agent is injected directly into the hematoma surrounding
the fracture, the location of which is confirmed by aspirating
blood into the syringe. This block is quick and relatively simple
to administer. The anesthetic inhibits the generation and con-
duction of painful impulses primarily in small nonmyelinated
nerve fibers in the periosteum and local tissues.” Although the

Ulnar

artery
pulse

FIGURE 3-8 Picture of the volar aspect of the left wrist. Circle drawn
on the skin signifies the ulnar styloid and nearby solid line the ulnar
artery. The needle is over the injection site for an ulnar nerve block at
the wrist. (From: Military Advanced Regional Anesthesia Handbook,
with permission. www.arapmi.org/maraa-book-project.html)

medication is rapidly absorbed into the circulation, the result-
ing systemic blood levels of local anesthetic have been shown to
be well below those required for CNS toxicity.* Although direct
injection of the hematoma theoretically converts a closed frac-
ture into an open one, there have been no reports of infection
with this technique.” Reported complications with hematoma
blocks in the upper extremity include compartment syndrome,
temporary paralysis of the anterior interosseous nerve, and
acute carpal tunnel syndrome.*®'** Because of its greater cardio-
vascular risk profile with intravascular injection, bupivacaine is
not recommended for this type of block.

AUTHOR’S PREFERRED TREATMENT

The basic steps involved in performing a hematoma block are

as follows:

1. The skin overlying the fracture site is prepped in a sterile
manner.

2. Amore concentrated solution of plain lidocaine (1 to 3 mg/kg)
is recommended to increase efficacy and prevent the need to
inject more than 10 mL of solution. This avoids soft tissue
and compartment pressures.

3. A 20- or 22-gauge needle with attached syringe preloaded
with plain lidocaine is inserted aspirating as it is advanced
until fracture hematoma is encountered.

4. Once identified, plain lidocaine is injected to a maximum
volume of 10 mL as previously mentioned (Fig. 3-9).

Digital Nerve Blocks

Although brachial plexus anesthesia may be efficacious for any
fracture of the upper extremity below the elbow, more distal
upper extremity blocks at the wrist or of the digital nerves in
the hand may be useful for treatment of fractures or minor
surgical procedures of the hand. Anesthesia to the digits can
be achieved by block of the common digital nerves near the
point of bifurcation at the level of the metacarpal heads or by
block of the radial and ulnar digital nerves at the base of each
finger. This technique is most useful for treatment of phalan-
geal fracture(s) of a single digit and soft tissue injuries to the
fingertip and nail bed.

The anatomy of the hand consists of four nerves supplying
each finger. Two of these run on the volar aspect of each finger
and supply the volar surface of that digit; and two are dorsal in
location and sensory distribution. The notable exception to this
generalization is that the two volar nerves of the middle three
fingers also provide sensation to the nail beds of these fingers.
Nail beds of the thumb and fifth digit, however, are supplied
by the two nerves running on the dorsal surface. This difference
in sensory distribution is important when procedures involve
the fingertip. In case of the middle three fingers, medicating
the two volar nerves will suffice; whereas, in case of the thumb
and fifth digit, anesthetizing all four nerves is necessary. The
two blocks discussed here are the ring block and the transthe-
cal block. The ring block is performed from a dorsal approach
through a single needle stick on both sides of the digit raising
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FIGURE 3-9 Picture of a fractured wrist with dorsally displaced distal
radius (hand at top of picture). The needle is placed into the fracture
site and aspiration performed to confirm injection into the fracture.

a wheal of subcutaneous anesthetic on radial and ulnar aspects
of the base of the digit. The transthecal block is performed via
single needle stick on the volar aspect of the hand at the level
of the metacarpal head.”* The goal is to inject local anesthetic
into the flexor tendon sheath to obtain anesthesia of the entire
digit. Anesthetic solutions should not contain epinephrine to
avoid causing digital ischemia.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing a digital block are as
follows:

Ring Block

1. The ring block begins with the hand in pronation and the
skin is prepped in a sterile manner.

2. A 25-gauge needle is positioned from a dorsal approach into
the proximal region of the web space, as close as possible to
the phalanx in question.

3. Going off to one side of the finger, the nearby dorsal nerve
can be anesthetized by raising a small skin wheal using 1 mL
of local anesthetic.

4. The needle is then advanced toward the palm until the skin
on the palmar surface begins to tent, then the needle is
retracted slightly.

5. The palmar branch nearby can be blocked using 1 to 2 mL
of solution.

6. The same protocol is repeated to block the corresponding
two nerves on the opposite side of the finger.

Transthecal Block

1. The hand is placed in supination and the skin is prepped in
a sterile manner.

2. A 25-gauge needle is inserted perpendicular to the skin,
directly over the metacarpal head and advanced until bone
is encountered.

3. After making contact with bone, the needle is withdrawn
slightly, your nondominant index finger is used to apply
pressure proximal to the area of injection (to prevent flow
into the proximal tendon sheath) and injection begun until
the anesthetic flows easily into the flexor tendon sheath.

ReGIONAL NERVE BLOCKADE OF
THE LOWER EXTREMITY

Regional nerve blockade can be administered at several levels
of the lower extremity from the inguinal ligament to individual
digits. In the following section, various nerve blocks will be
described based upon anatomic level.

Neural supply to the lower extremities is derived from the
lumbar plexus, comprising the anterior rami of the L1-L4 spi-
nal nerves, and the sacral plexus, comprising the anterior rami
of the S1-54 spinal nerves. The L2-14 branches of the lumbar
plexus supply the thigh and can be divided into the anterior
and posterior branches. The anterior portions of L2-L4 include
the obturator nerve, which innervates the medial aspects of the
thigh. The posterior branches give rise to the femoral nerve
(L2-L4) and the lateral femoral cutaneous nerves (L2-L3),
which supply the anterior and lateral parts of the thigh, respec-
tively. Once the femoral nerve passes under the inguinal liga-
ment, it enters the thigh and immediately divides into several
branches. Those descending anteriorly provide sensation to the
anterior thigh from the inguinal ligament to the knee, whereas
branches lying more posterior provide motor function to the
extensors of the leg. The saphenous nerve descends into the leg
along the medial aspect of the knee with the femoral artery and
vein, branching off above the knee to run between the sarto-
rius and gracilis muscles at the medial knee. At this point, the
saphenous nerve becomes subcutaneous and forms branches
that innervate the medial aspect of the leg and foot.

Both the lumbar and the sacral plexuses contribute to the
formation of the sciatic nerve (L4-S3). The ventral branches
of L4-S3 comprise that aspect of the sciatic nerve that will
become the tibial nerve and dorsal branches form that part
that will become the common peroneal nerve. Immediately
alter originating from the rami mentioned above, the sciatic
nerve traverses the greater sciatic foramen (along with the pos-
terior cutaneous nerves, S1-S3), and continues under the piri-
formis muscle, between the greater trochanter and the ischial
tuberosity. At the lower edge of the gluteus maximus muscle,
the nerve is at its most superficial point before descending to
the popliteal fossa, where it divides into the tibial and com-
mon peroneal nerves. The tibial nerve is medial and anterior,
whereas the common peroneal lies more posterior and lateral.
Along its course, the sciatic nerve innervates the posterior
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thigh, as well as all areas below the knee (with the exception
of the medial aspect of the foot, which is the domain of the
saphenous nerve).

Femoral Nerve Block

Femoral nerve blockade can be used in the treatment of femoral
fractures.'**>*%11% Although the majority of children with fem-
oral fractures are not managed on an outpatient basis, femoral
nerve blockade can provide excellent anesthesia and analgesia
for the initial management of this injury including manipulation
of the fracture, application of an immediate spica cast, or place-
ment of a traction pin. It is a good option for children unable to
undergo general anesthesia or procedural sedation. This tech-
nique is most effective for fractures of the middle third of the
femur. In one randomized control study, regional blockade of
the femoral nerve was shown to provide clinically superior pain
relief compared with IV morphine sulfate throughout the ini-
tial 6 hours of management in children aged 16 months to 15
years with isolated femoral shaft fractures.""” In the reports of
this technique, there have been few inadvertent arterial punc-
tures with no long-term sequelae and no neurologic compli-
cations.”*>1% Other potential complications include systemic
toxicity from intravascular injection, infection, and injury to the
nerve. As with the axillary block, this method may be difficult
in obese children as well as the young and/or uncooperative
child. Contraindications include any pre-existing neurologic
abnormality of the injured lower extremity and the inability to
manage complications of systemic toxicity.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing a femoral nerve block

are as follows:

1. Prepare and drape the inguinal area and palpate the femoral
artery.

2. A 22- or 23-gauge needle on a syringe containing an appro-
priately dosed local anesthetic agent (typically either 1% to
1.5% lidocaine with 1:200,000 epinephrine, dosed up to
7 mg/kg'* or 0.5% bupivacaine, dosed at 1 to 1.5 mg/kg'®)
is inserted one fingerbreadth lateral to the artery and 1 to
2 cm below the inguinal ligament (Fig. 3-10).

3. The needle is advanced at a 30- to 45-degree angle to the
skin and the syringe aspirated as the needle passes through
the deep fascia into the femoral triangle. There is occasionally
a palpable “pop” when passing this fascial plane (Fig. 3-11).

4. If no blood is aspirated, the anesthetic agent is injected
around the femoral nerve.

5. Alternatively, the nerve can be blocked more proximally
within the fascia iliaca compartment by entering just above
the inguinal ligament with the advantage of accessing all
branches of the nerve before it starts to arborize. As with
axillary block, the volume of the anesthetic is the key to
achieving anesthesia with this technique. The onset of anal-
gesia occurs within 10 minutes and, with the use of long-
acting agents such as bupivacaine, may last up to 8 hours.”
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FIGURE 3-10 Picture of the anterior right hip and groin. The dot-
ted line signifies the inguinal ligament, large blue dot the injection
site for femoral nerve block, and adjacent lines the location of
the femoral artery. (From: Military Advanced Regional Anesthesia
Handbook, with permission. www.arapmi.org/maraa-book-project.
html)

Saphenous Nerve

Blockade of this terminal branch of the femoral nerve is usually
combined with a sciatic nerve block for procedures of the leg
(distal to the knee) or a popliteal block for procedures involv-
ing the foot and ankle.'®!'° It becomes superficial at the level of
the knee, runs with the greater saphenous vein, and has many
smaller branches as it descends the medial aspect of the lower
leg as it heads toward the ankle and foot (Fig. 3-12). For this
reason the block should be made as distal as possible while
still remaining proximal to the region of interest to maximize

block effect.

J .'I ‘ I.no‘.: d :I
FIGURE 3-11 Picture of the lateral right hip illustrating the correct
angle of needle placement for a femoral nerve block distal to the
inguinal ligament. (From: Military Advanced Regional Anesthesia
Handbook, with permission. www.arapmi.org/maraa-book-project.
html)
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AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing a saphenous nerve
block are as follows':

1. The patient is placed supine and the knee may be flexed
45 degrees.

2. The primary landmark is the tibial tuberosity.

3. A 22-to 23-gauge, 1.5-in needle is inserted subcutaneously
at 2 cm medial to the superior aspect of the tibial tuberosity
in a line parallel to the tibial plateau.

4. Five to 10 mL of 1% lidocaine or 0.25% bupivacaine (for
longer duration) with 1:200,000 epinephrine is used to raise
a wheal from the starting point to the medial aspect of the
knee.

Popliteal Block

The goal of the popliteal block is to localize the sciatic nerve
prior to its division into the common peroneal and tibial nerves.
This block is indicated in foot and ankle surgery, and is pre-
ferred over an ankle block in cases employing a calf tourni-
quet."#7 1O If surgery involves the medial aspect of the foot or
if a calf tourniquet is employed, blocking the saphenous nerve
is also essential (see above).

The muscular borders of the popliteal fossa are the medial
and lateral heads of the gastrocnemius muscles (inferiorly) and
the semimembranosus and semitendinosus muscles and biceps
femoris muscles (superiorly). In the proximal portion of the

Sartorius muscle

Saphenous nerve

Patella
[ 4 /

Infrapatellar branch
of saphenous nerve

FIGURE 3-12 lllustration of the
medial aspect of the knee. High-
lightedisthe course of the saphenous
nerve about the knee. (From: Mili-
tary Advanced Regional Anesthesia
Handbook, with permission. www.
arapmi.org/maraa-book-project.
html)

fossa, the sciatic nerve is flanked on its medial aspect by the
popliteal vein, and anteriorly by the popliteal artery (Fig. 3-13).
Within the popliteal fossa the sciatic nerve branches into the
common peroneal nerve (lateral) and the tibial nerve (which
proceeds through the fossa). Utilization of a nerve stimulator
with insulated needle and/or ultrasound can be helpful in locat-
ing the best placement of anesthetic. When not available, ana-
tomic landmarks can be utilized. Potential complications include
nerve injury from direct injection and intravascular injection.

AUTHOR’S PREFERRED TREATMENT

The basic steps involved in performing a popliteal block are as

follows™'®:

1. The popliteal block is commonly performed using a poste-
rior approach.

2. Flexing the knee slightly and placing a rolled towel bolster
under the ankle makes the borders of the fossa more evident
and frees the foot to allow visible response.

3. The borders of a triangle are drawn with the knee crease
as the base, the tendons of the semitendinosus and gracilis
as the medial border, and the biceps femoris as the lateral
border (Fig. 3-14).

4. A line is drawn from the apex of the triangle and ending
perpendicular to the base.

5. Needle placement is approximately 1 cm lateral to the mid-
line, and 7 to 9 cm superior to the base.
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FIGURE 3-13 Cadaveric dissection of the popliteal fossa. The pick-
ups are underneath the tibial and peroneal branches of the sciatic
nerve after they have separated. (From: Military Advanced Regional
Anesthesia Handbook, with permission. www.arapmi.org/maraa-
book-project.html)

6. The needle is inserted at a 45-degree angle and advanced
anterosuperiorly until paresthesias or nerve stimulator
response (foot inversion) is evoked using 0.5 mA.

7. The syringe is aspirated to confirm extravascular placement,
and 30 mL of anesthetic is injected. As always, if significant
resistance is encountered do not inject as this may be a sign
the needle is within the nerve.

8. Ultrasound imaging provides direct visualization of the
sciatic nerve bifurcation, eliminating the need for surface
landmarks.

Nerve Blocks About the Ankle

There are five peripheral nerves that innervate the foot. A draw-
ing of the ankle in cross section is seen in Figure 3-15 illus-
trating their general relationships to adjacent structures. The
saphenous nerve originates from the femoral nerve and the

FIGURE 3-14 Photograph of the posterior aspect of the knee
(patient’s foot is to the left of the photo). The popliteal triangle is
illustrated with a dotted line. The medial and lateral hamstrings
make up the medial and lateral borders. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)
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FIGURE 3-15 lllustration depicting the cross-sectional anatomy of
the lower leg at the level of the malleoli. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

remainder originates from the sciatic. At or slightly below the
head of the fibula, the common peroneal nerve gives rise to its
superficial and deep branches that eventually descend to the
foot. The tibial nerve produces two of its own branches, the
posterior tibial and sural nerves, at or slightly below the tibial
midshaft. The two branches traverse the ankle on either side
of the Achilles tendon: The sural nerve lies laterally, whereas
the posterior tibial is medial. The last of the five nerves, the
saphenous nerve, is a terminal branch of the femoral nerve and
it supplies the proximal, medial aspect of the foot.'®"?

The indications for an ankle block include any procedure
involving the distal foot. A complete block typically requires
at least three injections. It is contraindicated in the presence of
infection. The regions of the foot by nerve are the following.

1. Sural: Achilles and posterior heel, plantar heel to midfoot,
and midportion of the lateral third of the foot between lat-
eral malleolus and fifth metatarsal head

2. Posterior tibial (medial and lateral plantar branches): Medial
and lateral plantar foot distal half of the sole and plantar
aspects of toes

3. Saphenous: Medial malleolus and (mixed with superficial
peroneal) medial foot and arch

4. Deep peroneal: Dorsal and plantar aspects of first web space
and short toe extensors

5. Superficial peroneal: Medial malleolus, dorsum of foot and
toes, and (mixed with saphenous) medial arch and foot
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AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing an ankle block are as
follows:

Posterior Tibial Nerve

1. With the patient prone, the posterior tibial artery can be pal-
pated (immediately posterior to the medial malleolus) and
used as a landmark (Fig. 3-16).

2. The skin is prepped with cleaning solution.

3. Slightly posterior to this artery, at the level of the medial
malleolus, a 25-gauge needle may be inserted and advanced
toward the medial malleolus.

4. Atadepth of 0.5 to 1 cm, paresthesias should be sought by
moving the needle from side to side.

5. If paresthesias are successtully evoked, aspiration should be
performed to assess for intravascular placement, followed by
injection of 3 to 5 mL of anesthetic. If resistance is met then
withdraw 1 mm, aspirate, then try injecting once again as
your needle tip may be lodged in nerve or tendon.

6. 1f no paresthesias are elicited, the needle is advanced until it
encounters bone, and then withdrawn slightly before depos-
iting 7 to 10 mL of solution.

Sural Nerve

1. The nerve courses between the lateral malleolus and the
Achilles tendon, a relative safe zone free from superficial
vascular structures.

2. With the patient prone, the skin between the lateral mal-
leolus and Achilles tendon from the level of the malleolus to
2 cm proximal is prepped with cleaning solution (Fig. 3-17).

3. A 25-gauge needle is inserted lateral to the tendon (approx-
imately 1 cm above the lateral malleolus) and advanced
toward the malleolus while injecting 5 to 7 mL of anesthetic
subcutaneously.

M~ Media

malleolus

FIGURE 3-16 Photograph of the medial aspect of the ankle. The
needle in the inferior portion of the picture depicts the insertion
site for block of the posterior tibial nerve. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

FIGURE 3-17 Photograph of the lateral aspect of the ankle. The
needle in the inferior portion of the picture depicts the insertion
site for block of the posterior sural nerve. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

Peroneal and Saphenous Nerves

1.

10.

11.

To block the two peroneal nerves, as well as the saphe-
nous nerve through the same needle-entry point, a line
should first be drawn connecting the two malleoli on the
dorsal aspect of the foot.

. The skin along this anterior ankle line is prepped with

cleaning solution between malleoli.

. Next, the anterior tibial artery is identified by palpating

the area between the extensor hallucis longus tendon
(which is evident on dorsiflexion of the first toe) and
extensor digitorum longus muscle.

. After prepping the skin with cleaning solution, raise a

skin wheal immediately lateral to the artery.

. A long (3.75 cm, or 1.5 in) 25-gauge needle can be

inserted perpendicular to the skin.

. To anesthetize the deep peroneal nerve, the needle is

advanced under the extensor hallucis longus tendon until it
encounters the tibia (usually at a depth of 1 cm, Fig. 3-18).

. At this point, aspirate to confirm extravascular placement

and inject 3 to 5 mL of anesthetic.

. To anesthetize the saphenous nerve, the needle is withdrawn

to a subcutaneous position without removing it completely.

. The needle is then maneuvered medially, remaining subcuta-

neous until the midportion of the medial malleolus is reached,
and another 3 to 5 mL of solution deposited (Fig. 3-19).

a. Alternatively, as the saphenous nerve may bifurcate as
many as 3 cm proximal to the medial malleolus, a sec-
ond subcutaneous injection may be more efficacious.

Having just anesthetized the deep peroneal and saphe-

nous nerves, the needle is withdrawn from areas medial

to the tibia, and maneuvered laterally (through the same
skin insertion point) toward the superficial peroneal nerve

(located midway between the extensor hallucis longus

tendon and the lateral malleolus) (Fig 3-20).

After aspirating, 5 to 7 mL of anesthetic is injected subcu-

taneously.
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FIGURE 3-18 Photograph of the anterior aspect of the ankle. The
needle in the central portion of the picture depicts the insertion
site for block of the deep peroneal nerve. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

Digital Nerve Blocks

The neural anatomy of the toes is similar to that of the fingers
with four nerves supplying each digit. As with the thumb, the
technique used to block the hallux varies slightly from that
used for the lateral four toes. Because of its circumference, it
is often necessary to utilize two injection sites. Like the hand,
dorsal needle insertion sites are preferable, especially in the
awake patient and epinephrine is strictly avoided in anesthetic
solutions because of its vasoconstrictive effects.

AUTHOR’'S PREFERRED TREATMENT

The basic steps involved in performing a digital block of the

foot are as follows:

1. For the great toe, the skin over the dorsal aspect of the first
metatarsal-phalangeal joint is cleaned with alcohol or simi-
lar prep solution.

FIGURE 3-19 Photograph of the anteromedial aspect of the ankle.
The needle in the superior portion of the picture depicts the inser-
tion site for block of the saphenous nerve. The dotted line is the
region where a wheel of anesthetic should be raised to hit all
branches. (From: Military Advanced Regional Anesthesia Handbook,
with permission. www.arapmi.org/maraa-book-project.html)

FIGURE 3-20 Photograph of the anterolateral aspect of the ankle.
The needle in the superior portion of the picture depicts the inser-
tion site for block of the superficial peroneal nerve. The dotted
line is the region where a wheel of anesthetic should be raised to
maximize the chance to anesthetize it. (From: Military Advanced
Regional Anesthesia Handbook, with permission. www.arapmi.org/
maraa-book-project.html)

2. A 25-gauge (or smaller) needle is positioned perpendicu-
larly to the skin, dorsolateral to the proximal phalanx and
advanced in the subcutaneous tissue to the plantar surface
of the toe until skin tenting is noted.

3. Inject 1% lidocaine (0.25% bupivacaine or 50:50 mix of
bupivacaine: Lidocaine can also be utilized) as the needle is
withdrawn, raising a wheal from the plantar to dorsal aspect
of toe to ensure the two nerves on the lateral aspect of this
toe are anesthetized.

4. The needle is then withdrawn completely and reinserted
on the contralateral side of the great toe, with this protocol
repeated.

5. For the lesser toes the same procedure may be followed.
Alternatively, because of the relatively smaller circumfer-
ence of the smaller toes it may be possible to administer
anesthetic to both sides of the metatarsal-phalangeal joint
through the same needle stick.

PoSTOPERATIVE ANALGESIA

Postprocedural analgesia can include both operative and non-
operative treatments. Pain management should begin before the
procedural portion begins with a plan for preprocedure, proce-
dural, and postprocedural pain control. Therefore, the treating
team should briefly discuss a plan for proper management so
that pain management is optimized.

Nonpharmacologic Treatment

Introduction of nonpharmacologic interventions such as relax-
ation, distraction, and education may assist the patient and
family by decreasing anxiety and perceived interpretation of
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pain.®'% Child life specialists are frequently involved in pedi-
atric as well as nonpediatric centers, and when available they
can lend significant benefits as far as distracting the child and
thereby reducing intensity and amount of perceived pain.*
Though common practice in many institutions, addition
modalities that bear mentioning include the use of elevation
and ice for injured extremities both before and after fracture
treatment. Use of transcutaneous electrical stimulation (TENS)
may also affect activation of inhibitory nerve fibers. Currently
there is no definitive evidence on its efficacy in the pediatric
population.”" 1%

Nonsteroidal Anti-Inflammatory Drugs

This class of medications includes analgesics, antipyretics,
and anti-inflammatories that work by the inhibition of cyclo-
oxygenase leading to a decreased production of prostaglan-
dins.''® Although the potential side effects are many including
sodium retention and edema, gastritis, and increased bleeding
time, when combined with opioids postoperatively they can
dramatically enhance pain relief while significantly decreas-
ing opioid requirements.®***'% The use of NSAIDs has been
controversial with concern raised over the potential effect
on bone healing. However, increasing literature suggests
these concerns may be exaggerated in the pediatric popu-
lation and further support is building for their use in pain
control following bony procedures. Several studies in both
animals and humans point to the fact that attaining normal
bone strength may be slightly delayed in the initial period;
however, there does not appear to be a significant difference
in overall healing while decreasing duration and amount of
opioid use.?*#0610286.103 T addition, a meta-analysis of studies
assessing the efficacy of NSAIDs following surgery in pediat-
ric populations showed that their use significantly decreased
postoperative side effects of narcotic pain medication such as
nausea and vomiting.** A listing of common NSAIDs and their
dosing is presented in Table 3-11.

Local and Regional Anesthetics

Utilization of both local and regional anesthetic can provide
an excellent addition to intraoperative and postoperative
pain relief.”” Local anesthetic nerve blockade and the meth-
ods used to perform these were previously covered. Central
blocks for pediatric orthopedic patients include epidural
catheters and peripheral nerve blocks, the latter can include
a plexus or isolated peripheral nerve. Benefits include less
intraoperative narcotic and anesthetic needs, so the patient
is more alert and has fewer anesthetic side effects.”> More-
over, there is evidence in the pediatric surgical literature that
preoperative infiltration of the intended surgical site is more
effective at providing pain relief than postoperative injections
for hernia repair.*

Contraindications to regional blocks include systemic or
local infection near the injection site, coagulopathies, and ana-
tomic abnormalities that prevent adequate block placement.
Lidocaine and bupivacaine are commonly used local anesthet-
ics. Dosing limits for common local anesthetics are listed in

Table 3-9. Risks of peripheral blocks include inability to recog-
nize nerve damage and/or compartment syndrome masked by
a dense sensory block.'®

Postoperative Analgesia with Opioids

Opioids act as analgesics by raising the pain threshold in the
spinal cord and peripheral nerves and by altering the brain’s
perception of pain.''® There are three major groups of opi-
oids. Natural derivatives of the opium poppy include codeine
and morphine.'”" Semisynthetic opioids are hydrocodone and
oxycodone. Synthetic opioids are fentanyl, meperidine, and
sufentanil.’®* Morphine is more effective when given intrave-
nously than orally because of the faster onset, better mainte-
nance of blood concentration, and avoidance of significant
first-pass metabolism in the liver.'® M administration should
be avoided secondary to unpredictable absorption, discomfort,
and patient fear of injections. !9 Using patient-controlled
analgesia (PCA) pumps decreases fear of an injection. PCA is
highly effective with fewer side effects of over- or underdosing
for children of ages 6 years and older with normal cognitive
function.”"* Oral morphine dosing is 0.2 to 0.4 mg/kg every
3 to 4 hours. Duration of action is 4 to 6 hours, with peak
effects occurring after 15 to 30 minutes.'”' Parenteral morphine
dosing is a 0.1-mg/kg bolus every 3 to 4 hours, 0.015 mg/kg
every 8 minutes via PCA, or 0.02 to 0.04 mg/kg per hour for a
continuous infusion.® Sutters et al.'” studied pediatric ortho-
pedic patients in a randomized prospective study comparing
morphine via PCA with and without ketorolac. Patients in
the two groups were comparable with respect to demograph-
ics and surgical procedures. Patients given ketorolac had bet-
ter analgesia, reduced morphine use, and fewer opioid side
effects.

Meperidine (Demerol, Sanofi Synthelab Inc., New York, NY)
is a synthetic opioid given intravenously at 1 to 1.5 mg/kg
every 3 to 4 hours with a maximum of 7.5 mg/kg per day.'*"''®
Peak effects occur in 30 to 60 minutes.'”” It may be used in a
PCA, but has one-tenth the potency of morphine.'”" Meperi-
dine also has a greater euphoric side effect, giving it a higher
risk of psychological dependence with prolonged repeated
doses.'”"!"® Fentanyl is a short-acting synthetic opioid that lasts
20 to 60 minutes, with an onset of less than 30 seconds. !¢
Given intravenously, it has similar characteristics to natural
opioids. Its fast onset and ease of titration make it an excel-
lent choice for immediate postoperative pain management and
for use during outpatient surgeries.”® However, Claxton et al.*®
found pediatric patients given fentanyl in the recovery room
after ambulatory surgery had higher pain levels compared with
patients given morphine. This may be due to the need for fre-
quent dosing to maintain adequate relief. Unique side effects
of fentanyl include chest wall rigidity, laryngospasm, and nasal
pruritus.''® Unlike other opioids, fentanyl does not cause his-
tamine release.'®

Oral narcotics can be used when a patient tolerates oral
intake. Codeine is no longer routinely recommended because
of its inconsistent metabolism in children, which can result in
either therapeutic failure with suboptimal pain control in poor
metabolizers or severe opioid intoxication in the ultrarapid
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Dosing Formulations and Schedules for Oral Analgesic Medications for Children

and Adolescents?

Medication

Acetaminophen®

Hydrocodone with acet-
aminophen (Lortab,
Anexsia, Co-Gesic,
DuoCet, Hy-Phen,
Vicodin)

Hydromorphone
(Dilaudid,
Hydromorphone HCI)

Ibuprofen

Morphine (morphine
sulfate, Roxanol)

Naproxen (oral)

Oxycodone

Oxycodone +
acetaminophen

\_

Formulation®

Children’s suspension: 160 mg/5 mL
Chewable tablet: 80 mg

Oral disintegrating tablet: 80 mg, 160 mg
Tablet: 325 mg, 500 mg

Rectal suppository: 80 mg, 120 mg

2.5-mg hydrocodone/5-mL acetaminophen 120 mg/
5 mL (Lortab Liquid)

5-mg hydromorphone/5-mL solution

Infant’s suspension: 50 mg/1.25 mL
Children’s suspension: 100 mg/5 mL
Chewable tablet: 100 mg

Tablet: 200 mg

10 mg/5 mL and 20 mg/5 mL solution

125-mg/5-mL suspension
Tablets: 250, 375, 500 mg

Oral solution: 5 mg/5 mL
Capsule: 5 mg
Tablet: 5 mg, 10 mg, 15 mg, 20 mg, 30 mg

Oral solution: 5-mg oxycodone + 325-mg
acetaminophen/5 mL

Capsule: 5-mg oxycodone + 500-mg acetaminophen

Tablet: 2.5-mg oxycodone + 325-mg acetaminophen

5-mg oxycodone + 325-mg acetaminophen

7.5-mg oxycodone + 325-mg acetaminophen

7.5-mg oxycodone + 500-mg acetaminophen

10-mg oxycodone + 325-mg acetaminophen

10-mg oxycodone + 650-mg acetaminophen

“Lexicomp from http://online.lexi.com. Accessed on August 28, 2012.
PAn exhaustive listing of available formulations for NSAIDs may be found in AHFS Drug Information 1994.

°Acetaminophen is considered a member of this class of medications, even though it mainly acts centrally and it only very weakly inhibits prostaglandin synthesis.
Acetaminophen also does not cross-react with aspirin and may be used in patients allergic to aspirin.

Adapted from: Opiate Agonists. In McEvoy CK, Litvak K, Weish OH Jr, eds. AHFS Drug Information 1994. Bethesda, MD: American Society of Hospital Pharmacists;
1994; Taketomo CK, Hodding JHJ, Kraus DM. Pediatric Dosage Handbook. 2nd ed. Hudson, OH: Lexi-Comp; 1993; Ragers J, Moro M. Acute postoperative and chronic
pain in children. In: Rasch DK, Webster DE, eds. Clinical Manual of Pediatric Anesthesia. New York, NY: McGraw-Hill; 1994, with permission.

Adapted from: Nonsteroidal Anti-inflammatory Agents. In: McEvoy GK, Litvak K, Welsh OH Jr, eds. AHFS Drug Information 1994. Bethesda, MD: American Society of
Hospital Pharmacists; 1994; Walson PD, Mortensen ME. Pharmacokinetics of common analgesics, anti-inflammatories, and antipyretics in children. Clin Pharmacokinet.
1989;17:116-137, with permission.

Dose

10-15 mg/kg/dose g4-6h, maximum dose 975 mg/
dose

Adult dose: Hydrocodone 5-10 mg g4-6h

Children (only antitussive dose is published): 0.6 mg/
kg/day divided in three to four doses/day.

<2 y: Do not exceed 1.25 mg/dose.

2-12 y: Do not exceed 5 mg/single dose.

>12 y: Do not exceed 10 mg/single dose.

Optimal pediatric dosage for analgesia not established.
Antitussive dose is:

6-12 y: 0.5 mg g3-4h

>12 y: 1 mg q3-4h

10 mg/kg/dose g6-8h, maximum dose 800 mg/dose

0.2-0.4 mg/kg g4h (adult dose is 10-30-mg solution
g4h). Absorption from the gastrointestinal tract is
variable.

5-7.5 mg/kg g12h, maximum dose 600 mg/day

0.1-0.2 mg/kg/dose g6-8h, maximum dose
10-20 mg/dose

Based on oxycodone content: 0.1-0.2 mg/kg/dose
g6-8h, maximum dose 5 mg/dose

J

metabolizers.”® Oxycodone, which is slightly more potent than
hydrocodone, is now recommended instead of codeine.'' It
is commonly formulated with other pharmaceuticals, includ-
ing acetaminophen. Hydrocodone is present in Lortab (UCB
Pharma Inc, Atlanta, GA), Lorcet (Forest Pharmaceuticals, New
York, NY), and Vicodin (Abbott Laboratories, Abbott Park, IL)
and given at 0.2 mg/kg every 3 to 4 hours.'” Oxycodone is
found in Roxicodone (Elan Pharmaceuticals Inc, San Diego,
CA), OxyContin (Purdue Frederick Co., Norwalk, CT), Perco-

cet (Endo Pharmaceuticals Inc, Chadds Ford, PA), and Tylox
(Ortho McNeil Corp., Raritan, NJ). It is given at 0.2 mg/kg
every 3 to 4 hours.'® A listing of common parenteral and oral
opioid medications and their dosing schedules is presented in
Tables 3-11, 3-12 and 3-13.

Opioids have many potential adverse effects. Severe respi-
ratory depression, depressed cough reflex, and triggering
of nausea and emesis can all contribute to significant risk
for the patient if improperly administered and/or moni-
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Patient-Controlled Analgesia in
Children

Loading dose: Morphine, 0.025-0.05 mg/kg
Maintenance dose: Morphine, 0.01-0.02 mg/kg
Lockout interval: 6-10 min

4-hr maximum: Morphine, 0.4 mg/kg/4 hr

Treatment of Side Effects

Pruritus: Diphenhydramine (0.5 mg/kg IV) OR low-dose nalox-
one (0.5-1 pg/h)

Nausea/vomiting: Metoclopramide (0.1 mg/kg 1V) OR droperi-
dol (10-30 pg/kg IV or IM) OR ondansetron (0.15 mg/kg IV
over 15 min) OR low-dose naloxone as for pruritus

Urinary retention (<1 mL/kg/h in the face of adequate fluid
intake): Low-dose naloxone infusion as above

Respiratory depression: Specify vital sign parameters that
require treatment and method for contracting responsible
physician. Stop PCA pump. Give 100% oxygen and main-
tain the airway. Give naloxone (1-5 ug/kg IV bolus); repeat
as needed. Consider naloxone infusion (3-5 pg/kg/h).

From: Rogers J, Moro M. Acute postoperative and chronic pain in children.
In: Rasch DR, Webster DE, eds. Clinical Manual of Pediatric Anesthesia. New
York, NY: McGraw-Hill; 1994:298, with permission.

. J

tored.'®®"® Other side effects include urinary retention due
to an increase in antidiuretic hormone, postoperative ileus,
and constipation. In addition, histamine release from mast
cells can result in urticaria, diaphoresis, vasodilatation, and
bronchoconstriction.”” '

AUTHOR’'S PREFERRED MIETHOD OF TREATMENT

We prefer that postoperative analgesia incorporates a multi-
modal approach whenever possible. This should include at a
minimum acetaminophen, nonsteroidal, and narcotic medica-
tion. In addition, we advocate the liberal use of regional block-
ade to not only improve pain management during procedures
but also in the short- to midterm post injury and/or procedural
period. The use of child life specialists are also frequently
employed when available.

Parenteral Opioid Dosing Schedule
for Analgesia in Children?

IMP: Morphine, 0.1-0.15 mg/kg g3—4h; Meperidine,
1-1.5 mg/kg q3-4h

IV: Morphine, 0.05-0.1 mg/kg g2h; Meperidine,
0.5-1 mg/kg g2h

“Infants less than 3 mos old should be dosed in increments of one-third to
one-half because of increased risk of respiratory depression.

bIM dosing should rarely be used.

Adapted from: Roger L, Moro M. Acute postoperative and chronic pain in
children. In: Rasch DK, Webster DE, eds. Clinical Manual of Pediatric

Anesthesia. New York, NY: McGraw-Hill; 1994: 297, with permission.

. J
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INTRODUCTION

The last several decades have seen amazing enhancements in
the management of adult orthopedic trauma; one of the most
significant is the ability to operatively reduce fractures and to
stabilize them safely with internal implants. These methods
have resulted in less reliance on fracture manipulation and sta-
bilization with external devices such as traction, splint and cast
immobilization. Gone are the days of extended skeletal traction
and spica cast application for adult femur fractures; tibia shaft
fractures in adults are rarely treated with time-honored methods
of reduction in the emergency ward, long leg cast application
followed by months of patellar tendon bearing and short leg cast
and splint application. Although still used with some frequency
in adult trauma, upper extremity cast and splint application is
often considered temporary until definitive internal fixation.
Parallel to changes in fracture management, medicine has
seen similar changes in medical education as well as who deliv-
ers certain health care. For instance, as a result of specialization,
many adult orthopedists manage less trauma, rarely place casts
and even more rarely will they educate residents in the safe and
effective use of these methods. As reimbursement for health care
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changes, orthopedic surgeons are called to do those things that
only they can do ... operate; many other aspects of patients’ care
are assumed by advanced practitioners such as NPs or PAs or
other allied health specialists. In many emergency rooms and in
most outpatient clinics, the patient who requires definitive cast
immobilization will usually have these applied by cast techni-
cians or nurses. As a result, large fracture clinics where ortho-
pedic residents learn from senior residents or faculty to manage
fractures with casting are replaced by cast technicians while resi-
dents learn who needs operations and how.

To a lesser degree and similar to adults, decades of advances
in imaging and development of appropriate operative methods
and implants have also benefited pediatric patients with ortho-
pedic trauma. Despite wide changes in adult trauma, cast and
splint methodology is used with great frequency in the man-
agement of pediatric trauma. In children, requisite attention to
perfect reduction and extensive immobilization is not needed
because of the rapidity of fracture healing and the remodeling
potential seen in children. Greater than 90% of adult forearm
fractures are treated with surgery; in children, 90% of forearm
fractures are treated with reduction and cast immobilization.
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In this textbook, organization of information is largely based
upon anatomic location of trauma and fractures. Within each
of these areas, attention is directed toward both operative and
nonoperative methods of treatment. The purpose of this chap-
ter is to review in detail the methods and pitfalls of nonopera-
tive treatment that are common to all areas of pediatric trauma.
In addition, we will review unique characteristics of children
that are also of importance in all fracture locations and trauma.
It is desired that this chapter, its figures and video clips will
serve as a primer of pediatric orthopedic trauma. As such we
have included 15 fractures that can be underappreciated and
at risk for management error; extensive illumination of these
fractures will be found in other chapters.

GENERAL

Because of the growth and remodeling potential of pediatric
bones, acceptable alignment rather than exact anatomic reduc-
tion is sufficient for many fractures, allowing the majority of
pediatric fractures to be managed in a cast. Similarly, joint stiff-
ness is not typically a long-term problem in children treated in
a cast.” The goals of pediatric cast treatment are to protect and
provide stability to the broken bone, maintain alignment, and
protect from further injury until sufficient healing has occurred.
In general the alignment maintained in the cast should allow
the child to eventually remodel to anatomic “normal” by the
cessation of growth. The younger the child, the more malalign-
ment may be acceptable. Likewise, deformity closer to the
growth plate and in the plane of motion will typically remodel
more than those elsewhere.

The duration of cast treatment is both age and site specific.
Very young children, infants, and newborns will generally heal
fractures quicker than adolescents. In general, fractures of the
hands and feet require 4 weeks of immobilization; elbow frac-
tures 3 to 6 weeks; tibial shaft fractures may take 12 to 16 weeks,
whereas most other fractures require 6 weeks. Before discontinu-
ing cast immobilization, fracture healing should be documented
on radiographs and the child nontender at the fracture site.

In general, casts are utilized to maintain alignment. If a
fracture is nondisplaced or has an acceptable alignment, the
cast’s purpose is to maintain that alignment until the bone has
healed. If a fracture has an unacceptable alignment, it should
be reduced to an acceptable alignment and the cast placed
to maintain that alignment. Fractures that should be treated
operatively include injuries in which adequate alignment or
length cannot be easily obtained or maintained, displaced intra-
articular fractures, and many fractures involving the physis.
Postoperatively the limb may be protected with a splint or a
cast if necessary. Problems may arise when a cast is used to
obtain acceptable alignment. Pressure sores and soft tissue inju-
ries have been documented when casts are used in this manner
and should be done so with caution.”*""

To minimize motion at the fracture site, casts are placed
to span the joint proximal, distal, or both. In general, the
more proximal a fracture, the more likely joints at each end
of the bone will be spanned. Increasing the length of the cast
increases the resistance to rotation.”” To maintain correct align-

ment, limbs may be casted in different positions to counteract
specific displacing forces on the proximal or distal fragment
of a given fracture. For example, in a subtrochanteric femur
fracture, the proximal fragment is pulled into flexion, abduc-
tion, and external rotation by attached muscles, so the distal
fragment must be positioned with this in mind.

Fractures treated in casts should be followed with radio-
graphs. Some controversy may exist in the necessity of
obtaining repeat radiographs of nondisplaced wrist fractures;
however, scheduled follow-up of displaced fractures should be
performed. It is prudent to follow fractures that required reduc-
tion weekly for 2 to 3 weeks to recognize if displacement occurs
in time for re-reduction to be performed before healing is too
far along. Some fractures such as lateral condyle fractures of
the humerus or tenuous reductions of the forearm may require
weekly radiographic evaluation for 3 weeks or more until early
callus is observed. Late radiographic follow-up between 6 and
12 months should be considered for any fracture involving the
growth plate with risk for growth arrest or in fractures in which
overgrowth is a concern.

Cast Complications

Although casting is often viewed as “conservative” treatment,
the treating physician and family should recognize that this
does not imply that this treatment is without complications.
Although the true incidence of cast complications is unknown,
a litigation history of a large multispecialty multilocation pedi-
atric group showed that casts were the number one cause of
litigation. Over 25% of children treated in a hip spica cast have
been shown to have skin complications.”” Over a 5-year period
at one institution, 168 unplanned visits to the emergency room
were because of cast issues. Twenty-nine percent of these visits
were for a wet cast, 23% for a tight cast, and 13% for a loose
cast.™ Over a 10-year period, Physicians Insurers Association of
America (PIAA) reported 1,023 claims on problems of immobi-
lization and traction for which 16% of all claims had an associ-
ated issue including failure of consent. This implies that many
physicians and patients may expect cast immobilization to be
without risk. Thus, it is important to inform patients and their
caregivers of the risks associated with cast treatment. When the
risks of treatment are given, it is beneficial that these risks be
written and delivered to the patient and their family.”!

The Wet and Soiled Cast

Wet casts that are not made with synthetic material and waterproof
liners (and thus can dry quickly) should be changed. Failure to
do so may result in skin irritation, breakdown, and possible infec-
tion. Light moisture or spotting may be dried with a hair drier
on cool or low heat, with instructions to check the temperature
of the dryer with their hand to ensure that it is not too warm. A
frankly wet cast or cast padding that cannot be dried as described
above usually requires inspection of the skin and cast change®
(Fig. 4-1). Although the majority of limbs in these casts will only
demonstrate skin maceration,”” serious life-threatening complica-
tions such as toxic shock syndrome and necrotizing fasciitis have
been reported.”>”* Hip spica casts are often applied in the oper-
ating room and their removal and exchange at times require a
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FIGURE 4-1 Examples of dermatitis related to wet casts. A: A soiled
hip spica cast. B: Upper extremity cast that was wet. (Property of
UW Pediatric Orthopaedics.)

general anesthetic. Parents should be well instructed on position-
ing to avoid soiling, frequent diaper changes, and inspecting the
children for skin irritation. Anesthetic risks must be weighed with
the perceived soft tissue and skin risk.

Thermal Injury

Plaster and fiberglass, the two most common casting materials,
harden through exothermic chemical reactions. Plaster has a
much higher setting temperature than fiberglass and therefore
a higher risk for thermal injury when a cast is placed. Two fac-
tors strongly associated with thermal injuries are dip water tem-
perature and the thickness of cast material. Several studies have
shown that risk of thermal injury is significant if the dip water
temperature is too hot (>50°C) or if the casts are too thick
(>24 ply).***! Each plaster manufacturer has recommended
dip water temperatures that should not be exceeded. Using
warmer temperatures to “speed up” the setting time beyond
those recommended should be avoided. Casts in excess of 24
ply are rarely encountered; however, increased amounts of cast-
ing material are often placed in the concavities of extremities
(antecubital fossa and dorsum of the ankle) because of material
overlap.* Incorporating splints on the convexity thus decreas-
ing overlap in the concavity can minimize this. Similarly, clini-
cians placing plaster splints of 10 to 15 ply on an extremity
may breech safe thicknesses when the splint is too long and the
edges are folded over thus creating a focal area of 20 to 30 ply,
a thickness at which temperatures do become a risk.* Studies
have shown that temperatures high enough to cause significant

thermal injuries can also be reached when the clinician places
a curing cast on a pillow. ** The practice of reinforcing a cur-
ing plaster cast with fiberglass may place the limb at significant
risk because the synthetic overlap prevents heat from effectively
dissipating, as well as an increased risk of case burns at removal
in our experience. The plaster must be allowed to cure before
setting the casted limb on a support or applying fiberglass rein-
forcement. Failure to wait may place the insulated portion of
the limb at significant risk.* Case reports demonstrating this
potential complication do exist.” Those patients undergoing
regional or general anesthesia may be at increased risk as they
will not report thermal injury.

Areas of Focal Pressure—Impending
Pressure Sores

A key to preventing loss of fracture reduction is in the applica-
tion of a well-molded cast. “Well molded” means casts should
closely mimic the limb they are immobilizing. Cast padding
should be applied between 3 and 5 layers thick over the limb
being casted.”* Bony prominences and cast edges should be
additionally padded to prevent irritation yet allow a cast to be
molded to fit snugly without undue pressure. The heel, mal-
leoli, patella, ASIS, and olecranon, are areas that may require
additional padding. The use of foam padding in such areas may
help decrease the incidence of pressure sores.”

If areas of increased pressure are formed, they may lead to
foci of decreased perfusion and result in pressure sores. Simi-
larly, great care should be taken in preventing a change in limb
position between application of the cast padding and the cast-
ing material. A common example is a short leg cast applied in
less than 90 degrees of ankle flexion; if the ankle is flexed to 90
degrees during the application or curing of the cast, the mate-
rial will bunch up and will impinge on the dorsum of the ankle.

Families and patients should be instructed to refrain from
placing anything between a cast and the patients’ skin. Often
this is done to alleviate pruritus but should be avoided as inad-
vertent excoriation may occur. Despite these warnings, food,
toys, writing utensils, money, and other items have been found
down casts, and we have seen them erode through patients’
skin. Numerous case studies report problems from foreign bod-
ies placed down casts.'** Any patient with a suspected foreign
body down their cast should have the cast removed and skin
inspected (Fig. 4-2).

A loose cast may result in a loss of reduction or skin sores as
a result of shear forces repeatedly applied to the limb. One may
rationalize that the best way to avoid pressure sores is to increase
the amount of padding under the cast. Injudicious application of
excessive padding can lead to a cast that is too loose and para-
doxically increase the risk of skin irritation from sheer stress at
the skin/padding interface. Loose-fitting casts can be further asso-
ciated with fracture malunion because of loss of reduction.* In
such cases, the distal fingers or toes are often noted to “migrate”
proximally when this occurs and should alert the parent and
the clinician that there is a problem. This has been termed the
“disappearing toes/fingers sign.”” It is during this migration that
pressure sores may occur as the limb migrates proximally in a
fixed cast. This causes a mismatch in the shape of the cast and
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the shape of the limb. In a lower extremity cast, which migrates
distally, the dorsum of the foot receives pressure from the ante-
rior ankle crease of the cast, while the heel is pulled up and rests
along the posterior calf portion of the cast. Prolonged positioning
in such a manner may result in pressure sores.

Detecting Cast Complications

That “there are no hypochondriacs in casts” is an important aph-
orism to remember and every effort should be taken to resolve
the source of complaint in an immobilized patient. Any reports
of casts getting wet, soiled, or questionable foreign bodies being
lost down casts should be taken seriously and the patient evalu-
ated in a timely manner. A complication of casting should be
considered whenever an immobilized patient has an unex-
plained increase in pain, irritability, or unexplained fevers.*’

FIGURE 4-2 Examples of foreign bodies found under splints/
casts. A: A bracelet that was not removed prior to immobiliza-
tion. B: A plastic knife which was found down a lower extremity
cast. C: A coin found down a long-arm cast. D: A toy tank found
under a cast. (Property of UW Pediatric Orthopaedics.)

Some cast complications such as soiling and wetness can be
detected on physical examination, whereas others may be more
difficult to diagnose. A foul-smelling cast may be a sign of wound
infection and the cast should be removed or windowed to be
inspected the source of the smell. Pressure sores may be diag-
nosed if the patient can localize an area of discomfort away from
the fracture or operative site. Complaints of pain in high-risk
areas such as the heel, dorsum of the foot, popliteal fossa, patella,
olecranon, must alert the clinician of an impending problem.
However with pediatric patients, localization may not be pos-
sible. One must correlate history, the clinical examination find-
ings, such as the “disappearing toes sign” with radiographs. These
images can be used to critically evaluate not only the alignment
of the fractured bone, but also the outline and contour of the cast
padding and material, especially in the antecubital, the popliteal
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fossae, and over the dorsum of the foot. If there is a suspicion of a
problem, the cast should be windowed or removed and the area
inspected.

Certain pediatric patients may be at a higher risk for cast
complications. These include patients with an inability to effec-
tively communicate. The very young, developmentally delayed,
or patients under anesthesia or sedation may have difficulty
responding to noxious stimuli such as heat or pressure during
the cast application. Discerning problems in this group may be
quite difficult and cast sores can occur despite appropriate and
careful application.

Similarly, patients with impaired sensation are at increased
risk for injuries related to excessive heat and pressure. In this
group are those with spinal cord injuries,**® myelomenin-
gocele,”® and systemic disorders such as diabetes mellitus.”
Furthermore, prolonged immobilization in many of these mar-
ginally ambulatory patients will potentiate existing osteope-
nia, thus, increasing the risk of fractures and need for further
immobilization.

Patients with spasticity are also at increased risk for compli-
cations. Often these patients have multiple risk factors includ-
ing communication difficulties and poor nutrition in addition
to their spasticity. These factors place them at particular risk for
developing pressure sores.®"!

Treating Cast Complications

Dermatitis

The majority of dermatitis under casts has to do with macera-
tion of the skin and continued contact with wetness including
fluids such as urine or feces. Often removal of the cast, cleans-
ing of the skin, and allowing the skin to “dry out” is all that

wll .

is required. Some recommend applying over-the-counter skin
moisturizers.”” If fungal infection is suspected, half-strength
nystatin cream and 1% hydrocortisone cream may be applied
followed by miconazole powder dusting twice daily.*" If unsta-
ble, the fracture may be managed by a newly applied dry split
cast or splint allowing time for the skin to recover. In rare cases
internal or external fixation may be chosen to manage the frac-
ture and to allow treatment of the skin issues. Often the skin
will improve dramatically after a few days and a new cast may
be applied. If significant concern for cellulitis exists, such as
induration or fevers, laboratory tests should be ordered and
empiric oral antibiotics prescribed.

Pressure Sores

Pressure sores are the result of a focal area of pressure, which
exceeds perfusion pressure. Although there may be initial pain
associated with this pressure, this can be difficult to separate
from the pain of the fracture or surgery. Any pain away from the
injured area should be suspected to have a problem with focal
pressure. The heel is the most common site. These sores may
vary from areas of erythema, to black eschars, to full thickness
soft tissue loss and exposed bone (Fig. 4-3). In the benign cases
removal of the cast over the heel and either cessation or care-
ful reapplication is all that is necessary. Typically black eschars
imply partial to full thickness injuries. If they are intact, non-
fluctuant, nondraining, and mobile from the underlying bone
they may be treated as a biologic dressing with weekly wound
checks. If any concern exists, a “Wound Team” and/or Plas-
tic Surgery consult should be sought earlier rather than later.
Often dressing changes utilizing topical enzymatic ointments
and antibiotic ointments can be used to treat these wounds

FIGURE 4-3 Examples of heel pressure sores. A: Mild erythema and superficial skin damage,
(B) intact eschar, (C) partial/full thickness injury with exposed bone and fascia. (Property of UW

Pediatric Orthopaedics.)
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FIGURE 4-4 Picture of heel ulcer at clinical follow-up after operative debridement (A). After roughly
2 months of topical enzymatic and antibiotic treatment with dressing changes (B). (Property of UW

Pediatric Orthopaedics.)

(Fig. 4-4). Whenever exposed bone is present, osteomyelitis is
a concern requiring aggressive intervention and possible intra-
venous antibiotic therapy. In these severe cases vacuum-assisted
closure (VAC) therapy, skin grafting, or flap coverage may be
necessary.”

Joint Stiffness and Muscle Contractures

Determination of cast immobilization duration is often multi-
factorial; however, the clinician must recognize that unwanted
physiologic changes occur. Although these changes are less pro-
nounced in children than adults, excessive length of immobili-
zation may lead to problems such as stiffness,” muscle atrophy,
cartilage degradation, ligament weakening, and osteoporo-
sis, 11638445292 This must be weighed against the bony healing
gained in prolonged immobilizations. Alternatives such as Pav-
lik harness bracing for infants with femur fractures,” patellar
tendon bearing casts versus long leg casts for tibial fractures,
short-arm casts for distal forearm fractures, and other func-
tional braces may minimize some of the risks of cast immobili-
zation or at least decrease the duration of cast treatment.

The ankle, elbow, and fingers are often locations prone to
stiffness. The duration of immobilization should be minimized
if at all possible. In minimally displaced medial epicondyle and
radial neck fractures, the limb should only be immobilized for
7 to 10 days until the patient is comfortable, but protected from
further injury during activities such as contact sports for at least
3 to 6 weeks after the fracture. Similarly, once clearly estab-
lished healing has occurred in supracondylar humerus fractures,
the limb should be allowed motion after 3 to 4 weeks of casting.
The position of immobilization is also important in the nearly
skeletally mature. Placing the foot in plantar flexion, or failing to

splint fingers in the safety position (70 degrees MCP flexion/IP
extension) may result in joint contractures that persist long after
fracture healing, though this is uncommon in young children.

Compartment Syndrome

Most limbs with fresh fractures are more comfortable after
immobilization. Therefore, increasing pain or neurovascular
change should be fully evaluated to detect above complications
and possibly compartment syndrome. Fractures and surgery
can result in progressive soft tissue swelling that might not have
been present at the time of cast application and may lead to
compartment syndrome. In this scenario,” the first interven-
tion should be relieving the circumferential pressure by split-
ting the cast and all underlying padding, as leaving the padding
intact has been shown to not relieve compartment pressure.
Should splitting the cast fail to alleviate symptoms, cast removal
should be considered. Fractures of the tibia,>*** forearm,” and
elbow have increased risk of compartment syndrome. High-
energy fractures resulting from motor vehicle accidents,* crush
injuries,” or two-level injuries such as a floating elbow, should
raise the treating physician’s awareness to the possibility of an
impending compartment syndrome. Any child unable to detect
pain associated with compartment syndrome (a nerve injury or
regional anesthesia)’® must be followed closely for the develop-
ment of compartment syndrome.

Children do not usually exhibit the classical four Ps (pal-
lor, paresthesias, pulseless, pain with passive stretch) asso-
ciated with compartment syndrome until myonecrosis has
occurred. Instead the three As of increased agitation, anxiety,
and analgesic requirements have been documented as the ear-
liest signs of compartment syndrome in children. Any child
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exhibiting these symptoms that are not relieved with cast
splitting should have the cast removed and limb inspected
with a high suspicion of compartment syndrome. One should
be ready to take the child to the operating room for formal
compartment evaluation and decompression if needed.

Fractures with associated neurovascular injuries are at
significant risk of developing a compartment syndrome and
require frequent neurovascular checks. These limbs may be sta-
bilized with a splint as opposed to circumferential cast applica-
tion; which could worsen the risk of compartment syndrome.
These limbs are most often treated with operative stabilization
using internal or external fixation and/or splint immobilization.
This allows continued neurovascular assessment, palpation of
compartments, and inspection of the limb. For instance, the
child with a floating elbow fracture and associated nerve palsy
(at high risk for compartment syndrome) is usually best treated
with internal fixation of the fractures, and either a splint,
bivalved cast that is easily opened, or cast with thick foam to
allow for swelling, with the volar forearm exposed to assess the
compartments as well as the pulses.

Disuse Osteopenia and Pathologic
Fractures Adjacent to Cast

Patients with paralytic conditions or cerebral palsy patients and
those taking anticonvulsants may experience further disuse
osteopenia with immobilization.®*® These patients are at signif-
icantly higher risk of pathologic fracture while casted or upon
cast removal.>® Strategies to prevent this includes minimizing
immobilization (<4 weeks), weight-bearing casts, and the use
of less rigid immobilization such as Soft Cast (3M Healthcare
Ltd, Loughborough, England) and splints and braces.

Delayed Diagnosis of Wound Infections

Many children are placed in postsurgical casts. The vast major-
ity does well without incident. However, casts over wounds or
pins may cause a delay in the diagnosis of a wound infection
(Fig. 4-5). For instance, an estimated 1% to 4% of all pediat-
ric supracondylar humerus fractures treated with pinning the
elbow, will develop a postoperative pin tract inflammation or
infection.”** Therefore, unexplained fever beyond the periop-
erative period, increase in pain at pin sites, foul smell, or dis-
charge from a cast should be evaluated by a member of the
orthopedic team. The wound should be examined either with
cast windowing or cast removal. Laboratory tests including
CBC, ESR, CRP are advisable. In cases of early pin site infec-
tion where the fracture is not yet healed, oral antibiotics may
control the infection long enough to allow fracture healing.
Infections of pins used for certain fractures may have a high
chance of joint penetration (lateral condyle, distal femoral phy-
seal, proximal humerus) and can lead to a septic joint. This is
much more serious than simple pin site infections, and most
often must be treated with surgical irrigation and debridement
and pin removal should be considered.

Types of Casting Materials

Before placing a cast, the limb must be inspected. Any dirt,
operative skin prep, jewelry should be removed before the cast

FIGURE 4-5 After getting a postoperative cast wet, dermatitis and
possible cellulitis were found at the incision following a gastrocne-
mius recession. (Property of UW Pediatric Orthopaedics.)

is applied. Often appropriate size stockinette or liner is applied
against the skin, under the cast and cast padding. Although not
essential, these liners minimize skin irritation; allow nice well
padded and polished edges to the cast to be applied. They also
minimize the tendency of some children to “pick out” their
cast padding. These liners are made of cotton, water-friendly
synthetic materials such as polyester, sliver-impregnated cot-
ton (to minimize bacterial growth), and Gore-Tex (W.L. Gore
& Associates; Newark, Delaware). Some in the care of children
who require spica cast application favors water-permeable lin-
ers such as Gore-Tex. In addition to being more convenient for
patients, these newer materials have been shown to minimize
skin irritation. *>%1!

Cast Padding

Different materials are used to pad the extremity between the
cast material and the patients skin. A thin layer (3 to 5 layers)
of padding is applied to the portion of the extremity that is not
prone to pressure sores and it is applied without wrinkles.”
Additional layers may be placed over bony prominences to
minimize pressure in these areas. Cotton is the cheapest and
is historically most commonly used. But casts with cotton pad-
ding cannot be made waterproof as the cotton padding retains
water. Newer synthetic materials have variable water resistance
and when paired with fiberglass can allow patients to bathe and
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swim. However, these materials are considerably more expensive
than their cotton counterparts. In addition, some synthetic pad-
ding is less resistant to a cast saw. If one applies Gore-Tex (W.L.
Gore & Associates; Newark, Delaware) padding, the blue DE
FLEX safety strip (WL. Gore & Associates; Newark, Delaware)
can be placed along the path that the cast saw will take to
remove the cast.

Cast edges are often a source of skin irritation and abrasion.
This is especially true for fiberglass casts. When making a cast,
applying the stockinette and cast padding at least 1 cm beyond
the edge of the fiberglass, and folding the stockinette and pad-
ding back over the first layer of fiberglass, will make a cast
with well-padded edges. Closed cell adhesive foam may also be
applied to the edges of a cast and to pad bony prominences. It
is important to recognize that some foam padding will accumu-
late moisture and will not be effectively wicked away from the
liner and skin. Should difficulty be found in folding back the
underlying stockinette or liner, the cast edges may be petaled
with tape or moleskin adhesive. This involves placing a 1 to 2
in piece of tape on the inside of the liner and folding the taped
liner over the opening of cast. Most commonly petaling is per-
formed on hip spica casts, but may be performed on any cast.

Plaster of Paris

Plaster-impregnated cloth is the time-tested form of immobi-
lization. It was first described in 1852 and has been the gold
standard for cast immobilization for many years. This mate-
rial is generally less expensive and is more moldable in com-
parison to the synthetic counterparts. The major advantages
of plaster over synthetic materials in the prevention of cast
sores and limb compression are its increase in pliability and its
effective spreading after univalving. Inconveniences associated
with plaster include its poor resistance to water and its lower
strength-to-weight ratio resulting in heavier (thicker) casts.
Plaster of Paris combines with water in the following reaction:

2Ca(S0O;)-H,0 + 3H,0 — 2[CaS0O, - 2H,0]

Plaster of Paris Gypsum

In the process of setting up, the conversion to gypsum is
an exothermic reaction with thermal energy as a by-product.
In general the amount of heat produced is variable between
each of the manufactured plasters. However, within each prod-
uct line, faster “setting” plasters can be expected to produce
more heat. As the speed of the reaction, amount of reactants, or
temperature of the system (dip water and/or ambient tempera-
ture) increase; the amount of heat given off can cause signifi-
cant thermal injury.”**®" The low strength-to-weight ratio may
also increase risk of thermal injury as those unfamiliar with the
amount (ply) of plaster to use may inadvertently use too much,
resulting in a burn.

Fiberglass

More recently, synthetic fiberglass materials have been intro-
duced. These materials have the benefit of being lightweight
and strong. In addition these materials can be combined with
waterproof liners to allow patients to bathe and swim in their

casts. These materials are often more radiolucent allowing bet-
ter imaging within the cast.

Risk of thermal injury is much lower and is a major advan-
tage over plaster.”® However, because of the increased stiff-
ness, some feel these casts are more difficult to mold, whereas
others prefer fiberglass as the strength of the molded portion is
greater. To prevent increased areas of pressure and constriction
of the limb, special precautions are recommended when apply-
ing fiberglass rolls (see below).”’ In addition, fiberglass is more
expensive than plaster (2-2.5%). Finally, there may be a small
long-term risk to those applying and removing these materials.
Studies have disputed the carcinogenic risks in the manufactur-
ing and use of fiberglass materials.*”

Other Casting Materials

In addition to the standard rigid casting materials of plaster and
fiberglass, a less rigid class of nonfiberglass synthetic casting
material is available. Although less rigid than standard casting
materials, this Soft Cast (3M Healthcare Ltd, Loughborough,
England) has several potential advantages. Experimental stud-
ies have shown that this material is more accommodating to
increases in pressure than the other casting materials.” As this
material is less rigid, it may be an ideal material to immobilize
patients with severe osteopenia. Finally, this material can be
removed without using a cast saw, which eliminates the risk of
cast saw injury."

Combination of Materials

Some combine plaster and fiberglass casting materials in hopes
of obtaining the best features of both. One may reinforce a thin
well-molded plaster cast by overwrapping it with fiberglass to
increase its durability and minimize its weight. With this tech-
nique one must ensure that the plaster has set before overwrap-
ping with the fiberglass. Failure to do so may result in a thermal
injury.*® Shortcomings of this technique include the fact that
the two layers of material may obscure fine radiographic detail.
Finally, great care must be taken when removing such casts as
it may be difficult to “feel” the depth of the cast saw blade and
blade temperatures may be more elevated than usual. As a result
of the increased risks of burns, it is especially important to use
plastic protection strips under the cast when using a standard
vibrating cast saw for cast removal. Yet despite these shortcom-
ings, fiberglass has become the most popular casting material in
most centers; this is because of the increased strength, decreased
weight, improved radiographic quality, and ability to make
water-friendly casts.

General Cast Application Principles

Optimal cast application in children requires cooperation, or at
least compliance, an issue in younger children, or those with
cognitive or behavioral issues, such as autistic-spectrum disorder,
who often do not understand the rationale for cast application.
Anxiety is further compounded by the presence of strangers, a
chaotic environment, and, if applicable, pain. Controlling all of
these factors increases the chances of an appropriately fitted cast.

While pain control and sedation are often required, other
techniques are helpful for calming and distracting a child during



CHAPTER 4 Cast and Splint Immobilization, Remodeling and Special Issues of Children’s Fractures 65

cast application. Creating a calm environment begins with the
first encounter with the child: Speak with a soft voice, sitting and
placing oneself at a level at or below that of the child to present
a less intimidating stature. Initial examination techniques should
be soft and distant from the site of concern, progressing slowly to
the area of concern. A less aggravated child prior to cast applica-
tion more likely remains calm during cast application. Preparing
casting materials outside of the room or out of direct visualiza-
tion of the child during onset of sedation or distraction helps
maintain a calm environment.

During cast application itself, a number of approaches may
prove helpful, depending on the child. While some children are
“attenders,” coping better when given more information and
being talked through a procedure, others are “distractors” who
do better with guided imagery and distraction techniques'”®;
both types of children benefit from relaxation exercises. Talk-
ing to the child and his parents helps identify the best approach
for an individual child, and use of child life specialists proves
extremely helpful in implementing the preferred approach.'”#*
Use of television/videos, games or interactive applications on
a handheld device or tablet proves useful for most any age.
For infants and toddlers, soft music, toys (especially those with
lights or moving parts), and some interactive applications on
handheld devices help with distraction and relaxation.”” When
using a cast saw for cutting the cast or cast removal, ear pro-
tection helps decrease anxiety.”” For children with cognitive,
behavioral, or autistic-spectrum disorders, discussion of possi-
ble approaches with the parents reaps rewards as they have the
best sense of what will be calming, as well as stimulatory, for
their child. Cast saws are now available that cut with a scissor-
like mechanism that make very little noise and do not become
hot. Use of these saws may reduce children’s anxiety.

In general, cast or splint application consists of several criti-
cal steps. (1) Understanding the injury and development of
an appropriate treatment strategy. (2) Collection of all of the
needed materials. (3) Assembling the team that is required to
execute the process. (4) Education and preparation of the fam-
ily and the patient. (5) Performing the reduction (if needed)
and immobilization (cast or splint).

Once the treatment plan is identified; the key to successful
cast application begins well before a cast or splint is applied.
It is important to have ready and in easy access the needed
padding (cast lining and stockinette); water (at appropriate
temperature) cast material (plaster and fiberglass in rolls and
reinforcing slabs) as well as needed instruments (C-arm imag-
ing, scissors, cast saws, spreaders etc.). It is important that
these are ready as cast application is a timely undertaking with
materials that cure and harden in a short period and the appli-
cation may depend on a short window of time available for
comfort or sedation of the child. It is further recognized that all
needed personnel need to be ready and this will ideally include
sedation team and child life specialists in addition to the one to
three people needed to apply a splint or cast.

Several important concepts need to be kept in mind when
handling plaster of Paris. This material depends on excellent
handling techniques to maximize the benefits of mold ability
and fit and also to maximize strength. Each practitioner will

FIGURE 4-6 Plaster roll is not lifted off of the cast but kept in con-
tact during application as it is “rolled” up the extremity with an over-
lap of 30% to 50%. (Property of UW Pediatric Orthopaedics.)

have biases on how the art of cast application proceeds in their
hands. Some like the plaster to be wet to mold better, others
will like a drier roll to ease application (less slippery) and speed
the curing process. Within these two extremes will be a con-
sistency that is appropriate as the plaster roll is unrolled onto
the limb. It is optimal to keep the plaster roll in contact to the
limb to avoid wrapping the material too tight (Fig. 4-6). The
plaster should be unrolled with overlaps of V2 to 5 the width
of the roll and tucks are taken to avoid the tendency of pull-
ing and stretching the material (thus increasing tightness) to get
a good distribution and fit of the plaster around the difficult
concave areas of the ankle, knee, elbow, and thumb. The opti-
mal cast technique requires frequent rubbing and incorporation
(termed: Initial molding) of the plaster rolls as the cast is being
applied. Constantly rubbing the plaster as the cast is applied will
improve the fit but will also flatten the tucks and incorporate
the mineral portion of the plaster into the fiber mesh for opti-
mal strength. Plaster splints should be dipped and vigorously
molded together before applying to the convexity of the limb
(back of elbow or ankle) or where additional strength is needed
(anterior knee [long-leg cast] or posterior thigh [spica cast]).
Once the plaster cast is applied and the initial molding has
been accomplished, the cast must be held in a manner that
maximizes reduction and prevents possibility of pressure sores.
For instance it is critical that a cast is supported by broad sur-
faces such as the palm of a hand; the thorax of the surgeon is
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FIGURE 4-7 The foot is supported on the surgeon’s thorax and this
holds the foot at 90 degrees while the rest of the cast is molded.
(Property of UW Pediatric Orthopaedics.)

an excellent broad surface to hold the plantar foot in neutral
flexion and extension (Fig. 4-7). Holding a cast with the tips of
fingers will leave indentations that can lead to pressure sores.
If fingers are needed for molding, pressure should be applied
and then withdrawn as the plaster reaches the final curing at
which point “terminal” molding of the cast can be done. Termi-
nal molding is that point at which the plaster is fairly firm and
warm; yet can be gently deformed without cracking the plas-
ter of Paris. This is the appropriate time to do the final mold
and hold of fracture fragments. As the cast goes through the
final curing process it can be supported on pillows, provided
the cast is not too hot (the pillow prevents heat loss and will
increase the temperature at the skin surface). A leg cast should
be supported under the calf and allowing the heel to hang free
(Fig. 4-8) and thus prevent a gradual deformation of the heel
into a point of internal skin pressure.

FIGURE 4-8 While the cooled cast is supported on the pillow, the
heel is allowed to hang free and thus be at less risk for deforma-
tion and a heel sore. The cast is univalved with a cast saw that is
supported by the surgeon'’s index finger. (Property of UW Pediatric
Orthopaedics.)

Fiberglass material is applied and molded in a slightly dif-
ferent manner than plaster of Paris. Although synthetic cast
material has superior strength in comparison to plaster, some
believe its material properties make it harder to apply and mold
in comparison to plaster of Paris. Fiberglass material should be
removed from its package and dipped in water just prior to
application as it will cure and harden in the air. Fiberglass is
often tacky in nature and therefore increased tension is needed
to unroll the fiberglass, this tension can be inadvertently
applied to the limb and result in a cast that is circumferentially
too tight. To avoid this, fiberglass should be applied in a stretch
relaxation manner”’; the fiberglass roll is lifted off of the limb
(in contradistinction to plaster which stays in contact); unrolled
first then wrapped around the limb (Fig. 4-9). Difficulty exists
when wrapping a wide roll into a concavity (anterior elbow or
ankle) as the fiberglass can only lay flat if pulled too tight. Small
relaxing cuts in the fiberglass may be needed, as fiberglass does
not tuck as easily as plaster of Paris. Fiberglass is not as exo-
thermic as plaster of Paris and risk of burns is lower, yet the
other principles of holding the cast as the fiberglass cures is the
same as in plaster of Paris.

Cast Splitting

Casts are cut and split to decrease the pressure the limb expe-
riences after trauma or surgery. In general, the more trauma
(either from the trauma or the surgery performed) a limb expe-
riences, the more edema that will ensue. Thus, minimally dis-
placed fractures can often be managed without splitting a cast,
while those requiring a closed or open reduction may initially
need to be managed in a split cast or one padded with thick
foam. Although splitting may be done prophylactically or as
symptoms develop, the experienced clinician will often choose
the former to avoid having to split the cast at a later time. Pro-
phylactic cast splitting is often performed while the child is
anesthetized or sedated and while this allows for a cooperative
patient, great care should be taken when doing so. One must
ensure that the plaster or fiberglass has set, that is hardened and
cool, and that the blade temperature remains cool throughout
the splitting process.

Decreased pressure in a limb can be obtained by cutting
and spreading casts and after releasing the underlying pad-
ding. The effect of cast splitting depends on the material used,
how it was applied, and whether or not the associated pad-
ding was split. Plaster cast cutting and spreading (univalve)
can be expected to decrease 40% to 60% of the pressure and
release of padding may increase this by 10% to 20%.%***%
Fiberglass casts applied without stretch relaxation are known
to be two times tighter than those applied with plaster”” and
in these cases bivalving the fiberglass cast would be needed to
see similar decreases in pressure. Casts that are applied with
the stretch relaxation method are among the least constrictive
of fiberglass casts and therefore univalving may be sufficient as
long as the cast can be spread and held open. However, many
of these synthetic casts often spring back to their original posi-
tion after simply cutting one side. Thus, it may be wise to use
commercially available plastic cast wedges to help hold these
split casts open.



CHAPTER 4 Cast and Splint Immobilization, Remodeling and Special Issues of Children’s Fractures 67

FIGURE 4-9 The fiberglass is applied with stretch relaxation method. The fiberglass is unrolled first
then placed over the body. (Property of UW Pediatric Orthopaedics.)

Although splitting casts is the traditional means of relieving
cast tightness and allowing for swelling, use of thick foam is
gaining acceptance at many centers (Fig. 4-10A, B). One of the
editors uses Y2-in sterile foam on most postoperative casts when
concern for swelling is present. In this technique the foam is
placed directly on skin, to make sure circumferential pressure
is not caused by cast padding. Stockinette and cast padding
are then applied, followed by fiberglass. This type of cast is

not used to hold a closed reduction with cast molding, but
works well for casts with internal fixation. Advantages of this
cast include the strength of a circumferential cast, while allow-
ing for swelling similar to a split cast.

Cast Removal

Typically casts are removed using an oscillating cast saw. These
saws are designed to cut the hard cast material and not soft

FIGURE 4-10 A and B: Foam padding is placed on skin, followed by cast padding, then fiberglass
casting material. This allows for welling and provides strength, but does not hold fracture reduction.
Ideally stockinette at the ends of the cast would make for better edges. (Image property of Children’s
Hospital of Los Angeles.)
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FIGURE 4-11 Examples of cast saw burns. Initial injury photo (A) and after healing (B). C: A separate
injury. Both of these injuries occurred when clubfoot casts were removed. (Property of UW Pediatric

Orthopaedics.)

material such as padding or skin. In one report the incidence
of cast saw burns occurring with the removal of casting mate-
rial was found to be 0.72%" (Fig. 4-11). Cast removal may lead
to significant morbidity and several precautions are needed. If
a waterproof cast was applied using the Gore-Tex padding one
must not forget to cut over the incorporated safety strips prior
to removal of the fiberglass cast (Fig. 4-12A, B). These can assist
in preventing injury from the saw as this type of padding is less
heat resistant than the cotton padding.

Studies have shown that increased cast thickness, decreased
padding, and increased blade use result in higher blade tem-
peratures.”® Thus, blades should be inspected and changed
frequently as dull blades can increase the heat generated and
potential for morbidity. Most importantly the technician who
removes the cast must be well trained in the use of the saws.
One common pitfall is to slide the oscillating saw along the cast
thus increasing the chance of a cut or burn. Proper technique
dictates that the blade be used by alternating firm pressure
with relaxation into the material and then withdrawn before
replacing it at a different location.*® Furthermore, the techni-
cian should intermittently feel the blade and pause during the
removal process when necessary to allow the blade to cool.
This is essential when cutting long casts (i.e., long leg plaster).

Cast removal may lead to significant morbidity and several
precautions are needed. Various safety shields are available;
which, at the time of cast removal may be slid between the
skin and the padding to prevent saw injury. To protect the
skin, the cast saw must cut directly over the shield. Often times,
the safety shield cannot be slid up the entirety of the cast, so
extreme care must be taken in these areas where the skin is not

FIGURE 4-12 A: A cutaway picture showing the DE FLEX (W.L.
Gore & Associates; Newark, Delaware) strip under the fiberglass
casting tape. B: This strip will protect the skin from cast saw that
has a propensity to cut easily through synthetic cast padding. (Prop-
erty of UW Pediatric Orthopaedics.)
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protected. Alternatively, safety strips may be incorporated into
the cast at the time of cast application. If a waterproof cast was
applied using the Gore-Tex padding one must not forget to cut
over the incorporated safety strips prior to removal of the fiber-
glass cast (Fig. 4-12). These can assist in preventing injury from
the saw, as this type of padding is less resistant than the cotton
padding. Finally, new advances in differing types of saws may
improve the safety of cast removal. For instance, some saws
with a scissor-like do not become as hot. These saws are quieter
and may reduce children’s anxiety.

Cast Wedging

In a fresh fracture (usually less than 2 weeks old and prior to sig-
nificant callus formation) in which initial reduction was obtained
and subsequently is found to have an unacceptable loss of reduc-
tion, cast wedging of a well-fitting cast may be attempted. Many
techniques for cast wedging have been described; however, the
most recent description by Bebbington® appears to be easy to
apply for simple angular deformities. The radiograph of the
malaligned limb is used to trace the long axis of the bone onto a
sheet of paper. The paper is then cut along this line. The cut edge
of the paper is traced onto the cast, matching the position of the
apex of the paper with the apex of the deformity. The cast is then
cut, nearly circumferentially at this level, leaving a bridge of intact
plaster only at the apex. Corks or cast wedges are applied oppo-
site this bridge, until the line transferred on the cast is straight.

If this fails, the cast may need to be removed and the fracture
either remanipulated or treated in some other fashion. Great
care should be taken when performing cast wedging, especially
in the tibia. The clinician needs to ensure that no excessive
focal pressure is exerted at the bridge causing a pressure ulcer
or nerve compression. Performing a “closing wedge” of a cast
allows the bridge to be placed on the opposite side of the limb,
which may be advantageous in certain circumstances, such as
correcting a procurvatum or valgus deformity of the tibia. A
disadvantage of a “closing wedge” is that it may pinch soft tissue.
After performing a cast wedging, it is wise to observe the patient
in the clinic long enough to reasonably ensure that any pain
associated with the correction has abated and no pain because
of focal pressure exists. If any concern exists, a new cast should
be applied or a different treatment course taken.

Casting Over Surgical Wounds
and Implants

Often casts are applied over surgical wounds. While the majority
of these heal uneventfully, special attention should be given to
casts applied over traumatic or surgical wounds. When apply-
ing a stockinette over a surgical wound, care should be taken
to ensure the dressing is not “bunched up” under the liner. It
is vitally important that wounds should not be dressed with
circumferential cotton gauze as they may become constrictive
with dried blood over time and act as a tourniquet. We prefer
to use sterile cast padding, which is able to stretch with swell-
ing and limit the gauze directly over the wound itself. Applying
nonstick dressings directly to the wound aid in decreasing the
anxiety of wound inspection during the cast removal process.
Should unexplained pain, fevers, foul odors, drainage, or wors-

ening pain occur; wounds should be inspected; however with-
out these, routine inspection is not often necessary.

Bending the exposed ends of pins under a cast prevents
excessive migration and allows for easy removal;, however,
migration of the bent end of the pin can occur. Sterile felt or
antibiotic dressing may be placed at the pin site to help provide
mechanical protection of soft tissue from migrating pins. Be
aware that pin caps may become displaced and cause pressure
sores. Cast padding should be placed over the pins to prevent
them from sticking to the casting material as it hardens.

Although the technique of pins and plaster has largely dis-
appeared from adult orthopedics, it can be used occasionally in
pediatric orthopedics. In this technique, a fracture is reduced
using pins that are placed percutaneously and incorporated
into a cast to act essentially as an external fixator. The pin sites
should be managed as any other exposed pin with an antibiotic
dressing and/or sterile felt at the pin/skin interface. This tech-
nique allows the pins to be removed when callus formation is
observed without removing the entire cast.

To inspect any area of concern under a cast, the cast can
be removed, split, or windowed. The process of windowing
involves localizing the area of concern and removing the over-
lying cast in this area without disrupting the alignment of the
underlying bone. One may consider removing this window as
a circular or oval piece to avoid creating any stress risers in the
cast that may alter its structural integrity. However, attempt-
ing to cut “curves” with an oscillating saw places torque on
the blade, increases blade temperature. These factors should be
remembered when windowing a cast. Once the cast and pad-
ding materials are removed, the wound can be inspected. Once
satisfied, equal depth of padding should be replaced over the
wound and the window replaced. It may be taped in place if
serial examinations are required or it may be overwrapped with
casting tape. Failure to replace the window can lead to swelling
through the window aperture.

Medical Comorbidities That
Affect Cast Care

Even with application of a “perfect” cast, numerous medical
issues may complicate tolerance of casting or lead to compli-
cations.” Children with myelomeningocele are susceptible to
a number of casting complications. Pressure sores commonly
occur in insensate children who do not experience or exhibit
discomfort when irritation arises under the cast. Caution should
be taken to avoid areas of increased pressure or overmolding
when casting. In addition, the many fractures in children with
myelomeningocele result from casting used for immobilization
following elective surgery.* latrogenic fracture risk can be mini-
mized by utilizing casting for as short a time frame as possible
and/or use of a soft fiberglass casting material or a soft, bulky
dressing that creates less of a stress riser on the bone.” Children
with cerebral palsy are also at increased risk for pressure sores.”
The contractures that likely contributed to the fracture may
make casting or splinting difficult.”” Similar approaches may be
considered in children with malnutrition, renal osteodystrophy
or other bone fragility disorders. An additional consideration
in cases of malnutrition and diminished bone health includes
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increased duration of fracture healing that may require longer
periods of protection to prevent refracture.”

Children with obesity present their own complications.
Although there are no studies documenting the outcomes of
casting in obese children, studies on surgical treatment have
demonstrated complications of refracture, wound infection, and
failure of surgical fixation,”*® issues that likely have nonopera-
tive correlates. Loss of alignment when adequate molding cannot
occur because of increased soft tissues can occur. When casting
an obese child, inclusion of an extra joint above and/or below the
fracture may be required to maintain cast position. Diligent mon-
itoring of alignment allows intervention with recasting, wedging,
or transition to surgical intervention. Obese patients are more
likely to undergo surgical treatment, as opposed to closed reduc-
tion, although it is unclear whether this is related to fracture
severity or concerns regarding [racture stabilization.”'

Alterations in casting materials or approaches may also be
necessary in children with behavioral issues. Children with
autistic-spectrum disorder present additional complexity dur-
ing cast application (see discussion on distraction techniques),
but even prior to cast application considering their behavior
guides decision making regarding the most appropriate immo-
bilization. Children with violent tendencies pose even more risk
once a cast is applied, not only to others but also themselves.
Administration of behavioral medications may improve toler-
ance of casting." Soft splinting may be preferable, accepting
some risk of malunion over likely secondary injury. Discussion
and shared decision making with the parents result in the best
management for an individual child and her family.

Children with dermatologic conditions require other con-
siderations when deciding on best methods of immobilization.
Children with atopic dermatitis may react to synthetic padding,
so cotton may be more preferable. Splinting allows for better
skin management, but when casting is required, minimizing
duration or performing frequent cast changes allows for moni-
toring of skin conditions or early transition to splinting. Soft
casting material contains diisocyanate which has been sus-
pected, but not proven, as a skin irritant in isolated cases®;
avoiding such material in children with significant skin sen-
sitivity or disorders seems prudent. Windowing the cast over
an area of skin breakdown or infection allows for monitoring
of the area. Varicella presents an even more complex issue as
widespread skin breakdown occurs predisposing to superinfec-
tion. Casting helps prevent skin breakdown by covering itchy
lesions, but monitoring lesions is not possible. Again, splint-
ing may be preferable to allow for monitoring if it does not
compromise maintenance of fracture reduction; otherwise,
windowing, or frequent cast changes may allow for skin moni-
toring. There should be a low threshold for removal of the cast
if the child complains of pain to assess for not only compart-
ment syndrome or infection, but also necrotizing fasciitis.***’

LOCATION-SPECIFIC IMMOBILIZATION
Sugar-Tong Splint Immobilization

Sugar-tong splints provide effective temporary support to the
wrist and forearm until definitive reduction and casting or inter-

FIGURE 4-13 The plaster roll for the sugar-tong splint is measured
and is chosen to be wider than the arm without allowing for overlap-
ping once the plaster slab is dipped and applied. (Property of UW
Pediatric Orthopaedics.)

nal fixation, while allowing for swelling. Sugar-tong splints can
be used for definitive treatment provided the splint is comfort-
able and is retightened after 3 to 5 days to accommodate the
decrease in swelling. At that point reapplication of an elastic
bandage or overwrapping with fiberglass is appropriate.

Before treating, the contralateral uninjured limb may be
used as a template to measure and prepare an appropriate slab
of casting material which should be wide enough to fully sup-
port the volar and dorsal surfaces of the arm (without radial
and ulnar overlap) and long enough to span the arm from the
volar MP flexion crease in the hand, around the elbow (flexed at
90 degrees), and dorsally to the metacarpal heads (Fig. 4-13).
It is important that plaster splints are no more than 10 layers
thick and of appropriate length so that edges do not have to be
folded over (increasing thickness and the heat from curing).
The slab is further customized to cut out material around the
thumb base and tuck cuts are made at the elbow to prevent
bunching of the material during the application.

The injured arm is reduced and positioned as described
above, it is wrapped with three to four layers of cotton pad-
ding from the hand and around the elbow (similar thickness
as that used for long-arm casting). The slab is dipped in cool
water, excess water is removed and the material is rubbed and
the layers incorporated for strength. The ends of the slab have
two to three layers of padding applied which will fold back and
make the edges soft (Fig. 4-14). The splint is applied and held
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FIGURE 4-14 After dipped and applied, the slab is held on by one
layer of cotton while tucks are cut in the plaster at the elbow to
allow for overlap and minimal bunching. (Property of UW Pediatric
Orthopaedics.)

with one roll of cotton and then an elastic bandage is tightly
applied until the material is hardened (Fig. 4-15) and then the
bandage is replaced with a new elastic bandage applied without
significant tension (Fig. 4-16). This method ensures an optimal
fit without having the splint be too tight.

In the method described above, the arm is circumferentially
wrapped with cotton and then a slab of plaster with padded
ends is applied over it. This method is advantageous in ensur-

L

FIGURE 4-15 An elastic bandage is wrapped tightly to assist with
terminal molding of the splint.

FIGURE 4-16 The elastic bandage has been removed and replaced
with a self-adherent elastic tape that has been loosely applied.
(Property of UW Pediatric Orthopaedics.)

ing a smooth interface of cotton without bunching under the
plaster slab. If the clinician fears a lot of circumferential cotton
padding could worsen swelling; an alternative method exists.
In this instance, a long strip of padding is made by layering
three to five layers of cotton and then the plaster slab is laid on
top of it. The cotton is long and wide enough to ensure that
there are no rough edges. The padded slab is then applied and
wrapped as described above.

Long Arm 90-Degree Cast Immobilization

Case study 1: A 7-year-old girl with a both bone forearm frac-
ture undergoes attempted closed reduction and long-arm cast
application. She presents to clinic the following day where
radiographs reveal angulation of 18 degrees in the AP plane
and 5 in the lateral plane (Fig. 4-17A-D). Critical review of
this case demonstrates a cast applied with too much padding
and thus a poor fit, is too short in the long-arm portion, has
too much plaster applied throughout the cast and especially in
the antecubital fossa (increased risk for burn), and has a curved
ulnar border that allows the arm to settle into the angulation.
She is indicated for cast removal and re-reduction.

Fracture reduction and long-arm cast application is best done
in a setting where the child is adequately sedated and where
enough qualified personnel can apply the cast under fluoroscopic
guidance, although this may not be possible in many locations.
Fracture reduction technique may consist of: (1) Longitudinal
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CD

traction; (2) manipulation recreating the deformity (Fig. 4-18);
(3) reducing the fracture and placing the intact periosteum on
tension; (4) three-point molding can be used in completely dis-
placed fractures at the same level in the forearm; hand rotation
is the final position to account for based on angulation. In both
bone forearm fractures where the fractures are at differing lev-
els, apex volar greenstick angulation is reduced with pronation
and apex dorsal angulation is reduced with supination. It may
be helpful to remember the “rule of thumb”—rotate the thumb

FIGURE 4-17 A 6-year-old girl with a both bone forearm fracture.
Clinical pictures demonstrate a huge cast that does not adequately
immobilize the elbow (A, B). AP (C) and lateral (D) radiographs
demonstrate a poorly fitting cast with ulna bow, excessive pad-
ding, too much plaster in the elbow flexion crease, and a resultant
poor reduction. (Property of UW Pediatric Orthopaedics.)

toward the apex of the deformity aids in reduction. Thus an apex
volar greenstick is reduced with pronation, and apex dorsal with
supination. Optimal hand and wrist rotations can be ensured
with the use of the fluoroscope prior to cast application.

In this instance longitudinal traction is used with an assis-
tant while a thin layer of cotton padding is applied (Fig. 4-19).
Alternatively, the fingers could be placed in finger traps with
the elbow flexed just short of 90 degrees and with weights
from the distal humerus. Individual strips of cotton are placed
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FIGURE 4-18 The deformity is accentuated and hyperflexion fol-
lowed by reduction can allow the displaced ends to become
opposed. (Property of UW Pediatric Orthopaedics.)

and torn with tension to fit intimately on the posterior elbow
thus avoiding too much anterior padding (Fig. 4-20). Cotton is
rolled high in the axilla to ensure enough padding for the prox-
imal trimline (Fig. 4-21). After padding is applied to the entire
arm a small splint of five layers of plaster of Paris is fashioned
to fit into the first web space (Fig. 4-22) and then incorporated
with sequential layers of plaster (Fig. 4-23); we find that this
method allows for a better fit in the hand. Plaster is pushed and

FIGURE 4-19 While the limb is held reduced with longitudinal trac-
tion applied by the assistant, cotton padding is applied and over-
lapped by 50%. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-20 To pad the convexity of the elbow without exces-
sively padding the concavity, cotton strips are placed and torn over
the elbow to prevent cotton from bunching up in the antecubital
fossa. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-21 In this instance, stockinette was not used. Cotton is
placed high in the axilla to have a soft edge at the proximal trimline
of the plaster which will be applied more distal in the arm. (Property
of UW Pediatric Orthopaedics.)
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FIGURE 4-22 A small plaster splint fits nicely into the web space
and will be incorporated in the plaster of the forearm portion. (Prop-
erty of UW Pediatric Orthopaedics.)

unrolled up the arm to the elbow (Fig. 4-6) without lifting the
plaster roll off the arm unless tucks are needed in the concav-
ity. We prefer to apply plaster of Paris or fiberglass to a limb
in stages by focusing and immobilizing one joint at a time; for
long-arm casts we apply and mold the wrist and forearm and
we extend the cast up over the elbow after the material has
hardened. Once enough plaster is applied, the initial mold to
incorporate the layers is started by rubbing the arm circumfer-
entially (Fig. 4-24). As the plaster begins to harden, terminal
molding of the arm is performed under fluoroscopy by flat-
tening the plaster over the apex of the deformity (Fig. 4-25),
molding the ulnar border with the flat of the hand (Fig. 4-26),
and finally with some interosseus molding (Fig. 4-27) that will
make the cast flatter and less cylindrical in cross section. Fluo-
roscopy images are obtained as the short-arm portion hard-
ens before extending the cast up the humerus. If acceptable
reduction is apparent, the antecubital fossa is inspected closely
to detect and trim back cast material which may be too high
and which could lead to neurovascular compromise. Decreased
pressure in a limb can be obtained by using foam underneath
the cast material or by cutting and spreading casts and after
releasing the underlying padding. This method of applying the
cast in two stages has the potential downside of edges of the
short-arm cast digging into soft tissue proximally, so this must

-

FIGURE 4-23 This splint is incorporated with rolls of plaster moving
proximally. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-24 The cast is initially molded to incorporate the fiber
and plaster to make it stronger and to improve the fit. (Property of
UW Pediatric Orthopaedics.)

FIGURE 4-25 Initial molding is performed to flatten the cast with a
flat surface applied over the apex of the deformity. (Property of UW
Pediatric Orthopaedics.)
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FIGURE 4-26 Initial and terminal molding of the ulnar border will
allow the cast to be straight and will resist ulnar sag of fracture
fragments when the swelling goes down. (Property of UW Pediatric
Orthopaedics.)

be avoided. As the cast is extended up the humerus, a small
posterior splint can be applied to elbow convexity to decrease
the tendency to fill the concavity of the elbow with thick exo-
thermic plaster. The humerus portion is molded terminally by
flattening the posterior humerus and molding along the supra-
condylar ridges. Plain radiographs are then obtained while the
child is still sedated and if alignment is good the forearm cast is
univalved and spread. In general the cast should be univalved
and spread on the side of the arm which is opposite the direc-
tion of initial displacement; a fracture with a propensity for
dorsal displacement should be split volarly and a fracture with
a propensity for volar displacement should be split and spread
along the dorsal surface. After 2 weeks, the plain radiographs
demonstrate improved reduction and a more improved fitting
cast (Fig. 4-28A, B).

Short-Arm Cast Immobilization

It should be noted that the above description of a long-arm cast
application utilizing plaster, staged casting, splints, and univalv-
ing is the traditional method of casting preferred in many cen-
ters for displaced both bone diaphyseal fractures. Alternative
methods include the use of fiberglass with the stretch relax tech-
nique, which generally does not require splints or univalving.
As there are now good quality, randomized prospective studies
showing that distal third both bone fractures are treated equally
well in short or long-arm casts, short-arm cast immobilization is

FIGURE 4-27 Gentle terminal interosseus mold keeps pressure
on the apex, keeps the radius and ulna apart, and flattens the cast
maintaining optimal cast index. (Property of UW Pediatric Ortho-
paedics.)

FIGURE 4-28 A: AP and (B) lateral radiographs 2 weeks after the
operative procedure demonstrate excellent maintenance of reduc-
tion and early healing. (Property of UW Pediatric Orthopaedics.)
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FIGURE 4-29 Radiographs of a 7-year-old boy with a proximal both bone forearm fracture treated in
a long-arm cast. The radius fracture is proximal to the ulna and this pattern is prone to loss reduction
in a long-arm flexed cast as seen in this case with unacceptable alignment. (Property of UW Pediatric

Orthopaedics.)

appropriate for most distal radius and ulna fractures. The tech-
nique of application is similar to that presented above; how-
ever, it is important that the distal cast be oval in cross section
(Fig. 4-27) and the cast index (ratio of the AP cast width to
lateral cast depth) to be near 0.7.

Long Arm—Thumb Spica Extension
Cast Immobilization

Case study 2: A 6-year-old boy suffers a displaced both bone
forearm fracture that is treated with long-arm cast application.
Proximal and middle third both bone forearm fractures are
harder to manage as there is less remodeling potential; further,
when the radius is fractured proximal to the ulna one can often
see more difficulty in holding the fractures reduced when the
elbow is flexed. At 1 week, radiographs demonstrate loss in
reduction with 30 degrees of angulation at the radius and the
need for re-reduction (Fig. 4-29A, B).

In this instance we plan to reduce the arm with a combina-
tion of traction, pronation, and apex pressure with fluoroscopic
guidance (Fig. 4-30). Once reduced, the arm is held with longi-
tudinal traction, proximal and distal stockinet and cotton pad-
ding is applied for a long arm—thumb spica cast in extension
(Fig. 4-31). Including the thumb in this cast will fully control
forearm rotation while additionally maintaining the fracture
out-to-length, which is obtained during the casting under trac-
tion. To prevent pressure sores over the thumb, extra padding
is placed over the radial aspect of the anatomic snuff-box and

FIGURE 4-30 The arm is rotated under fluoroscopy to identify the
rotation of the hand that best reduces the fracture. (Property of UW
Pediatric Orthopaedics.)
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A

FIGURE 4-31 The thumb spica cotton padding is applied. A moder-
ate amount of padding is applied at the dorsal radial aspect of the
thumb base. (Property of UW Pediatric Orthopaedics.)

thumb. The thumb spica portion of fiberglass is placed care-
fully out to the tip of the thumb whilst holding the thumb in
neutral abduction and opposition (Fig. 4-32). The fiberglass
is applied with 50% overlap and using the stretch relaxation
technique; fluoroscopy is again utilized while terminal mold-
ing of the short-arm portion is performed in slight pronation
and with broad pressure over the apex of the deformity (Fig.
4-33). The upper arm portion is next applied once the fore-
arm portion is hardened and with the reduction confirmed
under fluoroscopic imaging. As the upper fiberglass hardens, a
supracondylar mold is applied with the arm in gentle traction
as the butt of the surgeon’s hand and thenar eminence termi-
nally molds the fiberglass (Fig. 4-34); this mold in concert with
the thumb spica mold should help to maintain rotation and
length of the reduction. Final trimming and finishing the edges
with the previously placed stockinette is done in the hand
and the palmar trimline is cut back to allow MP finger flexion
(Fig. 4-35). Finally the dorsum of the cast is univalved with
a cast saw to allow for swelling; with fiberglass the cut edges
of the cast need to be held open with commercially available
spacers (Fig. 4-36) or other such material to keep the cast from
springing closed; this is in contradistinction to plaster which

FIGURE 4-32 Fiberglass is applied with the stretch relaxation
method. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-33 Initial molding of the fiberglass is performed over the
apex of the deformity. (Property of UW Pedlatric Orthopaedics.)

can remain open once a terminally molded cast is spread. Plain
radiographs after 3 weeks of immobilization confirm reduction
of the fracture (Fig. 4-37).

Thumb Spica Cast Immobilization

Usual incorporation of the thumb is needed for the extension
cast described above as well as carpal injuries. Some surgeons
include the thumb in all short-arm casts too. Regardless its
important to ensure the thumb is well padded and casted in

FIGURE 4-34 Supracondylar mold is applied above the elbow; this
will prevent the cast from slipping down. (Property of UW Pediatric
Orthopaedics.)
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FIGURE 4-35 The hand portion is trimmed back to allow finger MP
flexion and the spica portion of the cast is out to the tip of the thumb,
which is neutrally placed. (Property of UW Pediatric Orthopaedics.)

a neutral position thumb abduction and opposition with well-
padded distal trimline.

Shoulder Immobilization

Immobilization about the shoulder and the clavicle is some-
what limited when compared with other areas of the skel-
eton. Because of anatomic constraints about the shoulder it is
often very challenging to gain a reduction of a bone (proximal
humerus, clavicle); and it is not practical to expect that the frac-

FIGURE 4-36 The fiberglass cast is held open with a plastic spacer,
univalved fiberglass casts tend to spring back while plaster casts
tend to stay open. (Property of UW Pediatric Orthopaedics.)

ture fragment to be firmly held in a reduced position. One his-
torical exception may be the use of the shoulder spica cast for
displaced proximal humerus fractures. Practically speaking this
cast was challenging to apply and for the patient to wear and
pediatric orthopedic trauma surgeons today would use internal
fixation to maintain fracture reduction.

Despite the difficulty encountered when attempting reduc-
tion and firmly maintaining reduction with closed means, immo-
bilization about the shoulder is used to provide comfort in the

FIGURE 4-37 Radiographs obtained in the OR demonstrate excellent reduction and a well-fitting cast.
(Property of UW Pediatric Orthopaedics.)
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injured child. For clavicle fractures, a figure-of-8 collar or a
shoulder sling can support the shoulder. Although the figure-
of-8 collar was designed to retract the shoulder posteriorly and
thus potentially reduce a shortened clavicle; practically the effect
is minimal and the force needed to hold the shoulder back is
often a challenge to the patient. Most patients find a personal
preference between figure-of-8 collar and shoulder sling which is
acceptable given equal clinical results between the two.

A proximal humerus fracture (whether treated nonopera-
tively or operatively) may be protected with immobilization
with a sugar-tong splint. This splint is applied in stages. A slab
of fiberglass or plaster is cut to a length that spans the proximal
medial humerus (not too high in the axilla) and extends over
the elbow and up the lateral aspect of the humerus up over the
shoulder (Fig. 4-38). After dipping in water the slab is placed
on appropriate padding and then applied to the arm. We find
it helpful to wrap sugar-tong splints very tightly with an elastic
bandage as this improves the mold and fit. The elastic bandage
is removed when the splint material is hard and is replaced
loosely with a new one. The common pitfalls with this type of
immobilization include the medial splint edge in the axilla that
is too thick or too high. In addition, when the lateral splint
edge is too low and ends close to a fracture level, it does not
immobilize and actually increases the lever arm forces at the
fracture. This is due to the fact that the adjacent joints which
are immobilized and that could normally move and decrease
the length of the lever arm, cannot function as such.

Hanging arm casts can be used in proximal humerus and
humeral shaft fractures. These synthetic long-arm casts are applied
with the concept that gravity will act upon the humerus fracture
and can be effective in gradually improving alignment in children
with fractures that are minimally angulated or bayonet opposed.
The children will have to sleep in an upright position for several
weeks until the fracture is healed enough to be converted to splint
immobilization. These casts are simple long-arm casts that do not

FIGURE 4-38 The plaster of a sugar-tong upper arm splint is folded
over the shoulder and above the fractured proximal humerus frac-
ture. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-39 A 5 thickness posterior slab has been dipped and
applied to the posterior foot and leg at the beginning of a short leg
cast. Cuts have been made at the ankle to allow good overlap with-
out bunching. This posterior splint brings thickness and strength to
the posterior part and prevents anterior bunching of plaster over the
ankle. (Property of UW Pediatric Orthopaedics.)

require intimate molding; the weight of the cast will provide grad-
ual distraction that aligns the fracture. Common pitfalls include
a patient who cannot sleep upright and placing the neck collar
attachment on the forearm too close to the elbow which could
increase anterior angulation or placing the attachment too close
to the wrist; which could lead to posterior angulation.

Short Leg Cast Application

Short leg casts are applied with goals of fully immobilizing the
lower leg and keeping the ankle at 90 degrees while avoiding
complications such as pressure sores. After applying proximal
and distal stockinet the limb is wrapped with cotton padding
and the ankle is held at 90 degrees. A potential pitfall is as the
casting material is placed the ankle drifts into equinus, then as
ankle flexion is restored to 90 degrees, casting material bunches
up at the anterior ankle which can cause soft tissue damage
over time as well as neurovascular constriction. To avoid
excessive plaster of Paris cast material over the anterior ankle,
a posterior splint of 5 layers thick is measured, and applied
(Fig. 4-39) and then overwrapped with plaster rolls (Fig. 4-40).

FIGURE 4-40 Plaster is overlapped by half and rolled up the leg over
the splint. (Property of UW Pediatric Orthopaedics.)
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The ankle can be held at 90 degrees by the surgeon’s torso and
the plaster is carefully molded around the malleoli and the pre-
tibial crest (Fig. 4-7). The cast should be hard and well cured;
bivalving a wet cast will weaken it and the foot can drift into
equinus. The cooled cast can be supported on a pillow with
the ankle hanging free (Fig. 4-8). Once hardened the cast can
be univalved and spread anteriorly if needed to accommodate
swelling; if significant swelling is expected then the cast can be
bivalved and spread with release of the cotton padding. Using
fiberglass for short leg casts generally results in a lighter and
stronger cast, but if fiberglass is improperly applied too tightly
it can cause compartment syndrome.

Long Leg Cast Application

Long leg cast application incorporates all of the techniques
above; once the short-leg portion has hardened the upper thigh
is wrapped with padding and the knee (held in the chosen
degree of flexion) and thigh is overwrapped with cast mate-
rial. Care is needed to make sure the posterior trimline of the
short-leg cast is not too high and which could be compressing
in the popliteal fossa. The anterior knee portion can be rein-
forced with a splint and thus further decreasing the cast load in
the popliteal fossa. Finally a medial and lateral supracondylar
mold (similar to that in long-arm cast) can be used to support
the weight of the cast and prevent distal migration. Plaster long
leg casts can be heavy, as such we will use an all fiberglass
cast or consider a composite cast whereby the short-leg portion
is molded with plaster of Paris and then when hardened the
proximal portion is placed with fiberglass.

Short Leg Splint Application

Posterior short leg splints are commonly used to immobilize
the foot and ankle prior to definitive operative or nonoperative
treatment and additionally to support the limb in the immediate
postoperative period. These splints can accommodate signifi-
cant swelling following trauma or surgery. Supplemental stirrup
application may be needed in larger patients whose foot position
cannot be controlled with a single posterior slab. In these cases,
similar application methods and principles are used as seen in
the upper extremity sugar-tong splint application.
Fundamental application includes holding the foot and
ankle in 90 degrees of flexion while the limb is wrapped with
four to six layers of cotton padding from the toes to the knee. A
posterior slab of plaster is selected and should be wide enough
to provide a medial and lateral trimline of an inch. It should
be 10 layers thick; and measured similarly to that seen in short
leg cast application described above. If needed a U-stirrup of
plaster five layers thick is measured and is usually 1 to 2 inches
narrower than the posterior plaster slab; this allows overlap of
the two pieces of plaster without completely covering the ante-
rior foot, ankle, and leg. Both the stirrup and the posterior slab
are dipped in water and the proximal and distal trimlines are
padded with three to four more layers of cast padding. The
slab is applied posteriorly; any redundant material at the level
of the heel can be cut away before the U-stirrup is applied with
some overlap of the stirrup and the slab. The plaster is held
in place with one layer of cast padding. An elastic bandage is

applied tightly until the plaster is hard, and then removed to
prevent constriction. This last layer of cast padding allows for
easy removal of the final layer of loosely applied elastic bandage
or self-adherent elastic tape.

Variances to this method are similar to sugar-tong splint
application described above. For instance, some practitioners
prefer to layer the wet plaster splint with 5 thicknesses of pad-
ding and apply the padded splint directly to the limb. This has
advantages in minimizing circumferential wrapping of the limb
with cotton; yet great care is needed to prevent inadvertent
bunching or slipping of the padding.

Spica Cast Application

Spica casts can be applied from infants to adolescents and the
location of application can vary according to age and clinical
problem. For instance, infants and most children with pain-
ful injuries will require sedation and application in the supine
position on a spica table. In contrast, a single leg spica cast can
be used as an adjunct to internal fixation for femur fracture in
large children or adolescents. These latter casts can be applied in
a supine or even a standing position with a compliant and com-
fortable patient. Because of the size of the casts, most spica casts
are constructed with synthetic cast material; plaster of Paris still
has utility in small infants where a more intimate mold is used
and where its hard to conform fiberglass rolls.

Spica cast application in children is performed on a well-
padded spica table which should be firmly attached to the OR
bed or cart; one person should be responsible for managing the
torso and making sure the child does not fall off the table; one
to two assistants will support the legs while the anesthesia team
manages the head and airway—this leaves the last of a four- to
five-person team to apply the cast.

Before placing the child on the spica table a waterproof pan-
taloon or stockinet is applied to the torso and legs in some cen-
ters. Place a 2- to 4-in thick towel or other pad on the stomach
and under the liner or stockinette, that will be removed when
the cast is dry to have room for food and respiration. Note
that if the patient starts to desaturate during spica cast appli-
cation pulling out the abdomen padding frequently resolves
this. The child is lifted onto the table and 3 to 6 thicknesses of
padding are applied, with more at bony prominences such as
over the patella and heels. It is also wise to completely cover
the perineum with padding and high over the thorax; it is
extremely hard to add padding once the cast material is applied
(Fig. 4-41). After padding is appropriately applied, the thorax
is wrapped with synthetic cast material (Fig. 4-9) and extended
down over the uninjured thigh; care is needed to cover the
“intern’s triangle,” this is the posterior area of the cast at the
junction of the thigh, buttock, and thorax. Once the uninjured
leg portion is hardened the injured leg is casted from proximal
to distal. We recommend casting from the thorax, over the hip
and to the distal thigh then extending over the knee and onto
the distal leg as soon as the hip and thigh portion is firm; once
the knee and leg portion is hardened then extend it down to
include the foot and ankle. Care must be taken not to apply a
short leg cast first, and use it to apply traction across the femur
as this is associated with soft tissue problems and compartment
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FIGURE 4-41 This 5-year-old child with a femur fracture is sup-
ported with three to four assistants as cotton padding is applied
to the patient’s body which is covered with a waterproof liner over
a stack of towels placed as a spacer for his belly. (Property of UW
Pediatric Orthopaedics.)

syndrome. In general we include the foot in neuromuscular
patients who are prone to develop an equinus contracture and
whose distal tibia is osteoporotic and prone to fracture at the
level of the distal trimline. The risk of including the foot in a
spica cast is soft tissue problems over the dorsal ankle. Once
the final cast is hardened the perineal region is trimmed out
and patient is removed from the spica table. The abdominal
pad is removed and in some children a hole can be cut for
further room (Fig. 4-42). Next appropriate radiographs are
obtained and the trimlines are padded from rolling back the
under padding and lining and incorporated with trim fiber-
glass. The decision to apply a bar from leg to leg is made based
on the structural integrity of the cast. Usually this is not needed
in small children and infants. Should a bar be needed then
it is wise to wait until the cast is fully cured and the chance
of a pressure sore is decreased. Nontoilet-trained infants and

FIGURE 4-43 When finished the spica edges are well padded and
incorporated into the cast. A small diaper is placed into the perineal
region and then another diaper will be placed over this to hold it in
place. (Property of UW Pediatric Orthopaedics.)

children need to have an absorbent pad (small diaper, ABD
pad, or sanitary napkin) placed in the perineal region and then
a diaper is placed over this (Fig. 4-43). Simply placing a diaper
over the cast will not absorb the waste material, as the diaper
will not be in contact before it tracks under the cast.

For length-stable diaphyseal femoral shaft fractures, many
centers are now moving toward a single leg spica cast, which
does not include the contralateral thigh and positions the hip
and knee in less flexion and give the child the opportunity to
ambulate with a walker or crutches.

BonNE REMODELING

Fracture management in children affords the unique opportu-
nity to correct residual deformity with remodeling as growth
occurs. The mechanism whereby bone remodeling occurs is

FIGURE 4-42 The abdominal pillow is removed after trimming away the perineal region.
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FIGURE 4-44 A: Alignment at 1 week in a newborn with a frac-
ture sustained at birth. B: After 6 months significant remodeling has
occurred, and no functional deficits are noted clinically. (Property of
UW Pediatric Orthopaedics.)

discussed in the chapter on Bone Biology, but includes asym-
metric growth of the physis in angular deformity resulting in
overgrowth of the physis on the concave side of the deformity.*
Seventy-five percent of remodeling occurs at the level of the
physis, and remodeling at the level of the fracture also occurs
through resorption along the convex side of the deformity with
ossification along the concave side.'® Angular deformities,
translational deformities, and apposition undergo a relatively
predictable path of remodeling that allows for acceptance of
certain amounts of malalignment rather than needing to pur-
sue surgical correction to restore anatomic alignment prior
to fracture healing.* One notable exception is that rotational
deformities may not remodel well and anatomic relationship
within the axial plane should occur from the outset of fracture
management.”*

Deformities closer to rapidly growing physes retain greater
remodeling potential (proximal humerus remodels well,
whereas distal humerus remodels little, if at all), as do angular
deformities that occur within the plane of motion of the closest
joint (e.g., sagittal plane deformity corrects better than coronal
plane deformity at a flexion—extension joint, such as the wrist
or finger). Much of the remodeling likely takes place in the
first year after fracture; a rate as high as 2.5 degrees per month
for metaphyseal radial fractures, with a rate of 1.5 degrees
per month for diaphyseal [ractures.” Newborns, as expected,
have the greatest ability for remodeling because 100% of bone
mineral content turns over in the first year of life, resulting in
remodeling of even dramatic deformity” (Fig. 4-44). As a child
approaches skeletal maturity the ability to remodel decreases—

FIGURE 4-45 A: Femoral diaphy-

seal fracture that healed in 2 cm of

shortening. B: After 1 year, femoral

length has been almost fully restored

through regrowth. (Property of UW
B  Pediatric Orthopaedics.)
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a child nearing skeletal maturity has minimal ability for remodel-
ing so fracture alignment should be near-anatomic. As a result,
acceptable, or allowable, deformity differs across various age
ranges and anatomic locations of fractures. In general, 15 degrees
of angulation is acceptable for fractures at nearly any location
in a prepubertal child. Greater degrees of deformity may cor-
rect in younger children; although healing with malunion is not
desired, it is likely more prudent, and cost-effective, to allow
ample opportunity to remodel before undertaking surgical cor-
rection of deformity.”®

One of the most extreme examples of the power of growth
in the skeletally immature child is the ability of femur fractures,
and occasionally tibia fractures, to “overgrow.” °"*” This may
result in limb length discrepancy when the fracture heals at
length, but provides opportunity for equalization of limb dis-
crepancy when the fracture heals in a foreshortened position
(Fig. 4-45). Overgrowth following fracture may occur through
increased activity at the physes of the fractured, and possibly
adjacent, bone(s).”

Top 15 Fractures to Avoid Missing,
Underappreciating, or Undertreating

1. A 15-year-old hockey player is tripped and slides into the
boards. He arises with the complaint of right-sided chest
pain and mild shortness of breath. Tenderness is noted
at the right sternoclavicular joint with minimal deformity.
X-rays at urgent care were read as normal (Fig. 4-46A).
He was experiencing some difficulty swallowing and slight
shortness of breath, both of which improved over the next
3 weeks. After following-up in clinic, the correct diagnosis
was suspected and a computed tomography (CT) obtained
(Fig. 4-46B, C).

Posteriorly displaced sternoclavicular fractures, as with
dislocations, frequently result in restriction of cardiorespi-
ratory function, occasionally nerve injury and, rarely, even
death. Diagnosis by plain radiographs is difficult because
of obscuration by the ribs on standard clavicle views and
lack of a good orthogonal image. In the setting of traumatic

FIGURE 4-46 A: AP view of both clavicles does not demonstrate any obvious abnormality. B: Com-
puted tomography 4 weeks later demonstrates posteriorly displaced proximal clavicle fracture, more
fully appreciated on three-dimensional reconstruction (C). (Used with permission from the Children’s
Orthopaedic Center, Los Angeles.)
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A B

FIGURE 4-47 A: Lateral and (B) AP views at presentation demonstrating a minimally displaced lateral
condyle fracture in a 4-year-old. C: AP radiograph in a 10-year-old with a prior lateral condyle fracture,
now with nonunion and valgus deformity. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-48 A: AP and (B) lateral
of the unaffected right elbow with
the medial epicondyle in anatomic
position (arrows). The medial epi-
condyle is seen to be entrapped in
the joint on both (C) AP and (D) lat-
eral views (arrowheads). (Property
of UW Pediatric Orthopaedics.)
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onset of sternoclavicular pain, clinical suspicion should
lead CT, the imaging modality of choice.”

. A 4-year-old girl presents with right elbow pain after expe-
riencing an injury from landing on the mat when jump-
ing on a trampoline with her 13-year-old brother. AP and
lateral radiographs demonstrated a nondisplaced lateral
condyle fracture. After 4 weeks of casting the patient was
released from care. Six years later she returns with clinical
and radiographic deformities (Fig. 4-47).

Stability of lateral condyle fractures may be difficult to
discern on initial radiographs. Lateral condyle fractures with
extension to the joint have a high propensity for displace-
ment and nonunion. Additional views such as the internal
oblique view, and close monitoring, are necessary to identify
displacement and need for surgical fixation.”

. A 10-year-old female dislocated her elbow and it popped
back in place by her physician father. She has swelling
throughout the elbow, bruising and tenderness medially to
palpation. Radiographs reveal an ossific density overlying
the distal humerus (Fig. 4-48).

Medial epicondyle fractures occur in 50% of elbow dis-
locations or may occur as isolated injuries.”® Dislocations

create an opportunity for the avulsed medial epicondyle to
become entrapped in the joint. Contralateral films or CT
scan will help with identification.

. A 2-year-old boy has an undefined elbow injury after a fall

from his bed; radiographs were considered questionable
for a distal humerus fracture, and an MRI was performed
by his treating physician. This was suggestive of a distal
humerus fracture, he was taken to the OR where an arthro-
gram demonstrated the injury and he underwent closed
reduction and pinning (Fig. 4-49A-C).

The distal humerus is the most common location for a
transphyseal fracture. Transphyseal fractures may occur in
the presence of a difficult extraction of a neonate or non-
accidental trauma, rarely occurring via other mechanisms.
Infants commonly present with pseudoparalysis of the
extremity, fussiness, and often a swollen joint. Radiographs
appear normal as the fracture is an avulsion of the nonos-
sified epiphysis through the physis with a minimal or no
metaphyseal fragment. Neonates may do well”* but at any
other age, missed fractures have a high rate of avascular
necrosis (AVN) of the medial condyle and subsequent cubi-
tus varus.”

FIGURE 4-49 A: Less than optimal plain radiograph of
an anxious crying 2-year-old is nondiagnostic for injury.
B: Because of difficulty obtaining standard films and
contralateral comparison films an MRI was obtained
which demonstrates likely transphyseal fracture.
C: Arthrogram before pinning demonstrates extension
of the distal fragment. (Property of UW Pediatric Ortho-
paedics.)
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FIGURE 4-50 A: AP and (B) lateral views of the elbow demonstrating a type 2 supracondylar humerus
fracture at presentation. € and D: Showing healing in varus and hyperextension. E and F: Imaging
3 years later shows persistent varus and extension without evidence of remodeling. Clinically, the
patient has a gunstock deformity (G) and hyperextension (H). (Property of UW Pediatric Orthopaedics.)

A 5-year-old male presents with his parents with concerns
regarding elbow deformity after a fracture at 2 years old.
He has a gunstock deformity to his left elbow, which also
hyperextends. Review of old radiographs, and new imag-
ing, reveals a supracondylar humerus fracture treated con-
servatively that healed in extension and varus (Fig. 4-50).

Type 2 supracondylar humerus fractures may rarely be
amenable to nonsurgical treatment. Before doing so, align-
ment in the coronal and sagittal planes should be carefully
assessed using contralateral films and measurement of Bau-
mann angle to make sure the fracture is not in varus/valgus
malalignment and/or hyperextension that requires reduc-
tion and/or surgical intervention.'®

. A 4-year-old female presents with arm deformity after fall-

ing off her bike. Neurovascular examination is normal.
Radiographs reveal a diaphyseal ulna fracture. She is casted
and goes on to good healing at 4 weeks. Six months later
she returns with difficulty pronating and supinating her
forearm; radiographs reveal malalignment of the radiocapi-
tellar joint (Fig. 4-51).

Numerous variations exist, but Monteggia fractures and
their equivalents involve an ulnar fracture with associated

radial head dislocation. Focus on the forearm frequently
results in missing the radiocapitellar component either
through ordering only forearm radiographs, excluding
orthogonal visualization of the elbow, or a lack of proper
interpretation of elbow radiographs. Missed or delayed
diagnoses require surgical correction often with an increased
risk of complications.*

. A 12-year-old male presents with wrist pain and deformity

after falling off a skateboard when going down a hill. He
undergoes reduction of his distal radius metaphyseal frac-
ture and goes on to full healing. Three years later he returns
with wrist pain. Radiographs reveal ulnar shortening and
growth arrest (Fig. 4-52).

Nearly 50% of distal ulnar physeal fractures undergo
growth arrest."" Nondisplaced ulnar physeal fractures may
not be appreciated on initial imaging but will demonstrate
evidence of healing 2 to 4 weeks after injury. When iden-
tified, follow-up imaging 6 to 9 months after injury helps
identify growth arrest before it becomes clinically significant.

8. A 10-year-old male presents with pain and swelling about

his 2nd finger after throwing a pass and getting his finger
stuck in another player’s face mask. Radiographs reveal a
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fracture through the distal phalangeal neck. He is reduced
and splinted 3 months later he returns with no pain, but
slightly limited flexion. Radiographs reveal adequate heal-
ing (Fig. 4-53).

Phalangeal neck fractures lead to limitation in motion
because of fracture extension of the articular surface which
leads to a block to flexion into the subcondylar fossa.**
Remodeling is minimal, so radiographs require critical
evaluation to determine need for reduction and fixation.

FIGURE 4-51 A: AP and (B) lateral views of the forearm demonstrating ulnar diaphyseal fracture. Radial
head dislocation can be appreciated on these views. C and D: Follow-up imaging did not include the elbow.
E: Radial head dislocation is appreciated 6 months later. (Property of UW Pediatric Orthopaedics.)

9. A 6-year-old male presents with right anterior distal thigh

pain after a weekend at a local water park. No injury was
noted. Radiographs of his knee are normal. He is told to
follow up with orthopedics. One week later he presents
with slightly improved discomfort, but persistent limp.
Examination is remarkable for limited hip abduction and
internal rotation. Radiographs of the pelvis reveal sclerosis
of the proximal femur with confirmation of a suspected
fracture on MRI (Fig. 4-54).
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FIGURE 4-52 A and B: Distal radius and ulna injury and at follow-up a growth arrest of the distal ulna
presenting 3 years after initial injury. (Property of UW Pediatric Orthopaedics.)

FIGURE 4-53 A: AP and (B) lateral views of index finger at presentation demonstrating phalangeal
neck fracture. C: AP and (D) lateral views 3 months later show good healing, but the patient still has
slight limitation of flexion. (Property of UW Pediatric Orthopaedics.)
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FIGURE 4-54 A: AP pelvis including both hips 1 week after onset of right knee pain demonstrating
sclerosis at the inferior portion of the right femoral neck. B and C: MRI demonstrates a propagating
fracture prompting (D) surgical fixation to prevent complete fracture and displacement. (Property of

UW Pediatric Orthopaedics.)

Femoral neck fractures have catastrophic sequelae
because of AVN.** Early recognition and intervention is
necessary to prevent further displacement and AVN.

A 15-year-old male presents with acute onset of hip pain
after being tackled while playing football and having his
left thigh forcefully flexed up to his chest when landed on
by another player. Radiographs demonstrate a left hip dis-
location (Fig. 4-55).

AP radiographs may be difficult to interpret, but lateral
films usually confirm the dislocation. Prompt diagnosis
and reduction under deep sedation or general anesthesia
is critical to decrease the risk of subsequent AVN. Fluo-
roscopic imaging is used during reduction to detect con-
comitant physeal fracture during the reduction. Forced
reduction (as would be encountered with poor sedation)
and without radiographic monitoring could displace the
femoral head through an unrecognized and injured physis
in a skeletally immature child or adolescent.”

11. A 14-year-old female presents with swelling of her knee

after coming down from a rebound in a basketball game.
She is swollen throughout her knee but more so over her
tibial tubercle. Radiographs identify a displaced avulsion
fracture involving the anterior epiphysis and tubercle
(Fig. 4-56). She is placed into a splint in extension and
told to follow up with the orthopedist the next day. She
returns to the emergency department 6 hours later with
increased pain, paresthesias, and inability to move her
foot or toes.

Tibial tubercle fractures result in disruption of the
extensor mechanism of the knee. Displaced fractures
require surgical fixation and carry a risk of development of
compartment syndrome.” As a result, patients should be
admitted for observation.

12. A 12-year-old male presents to his primary physician with

knee pain after falling while riding his bicycle. On exam-
ination he has an effusion, no areas of focal tenderness,
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B
FIGURE 4-55 A: AP pelvis of a patient with a traumatic left hip dislocation, the AP image does not
clearly define the displacement posteriorly. B: Cross-table lateral views better demonstrate the poste-
rior positioning of the femoral head. (Property of UW Pediatric Orthopaedics.)
and a negative Lachman maneuver. He is diagnosed with a As opposed to adults who tear their anterior cruciate
sprain and placed into a knee immobilizer for comfort. He ligament (ACL), skeletally immature children who experi-
comes to clinic 4 weeks later because of persistent pain and ence the same mechanism of trauma can avulse the tibial
swelling. Radiographs demonstrate a fracture involving the eminence. Any child with knee swelling following hyperex-
tibial eminence (Fig. 4-57). tension trauma should undergo careful radiographic study.

Radiographs should be closely scrutinized for displacement
of the tibial spine to identify lesions that benefit from surgi-
cal intervention,' or immobilization. Despite the fact that
the attachment of the ACL is disrupted, the Lachman test
may be negative.

13. A 3-year-old male presents with pain in his leg after being
fallen on by another child in a bounce house. Radiographs

FIGURE 4-57 AP views of both knees demonstrating lucency
through base of the tibial eminence of the left knee as well as a
FIGURE 4-56 Lateral view of the knee demonstrating a type |l tibial small avulsion off the lateral tibial spine. (Property of UW Pediatric
tubercle fracture. (Property of UW Pediatric Orthopaedics.) Orthopaedics.)
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reveal a transverse fracture of the proximal tibial metaphysis
that undergoes reduction and fixation in anatomic align-
ment. Twelve months later he returns with his parents for a
“crooked leg.” Radiographs reveal valgus angulation of the
proximal tibia (Fig. 4-58).

Fractures of the proximal tibia can grow into valgus at
the proximal growth plate over time. Progressive valgus
alignment can occur after surgical or nonsurgical treat-
ment. Alignment is likely to correct with continued bone
growth®' without intervention so observation for at least
a year is indicated in most cases. However, surgical correc-
tion via hemiepiphysiodesis is occasionally needed. Aware-
ness on the part of the physician and parents helps alleviate
anxiety or need to pursue surgical correction when defor-
mity occurs.

FIGURE 4-58 A: AP and (B) lateral knee
x-rays demonstrating a transverse fracture
through the proximal tibia that underwent sur-
gical reduction and fixation (C). Clinically, the
patient developed a progressive valgus defor-
mity of the left leg (D). E: Radiographs confirm
a valgus deformity through the proximal tibia.
(Property of UW Pediatric Orthopaedics.)

14. A 13-year-old female presents with ankle pain and swell-

ing after tripping in the backyard when running after some
friends. She says that she stepped in a depression in the
ground while running down hill, lost her balance and fell.
Radiographs are obtained demonstrating a Tillaux fracture
of the distal tibia (Fig. 4-59).

Transitional fractures of the distal tibial physis include
the Tillaux fracture and the triplane fracture (Fig. 4-60),
which occur as the physis begins to close. Vertical
components in the sagittal plane may be difficult to
identify. Plain radiographs often underestimate the true
amount of fracture displacement, which is best seen on
CT.NYSO

15. A 2-year-old female presents following an injury to her fourth

finger after being slammed in a car door. The nail is avulsed
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FIGURE 4-59 A: AP view demonstrating a Tillaux fracture with vertical, sagittal epiphyseal and hori-
zontal, axial physeal components. B: Computed tomography is useful for defining transitional fracture
pattern. In Triplane fractures there is a sagittal split (similar to that in Tillaux fractures) with a transverse
fracture through the growth plate and an ascending coronal split up the metaphysis. (Property of UW

Pediatric Orthopaedics.)

proximally with bleeding from the nail bed. Radiographs
reveal a fracture of the distal phalanx with slight volar
angulation (Fig. 4-61).

The eponymous Seymour fracture of the distal phalanx
may occur in the hand or the foot and include a paraphy-

seal or physeal fracture of the distal phalanx with avulsion
of the nail bed and often entrapment of the germinal matrix
or extensor sheath within the fracture. Risk of infection
and malunion occurs if the soft tissue component is not
repaired.”

FIGURE 4-60 Computed tomography of a triplane fracture of the distal tibia which typically is involving
vertical sagittal (epiphyseal), horizontal axial (physeal), and vertical coronal (metaphyseal) components.
(Property of UW Pediatric Orthopaedics.)
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A B

FIGURE 4-61 A: Paraphyseal fracture lucency is seen as part of a
distal phalanx fracture with nail bed avulsion. B: Lateral view reveals
deformity. (Property of UW Pediatric Orthopaedics.)

CONCLUSION

In this chapter we highlight the pearls and pitfalls of cast and
splint application in children with pediatric orthopedic trauma.
This orthopedic subspecialty is one of the few in which an
injury is more likely treated with these methods than surgical
treatment. A dearth of prospective studies means that much art
and personal preferences remain in cast and splint application.
As time moves along and there are more innovative methods to
treat fractures with surgery, the role of casting will not be sup-
planted, there will always be a need for a technically well-done
cast that helps speed recovery in pediatric trauma. In our minds
the many complications result from inappropriate use of the cast
or splint to obtain correction; in contrast the cast or splint should
be used to maintain reduction achieved either open or closed.
Tight casts and bandages are also commonly associated with
compartment syndrome. Problems such as tight casts, wet casts
leading to infection, foreign objects in casts, and pressure ulcers
are not uncommon. It is important to educate parents that small
children may not adequately communicate problems occurring
under a cast. It is good for us all to remember that in the words
of Chad Price, MD, “there are no hypochondriacs in a cast.”
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RoLE oF THE PEDIATRIC TRAUMA CENTER
Key Concepts

e The American College of Surgeons has established specific
criteria for pediatric trauma centers, which include the same
principles of rapid transport and rapid treatment by an in-
house surgical team as in adult trauma centers.

* Rapid assessment and treatment during the “golden hour”
decreases mortality.

* There is increasing evidence that pediatric trauma centers do
provide improved outcomes for severely injured children, but
there are relatively few such centers, and many children will
be stabilized or treated definitively at adult trauma centers.

After the rapid transport of wounded soldiers to a specialized
treatment center proved effective in improving survival in the
military setting, trauma centers, using the same principles of
rapid transport and immediate care, have been established
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throughout the United States. These trauma centers are sup-
ported by the states on the premise that the first hour (the
“golden hour”)* after injury is the most critical in influenc-
ing the rates of survival from the injuries. Rapid helicopter or
ambulance transport to an onsite team of trauma surgeons in
the trauma center has led to an improvement in the rates of
acute survival after multiple injuries have occurred.

The first trauma centers focused on adult patients because
more adults than children are severely injured. However, pedi-
atric trauma centers have been established at numerous medical
centers across the United States with the idea that the care of
pediatric polytrauma patients differs from the care given to adults
and that special treatment centers are important for optimal res
ults.”™ The American College of Surgeons has established
specific criteria for pediatric trauma centers, which include the
same principles of rapid transport and rapid treatment by an
in-house surgical team as in adult trauma centers. A pediatric
general surgeon is in the hospital at all times and heads the
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pediatric trauma team. This surgeon evaluates the child first,
and the other surgical specialists are immediately available.
General radiographic services and computed tomography (CT)
capability must be available at all times for patient evaluation,
and an operating room must be immediately available.

There is increasing evidence that survival rates and out-
comes for severely injured and younger children are improved
at a pediatric trauma center compared to a community hospi-
tal >A7o012033179.185 Hawever, the costs associated with such a
center (particularly the costs of on-call personnel) have limited
the number of existing pediatric trauma centers. Therefore,
pediatric trauma patients are often stabilized at other hospitals
before transfer to a pediatric trauma center, or treated definitively
at an adult trauma center. One European cohort study compar-
ing 2,961 pediatric polytrauma patients to 21,435 adults, found
that the “golden hour” for pediatric patients often elapses in the
field, or is consumed during transfer between hospitals.*'®

Larson et al.'® reported that there did not appear to be bet-
ter outcomes for pediatric trauma patients flown directly to a
pediatric trauma center than for those stabilized at nontrauma
centers before transfer to the same pediatric trauma center.
Other centers have documented the need for improved transfer
coordination.””'®

Knudson et al.”” studied the results of pediatric multiple
injury care in an adult level 1 trauma center and concluded that
the results were comparable to national standards for pediatric
trauma care. Sanchez et al.'™ reported that adolescent trauma
patients admitted to an adult surgical intensive care unit (SICU)
had similar outcomes to comparable patients admitted to a pedi-
atric intensive care unit (PICU) in a single institution. However,
those admitted to the SICU were more likely to be intubated and
to have a Swan—Ganz catheter placed and had longer ICU stays
and longer hospital stays.' The use of a general trauma center
for pediatric trauma care may be an acceptable alternative if it is
not feasible to fund a separate pediatric trauma center.

InITIAL RESUSCITATION AND EVALUATION
Key Concepts

* Regardless of the mechanism causing the multiple injuries, the
initial medical management focuses on the life-threatening,
nonorthopedic injuries to stabilize the childs condition.'**

¢ Initial resuscitation follows the Advanced Trauma Life Sup-
port (ATLS) or Pediatric Advanced Life Support (PALS) pro-
tocols.

e The primary survey comprises the “ABCs”: Airway, Breath-
ing, Circulation, Disability (neurologic), and Exposure and
screening radiographs (cervical spine, chest, and pelvis).

* Hypovolemia is the most common cause of shock in pediat-

ric trauma patients so early and adequate fluid resuscitation
is critical.'®

Initial Evaluation

The initial steps in resuscitation of a child are essentially the
same as those used for an adult.*'** The primary survey begins

FIGURE 5-1 Temporary cervical spine stabilization is imperative in
any child with multitrauma, especially those who are unconscious
or complain of neck pain.

with assessment of the “ABCs,” Airway, Breathing, Circulation,
Disability (neurologic), and Exposure, followed by screening
radiographs (cervical spine, chest, and pelvis). In severe inju-
ries, the establishment of an adequate airway immediately at
the accident site often means the difference between life and
death. The cervical spine needs to be stabilized for transport if
the child is unconscious, there is facial trauma, or if neck pain
is present (Fig. 5-1). A special transport board with a cutout for
the occipital area is recommended for children younger than
6 years of age because the size of the head at this age is larger
in relation to the rest of the body. Because of this larger head
size, if a young child is placed on a normal transport board, the
cervical spine is flexed, a position that is best avoided if a neck
injury is suspected.”

Fluid Replacement

Once an adequate airway is established, the amount of hemor-
rthage from the injury, either internally or externally, is assessed.
This blood loss is replaced initially with intravenous (IV) crystal-
loid solution. In younger children, rapid IV access may be dif-
ficult. In this situation, the use of intraosseous fluid infusion via a
large bore needle into the tibial metaphysis can usually be placed
within 1 to 2 minutes and has been found safe and effective for
IV fluids and drug delivery during resuscitation. Bielski et al.,'®
in a rabbit tibia model, likewise demonstrated no adverse effects
on the histology of bone or the adjacent physis with intraosseous
injection of various resuscitation drugs and fluids.

Because death is common if hypovolemic shock is not rap-
idly reversed, the child’s blood pressure must be maintained at
an adequate level for organ perfusion. Most multiply injured
children have sustained blunt trauma rather than penetrating
injuries, and most of the blood loss from visceral injury or
from pelvic and femoral fractures is internal and may be eas-
ily underestimated at first. The “triad of death,” consisting of
acidosis, hypothermia, and coagulopathy, has been described
in trauma patients as a result of hypovolemia and the systemic
response to trauma.”'? Peterson et al."** reported that an initial
base deficit of eight portends an increased mortality risk.



Despite the need to stabilize the child’s blood pressure, cau-
tion needs to be exercised in children with head injuries so
that overhydration is avoided because cerebral edema is better
treated with relative fluid restriction. Excessive fluid replace-
ment also may lead to further internal fluid shifts, which often
produce a drop in the arterial oxygenation from interstitial pul-
monary edema, especially when there has been direct trauma
to the thorax and lungs. In some instances, to accurately assess
the appropriate amount of fluid replacement, a central venous
catheter is inserted during initial resuscitation. A urinary cathe-
ter is essential during the resuscitation to monitor urine output
as a means of gauging adequate organ perfusion.

EVALUATION AND ASSESSMENT
Key Concepts

e Trauma rating systems have two functions: To aid in triage,
and to predict outcomes.

e There are many rating systems, each with strengths and
weaknesses.

e Of the commonly used systems, both the Injury Severity
Score (ISS) and Glasgow Coma Score have predictive value
for prognosis.

e The secondary survey is a systematic examination of the
patient from head to toe.

 Itincludes a complete history, physical examination, focused
radiographs, and adjunctive imaging studies such as CT and
MRI scans.

Trauma Rating Systems

After initial resuscitation has stabilized the injured child’s con-
dition, it is essential to perform a quick but thorough check
for other injuries. At this point in the evaluation, a trauma
rating is often performed. The purpose of the trauma rating
is twofold: To aid in triage, and to predict outcomes. Several
trauma rating systems have been validated for the pediatric
population,3‘21‘34‘34‘147’149’167’168’178’193 but the most COmmOnly
utilized are the Glasgow Coma Scale (GCS), the Injury Sever-
ity Score (ISS), and the Pediatric Trauma Score (PTS). Each of
the scoring systems has strengths and weaknesses. The ISS is
a valid, reproducible rating system that can be widely applied
in the pediatric polytrauma setting (Table 5-1).2'" It is an ordi-
nal, not a linear scale (i.e., a score of 40 is not twice as bad as a
score of 20). It has been found to be a valid predictor of mor-
tality, length of hospital stay, and cost of care.** Another injury
rating system for children that has been shown to be valid and
reproducible is the PTS (Table 5-2).?'" Tt has good predictive
value for injury severity, mortality, and the need for transport
to a pediatric trauma center; however, it is a poor predictor
of internal injury in children with abdominal blunt trauma.'®
The injury rating system chosen varies among trauma centers,
but whether the ISS or PTS is used, each allows an objec-
tive means to assess mortality risk at the time of initial treat-
ment, as well as allowing some degree of prediction of future
disabﬂi[yB&lSé,NS
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Head injury is most often evaluated and rated by the GCS,
which evaluates eye opening (1 to 4 points), motor function
(1 to 6 points), and verbal function (1 to 5 points) on a total
scale of 3 to 15 points (Table 5-3).'** There are some limita-
tions in the use of the GCS in children who are preverbal or
who are in the early verbal stages of development, but in other
children this rating system has been a useful guide for predict-
ing early mortality and later disability. A relative head injury
severity scale (RHISS) has been validated™ and is available in
trauma registries, thus is useful for comparative studies of large
populations. As a rough guide in verbal children, a GCS score
of less than 8 points indicates a significantly worse chance of
survival for these children than for those with a GCS of more
than 8. The GCS should be noted on arrival in the trauma cen-
ter and again 1 hour after the child arrives at the hospital. Serial
changes in the GCS correlate with improvement or worsening
of the neurologic injury. Repeated GCS assessments over the
initial 72 hours after injury may be of prognostic significance.
In addition to the level of oxygenation present at the initial
presentation to the hospital, the 72-hour GCS motor response
score has been noted to be very predictive of later permanent
disability as a sequel to the head injury.”**>?"

Physical Assessment

The secondary survey starts with a full history and physical
examination. In a child with multiple injuries, a careful abdom-
inal examination is essential to allow early detection of inju-
ries to the liver, spleen, pancreas, or kidneys. Ecchymosis on
the abdominal wall must be noted, because this is often a sign
of significant visceral or spinal injury.”>'” In one series, 48%
(22/46) of children with such ecchymosis required abdominal
exploration,* whereas in another series 23% (14/61) of chil-
dren were noted to have spine fractures.'”

Swelling, deformity, or crepitus in any extremity is noted,
and appropriate imaging studies are arranged to evaluate
potential extremity injuries more fully. If extremity deformity
is present, it is important to determine whether the fracture
is open or closed. Sites of external bleeding are examined,
and pressure dressings are applied if necessary to prevent fur-
ther blood loss. A pelvic fracture combined with one or more
other skeletal injuries has been suggested to be a marker for
the presence of head and abdominal injuries.**® Major arterial
injuries associated with fractures of the extremity are usually
diagnosed early by the lack of a peripheral pulse. However,
abdominal venous injuries caused by blunt trauma are less
common and are less commonly diagnosed before explor-
atory laparotomy. About half of abdominal venous injuries
have been reported to be fatal, so the trauma surgeon needs
to consider this diagnosis in children who continue to require
substantial blood volume support after the initial resuscitation
has been completed.”

Initial splinting of suspected extremity fractures is rou-
tinely done in the field. However, once the injured child is
in the hospital, the orthopedist should personally inspect the
extremities to determine the urgency with which definitive
treatment is needed. Most important are whether a vascular
injury has occurred, whether the fracture is open or closed.
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.- EW Injury Severity Score

Abbreviated Injury Scale (AIS)

The AIS classifies injuries as moderate, severe, serious, critical, and fatal for each of the five
major body systems. The criteria for each system into the various categories are listed in a
series of charts for each level of severity. Each level of severity is given a numerical code
(1-5). The criteria for severe level (Code 4) is listed below.

Severity (AIS) Severity Category/ Policy
Code Injury Description Code
4 Severe B
(Life-threatening,
Survival Probable)

General

Severe lacerations and/or avulsions with dangerous hemorrhage; 30-50% surface second- or
third-degree burns.

Head and Neck

Cerebral injury with or without skull fracture, with unconsciousness >15 min, with definite
abnormal neurologic signs; posttraumatic amnesia 3-12 h; compound skull fracture.

Chest

Open chest wounds; flail chest; pneumomediastinum; myocardial contusion without circulatory
embarrassment; pericardial injuries.

Abdomen

Minor laceration of intra-abdominal contents (ruptured spleen, kidney, and injuries to tail of
pancreas); intraperitoneal bladder rupture; avulsion of the genitals.
Thoracic and/or lumbar spine fractures with paraplegia.

Extremities
Multiple closed long-bone fractures; amputation of limbs.
Injury Severity Score (ISS)

The injury severity score (ISS) is a combination of values obtained from the AIS. The ISS is
the sum of the squares of the highest AIS grade in each of the three most severely injured
areas. For example, a person with a laceration of the aorta (AIS = 5), multiple closed long-
bone fractures (AIS = 4), and retroperitoneal hemorrhage (AIS = 3) would have an injury
severity score of 50 (25 + 16 + 9). The highest possible score for a person with trauma to a
single area is 25. The use of the ISS has dramatically increased the correlation between the
severity and mortality. The range of severity is from 0-75.

Adapted from Committee on Medical Aspects of Automotive Safety. Rating the severity of tissue damage. |.
The abbreviated scale. JAMA. 1971,215(2):277-280; Baker SP, O'Neill B, Haddon W Jr, et al. The Injury Severity
Score: A method for describing patients with multiple injuries and evaluating emergency care. J Trauma. 1974;

14:187-196.
.

The back and spine should be carefully examined. If there
is noopen fracture and if the peripheral vascular function
is normal, there is less urgency in treating the fracture and
splinting will suffice until the other organ system injuries are
stabilized.

Splinting decreases the child’s pain while the child is
resuscitated and stabilized and minimizes additional trauma
to the soft tissue envelope surrounding the fracture. Splinting
also facilitates transport of the child within the hospital while
the trauma workup, including appropriate imaging studies, is
completed. If the child is to be transferred to a trauma center,
splints are invaluable for patient comfort and safety during
transfer.

Any evident neurologic deficit is noted to document the
extremity function before any treatment. It is important to
remember that a detailed neurologic examination may not be
possible because these are often young and scared children
who are in pain and may have a central nervous system injury.
The inability to obtain a reliable examination should also be
documented.

Head injuries and extreme pain in certain locations can result
in some injuries being missed initially. In a series of 149 pediat-
ric polytrauma patients, 13 injuries were diagnosed an average
of 15 days following the initial accident, including five fractures
(one involving the spine), four abdominal injuries, two aneu-
rysms, one head injury, and one facial fracture.”'* Given this
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' \:®W Pediatric Trauma Score

Component +2

Size >20 kg
Airway Normal
Systolic Blood Pressure >90 mm Hg
Central Nervous System Awake
Open Wound None
Skeletal None

This scoring system includes six common determinants of the clinical condition in the injured child. Each of the six
determinants is assigned a grade: +2, minimal or no injury; +1, minor or potentially major injury; =1, major, or immedi-
ate life-threatening injury. The scoring system is arranged in a manner standard with advanced trauma life support
protocol, and thereby provides a quick assessment scheme. The ranges are from —6 for a severely traumatized child to
+12 for a least traumatized child. This system has been confirmed in its reliability as a predictor of injury severity.

Adapted from Tepas JJ 3rd, Mollitt DL, Talbert JL, et al. The Pediatric Trauma Score as a predictor of injury severity in
the injured child. J Pediatr Surg. 1987;22(1):14-18, with permission.

Category
+1 -1
10-20 kg <10 kg
Maintainable Unmaintainable
90-50 mm Hg <60 mm Hg
Obtunded/LOC Coma/decerebrate
Minor Major/penetrating

Closed fracture Open/multiple fractures

/

9% incidence of delayed diagnosis, it is imperative that poly-
trauma patients be reexamined once they are more comfortable
to reassess for potential sites of injury. In some cases, despite
careful inpatient reevaluations, some pediatric injuries escape
detection until later follow-up visits. In addition, children with
head injuries need to be reassessed once they awaken enough
to cooperate with reexamination. Families and patients need
to be informed of the frequency of delayed diagnosis of some
injuries in polytrauma patients so that they can partner with
the medical team in recognizing such injuries (often evident as
previously undetected sites of pain or dysfunction).

Glasgow Coma Scale

Response Action Score

Best motor response Obeys M6
Localizes 5
Withdraws 4
Abnormal flexion 3
Extensor response 2
Nil 1

Verbal response Oriented V5
Confused conversation 4
Inappropriate words 3
Incomprehensible sounds 2
Nil 1

Eye opening Spontaneous E4
To speech 3
To pain 2
Nil 1

This scale is used to measure the level of consciousness using the eye open-

ing, best verbal, and best motor responses. The range of scores is from 3

for the most severe to 15 for the least severe. This is a measure of level and

progression of changes in consciousness.

Adapted from Jennett B, Teasdale G, Galbraith S, et al. Severe head injuries

in three countries. J Neurol Neurosurg Psychiatry. 1977;40(3):291-298, with

permission.

S )

Imaging Studies

Radiographs

Imaging studies should be obtained as quickly as possible after
the initial resuscitation and physical examination. Any extrem-
ity suspected of having a significant injury should be examined
on radiograph. Primary screening radiographs classically con-
sist of a cross-table lateral cervical spine, anteroposterior chest,
and anteroposterior pelvis.”>'* In some centers, a lateral cervi-
cal spine radiograph is obtained only if the child has a head
injury or if neck pain is noted on physical examination. Some
centers evaluate the cervical spine with a CT scan in children
with polytrauma who have neck pain, a traumatic brain injury
(TBI), or who have been drinking alcohol.'®! Further workup
with cervical spine magnetic resonance imaging (MRI) is neces-
sary before cervical spine clearance in those who have persis-
tent neck pain or tenderness despite normal plain films and CT,
and should be considered in patients who remain obtunded
(see “Magnetic Resonance Imaging”).

If a cervical spine injury is present, the lateral radiograph of
this area will detect it in 80% of cases.'® If there is suspicion of
a cervical spine injury on the neutral lateral view, a lateral flex-
ion radiograph of the cervical spine taken in an awake patient
will help detect any cervical instability. The cervical spine of a
young child is much more flexible than the cervical spine in
an adult. Under the age of 12 years, the movement of C1 on
C2 during flexion of the neck can normally be up to 5 mm,
whereas in adults, this distance should be less than 3 mm. Like-
wise in this young age group, the distance between C2 and C3
is up to 3 mm. No forward movement of C2 on C3 should
be present in a skeletally mature individual when the neck is
flexed. This so-called pseudosubluxation of C2 on C3 in a child
should not be diagnosed as instability that requires treatment
because this is a normal finding in young children.” Because it
is difficult to detect a fracture of the thoracic or lumbar spine
clinically, radiographs of this area, primarily a lateral view,
should be carefully evaluated, particularly in a comatose child.



100 SECTION ONE Basic Principles

Computed Tomography

CT is essential in evaluating a child with multiple injuries. If a
head injury is present, CT of the head will detect skull fractures
and intracranial bleeding. With abdominal swelling, pain, or
bruising, CT of the abdomen with IV contrast provides excel-
lent visualization of the liver and spleen and allows quantifica-
tion of the amount of hemorrhage present. Because most hepatic
and splenic lacerations are treated nonoperatively,”"*'> the CT
scan and serial hematocrit levels are used to determine whether
surgical treatment of these visceral lacerations is needed.

CT of the pelvis is more sensitive for pelvic fractures than is
a screening pelvic radiograph (Fig. 5-2). In one study, a screen-
ing pelvic radiograph demonstrated only 54% of pelvic frac-
tures identified on CT scan.®® CT also is useful for thoroughly
evaluating fracture configuration and determining appropriate
treatment options, both surgical and nonsurgical. If abdomi-
nal CT is being done to evaluate visceral injury, it is simple to
request that the abdominal CT be extended distally to include
the pelvis. CT of a fractured vertebra will provide the informa-
tion needed to classify the fracture as stable or unstable and
determine whether operative treatment is needed.

Intravenous Pyelography

There is a strong correlation of urologic injury with anterior pel-
vic fractures, as well as with liver and spleen injury. Although
CT and ultrasonography are used to evaluate renal injuries, the
IV pyelogram still has a role in helping to diagnose bladder and
urethral injuries.”® Regardless of the methods of imaging, the
anatomy of the urethral disruption often cannot be accurately
demonstrated preoperatively.*

Radionuclide Scans

Bone scans have a limited role in the acute evaluation of a child
with multiple injuries. In conjunction with a skeletal survey, a
technetium-99m bone scan is sometimes used in children with
suspected child abuse to detect previously undetected new or
old fractures. !

Heinrich et al.” reported that bone scans in 48 children
with multiple injuries often demonstrated an unsuspected

FIGURE 5-2 CT is an excellent addition to radiographs for evalua-
tion of pelvic fractures.

injury. Nineteen previously unrecognized fractures were iden-
tified by obtaining radiographs of the areas with increased
isotope uptake. In addition, there were 66 false-positive areas
of increased uptake in the 48 patients. Of their 48 patients,
six had a change in their orthopedic care as a result of this
bone scan, although this treatment was usually simple cast
immobilization of a nondisplaced fracture. In some instances,
the bone scan can be useful to differentiate a normal varia-
tion in skeletal ossification (normal uptake) from a fracture
(increased uptake), particularly in an extremity or a spinal
area where pain is present. Areas of increased uptake require
further imaging studies to determine if orthopedic treatment
is required.

Magnetic Resonance Imaging

MRI is used primarily for the detection of injury to the brain
or the spine and spinal cord. In young children, the bony
spine is more elastic than the spinal cord. As a result, a spi-
nal cord injury can occur without an obvious spinal fracture
in children with multiple injuries, particularly in automobile
accidents.””*”" In the spinal cord injury without radiographic
abnormality (SCIWORA) syndrome, MRI is valuable in dem-
onstrating the site and extent of spinal cord injury and in
defining the level of injury to the disks or vertebral apophysis.
A fracture through the vertebral apophysis is similar to a frac-
ture through the physis of a long bone and may not be obvious
on planar radiographs. MRI in obtunded and intubated pedi-
atric trauma patients has been reported to lead to a quicker
cervical spine clearance with a resulting decrease in hospital
stay and cost.®!

MRI is also useful in evaluating knee injuries,'*® particularly
when a hemarthrosis is present. If blood is present on knee
arthrocentesis, MRI can assist in diagnosing an injury to the cru-
ciate ligaments or menisci. In addition, a chondral fracture that
cannot be seen on routine radiographs may be demonstrated
by MRI.

Ultrasonography

Ultrasound evaluation has been shown to be an accurate means
of detecting hemopericardium and intraperitoneal fluid follow-
ing injury. Some trauma centers have replaced peritoneal lavage
and laparoscopy with serial ultrasound evaluations to monitor
liver, spleen, pancreas, and kidney injury in children with mul-
tiple injuries.?”"*'*> The protocol most typically used is called
“Focused Assessment with Sonography for Trauma” (FAST).
FAST consists of a rapid ultrasound examination of four areas:
The right upper abdominal quadrant, the left upper abdom-
inal quadrant, the subxiphoid area, and the pelvis. The role
of FAST in the evaluation of pediatric trauma patients is still
being established.””>##1%* As a result, CT is more often used
for assessment and monitoring of visceral injury in children
sustaining multiple injuries. Comparisons of CT and ultraso-
nography have demonstrated the superiority of CT for diagnos-
ing visceral injury in children with polytrauma "% but
there is evidence that hemodynamically unstable children with
a positive FAST should be taken for laparotomy rather than for
CT scanning.'”



NONORTHOPEDIC CONDITIONS IN THE
MuLTIPLY INJURED CHILD

Key Concepts

e Head injury severity is the principle determinant of morbid-
ity and mortality in a multiply injured child.

e Children often make substantial recovery from even severe
head trauma.

e Management of orthopedic injuries in children with head
trauma should be based on the presumption of full recovery
from the head injury.

 Spasticity and contracture are common sequelae of brain
injury, and should be addressed early.

e There is an association between pediatric pelvic fractures
and both intra-abdominal and genitourinary injuries.

e Motion at the site of a long-bone fracture results in increased
intracranial pressure (ICP). To control ICP, it is imperative
that long-bone fractures are immobilized until definitive
fracture care can be provided.

Head Injury
Prognosis for Recovery

Head injuries occur in children with multiple injuries even
more often than orthopedic injuries. In a review of 494 pedi-
atric polytrauma patients, Letts et al.'” reported closed head
injuries in 17% and skull fractures in 12%, whereas Schalamon
et al.' reported injuries to the head and neck region in 87% of
pediatric polytrauma patients. It has been clearly demonstrated
that a child recovers more quickly and more fully from a signifi-
cant head injury than does an adult.*!'**'* Even children who
are in a coma for hours to days often recover full motor func-
tion. Mild cognitive or learning deficits may persist, so edu-
cational testing needs to be considered for children who have
had head injury and coma. Two factors that have been linked
to poorer functional recovery and more severe permanent neu-
rologic deficits are a low oxygen saturation level at the time of
presentation to the hospital and a low GCS score 72 hours after
the head injury. In fact, the severity of TBI is the single most
important determinant of long-term outcome in polytrauma-
tized children.®” Because children with head injuries are often
transported long distances, evacuation of a cerebral hematoma
within 4 hours is not always possible.'*

Despite the fact that excellent motor recovery is expected in
most children after a head injury, children are often left with sig-
nificant residual cognitive deficits. Many children who sustain
TBIs are unaware of their residual cognitive limitations and tend
to overestimate their mental capacities.” Children who have
had a TBI also often have behavioral problems, the presence of
which may be predictive of behavioral problems in uninjured
siblings as well.'"™ Greenspan and MacKenzie® reported that
55% of children in their series had one or more health prob-
lems at 1-year follow-up, many of which were relatively minor.
Headaches were present in 32% and extremity complaints in
13% of patients. The presence of a lower extremity injury with
a head injury led to a higher risk of residual problems.
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Because of the more optimistic outlook for children with
head injuries than for adults with similar injuries, timely ortho-
pedic care should be provided, and the orthopedist should
base the orthopedic care on the assumption of full neurologic
recovery. Waiting for a child to recover from a coma is not
appropriate, and comatose children tolerate general anesthesia
well. Unless the musculoskeletal injuries are treated with the
assumption that full neurologic recovery will take place, long-
bone fractures may heal in angled or shortened positions. In the
absence of optimal orthopedic care, once neurologic recovery
occurs, the primary functional deficit will be from ill-managed
orthopedic injuries rather than from the neurologic injury.

Intracranial Pressure

After a head injury, ICP is commonly monitored to prevent
excessive pressure, which may lead to further permanent dis-
ability or death. Normally, ICP does not exceed 15 mm Hg,
and all attempts should be made to keep the pressure under
30 mm Hg after a head injury. This is accomplished by elevat-
ing the head of the bed to 30 degrees, lowering the PCO2, and
restricting IV fluid administration. Ventilator assistance is used
to lower the PCO2, which helps lessen cerebral edema. Fluid
restriction also is recommended if peripheral perfusion can be
maintained despite the polytrauma. Elevation of serum norepi-
nephrine has been shown to correlate well with the severity of
head injury in patients with injury of multiple organ systems.*"”

Motion at the site of a long-bone fracture results in increased
ICP. To control ICP, it is imperative that long-bone fractures
are immobilized until definitive fracture care can be provided.
Initial immobilization is usually accomplished by splinting or
casting of the fractures, or by use of traction for femoral shaft
fractures. Fracture stabilization with internal or external fixa-
tion facilitates dressing changes for the treatment of adjacent
soft tissue injury as well as allowing inhospital transport for
imaging studies and other necessary treatments.'**'*’

Secondary Orthopedic Effects of Head Injuries

A head injury can have later impact on the management of
musculoskeletal injuries, even after the acute phase has passed.
Persistent spasticity, the development of contractures, hetero-
topic bone formation in soft tissue, and changes in fracture
healing rates are all sequelae of a head injury in children.

Spasticity. Spasticity may develop within a few days of
head injury. The early effect of this spasticity is to cause short-
ening at the sites of long-bone fractures if traction or splint or
cast immobilization is being used. If fracture displacement or
shortening occurs in a circumferential cast, the bone ends may
cause pressure points between the bone and the cast, leading
to skin breakdown at the fracture site, with a higher risk for
deep infection. Even with skeletal traction for femoral fractures,
fracture shortening and displacement will occur as the spas-
ticity overcomes the traction forces. Once spasticity develops
and long-bone fractures displace, internal or external fixation
is needed to maintain satisfactory reduction. This operative sta-
bilization should be done as soon as the spasticity becomes a
problem for fracture reduction because fracture healing is accel-
erated by a head injury.>”
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Contractures. The persistence of spasticity in the extremi-
ties often leads to subsequent contractures of the joints spanned
by the spastic muscles. Contractures can develop quickly, and
early preventative stretching or splinting should begin while
the child is in the intensive care unit. Nonselective mass action
muscle activity associated with brain injury can be used to
help prevent these early contractures. If the child lies in bed
with the hips and knees extended, there will usually be strong
plantarflexion of the feet at the ankles. If the hip and knee are
flexed, it will be much easier to dorsiflex the foot at the ankle,
so part-time positioning in this way will prevent early equi-
nus contractures from developing. Stretching and splinting can
often be effective in preventing contractures, and casting may
be needed if contractures develop. If these measures are not
successful and are interfering with rehabilitation, these contrac-
tures may need to be released surgically.

Heterotopic Bone Formation. Heterotopic bone may
form in the soft tissues of the extremity as early as a few weeks
after a head injury with persistent coma.”® Although any joint
can be affected, the most common sites are the hip and the
elbow. There is some evidence that heterotopic bone forma-
tion can be stimulated by surgical incisions. In head-injured
teenagers who undergo antegrade reamed femoral intramed-
ullary nailing of femoral fractures, heterotopic bone that later
restricts hip motion can form at the nail insertion site.”* A sud-
den increase of alkaline phosphatase a few weeks after the onset
of coma, even with fractures coexisting, may mean that hetero-
topic bone is starting to form and a more careful examination of
the extremities is indicated.'”” Technetium-99 bone scans show
increased isotope uptake in the soft tissue where heterotopic
bone forms, and this imaging study should be considered if
new swelling is noted in the extremity of a comatose child.
Other diagnoses that must be considered in a comatose child
with new swelling of the extremity are a new long-bone fracture
and deep venous thrombosis.'®"

Observation and excision are the two primary approaches
taken in managing heterotopic bone formation in an injured
child. If the child remains comatose, usually little treatment is
administered. There are no conclusive data to support medical
treatment because diagnosis of heterotopic bone formation is
typically made after the inflammatory stage of heterotopic bone
formation. In theory, it might be useful to try to block some of
the heterotopic bone formation by the use of salicylates or non-
steroidal anti-inflammatory medication if the diagnosis were
established very early. If the child has recovered from the head
injury and has heterotopic bone that does not interfere with
rehabilitation, no intervention is required. If there is signifi-
cant restriction of joint motion from the heterotopic bone, this
bone should be excised to facilitate rehabilitation. The timing
of the heterotopic bone excision is controversial, but resection
should be considered whenever heterotopic bone significantly
interferes with rehabilitation, rather than waiting for 12 to 18
months until the bone is more mature. After surgical excision,
early postoperative prophylaxis with local low-dose radiation
therapy or medications (salicylates or nonsteroidal anti-inflam-
matory drugs) decreases the risk of recurrence. Mital et al.'*’

reported success in preventing recurrence of heterotopic bone
after excision by use of salicylates at a dosage of 40 mg/kg/day
in divided doses for 6 weeks postoperatively.

Fracture Healing Rates. Long-bone fractures heal more
quickly in children and adults who have associated head inju-
ries.””” 1t has been demonstrated that polytrauma patients in a
coma have a much higher serum calcitonin level than do con-
scious patients with similar long-bone fractures, but how or
whether this finding influences fracture healing is still unclear.*

Peripheral Nerve Injuries

Although TBI most often accounts for persistent neurologic def-
icits in a child with multiple injuries, peripheral nerve injury
should be considered as well during the rehabilitation process.
In one clinical review of brain-injured children, 7% had evi-
dence of an associated peripheral nerve injury documented by
electrodiagnostic testing.'** For closed injuries, the peripheral
nerve injury is typically associated with an adjacent fracture or
with a stretching injury of the extremity. In most cases, observa-
tion is indicated because these injuries often recover spontane-
ously. However, if the nerve injury is at the level of an open
fracture, then exploration of the nerve is indicated at the time of
the initial surgery. In children being observed following a nerve
injury, if function does not return within 2 to 3 months, then
electrodiagnostic testing should be undertaken. It is important
to recognize these injuries because surgical peripheral nerve
repair with nerve grafts offers an excellent chance of nerve
function recovery in young patients.

Abdominal Injuries

Studies have reported abdominal injuries in 8%'" to 27%”'
of pediatric polytrauma patients. Abdominal swelling, tender-
ness, or bruising are all signs of injury. CT evaluation has largely
replaced peritoneal lavage or laparoscopy as the initial method of
evaluation of abdominal injury.'”’ Abdominal injury is common
if a child in a motor vehicle accident (MVA) has been wearing a
lap seat belt, regardless of whether a contusion is evident.***"!
Bond et al.” noted that the presence of multiple pelvic fractures
strongly correlated (80%) with the presence of abdominal or
genitourinary injury, whereas the childs age or mechanism of
injury had no correlation with abdominal injury rates. Although
hepatic and splenic injuries are much more common, 22% of
pediatric cases of pancreatitis result from trauma."

The usual practice is to treat hepatic and splenic lacerations
nonoperatively, by monitoring the hematocrit, by repeating the
abdominal examination frequently, and by serial CT scans or
ultrasound examinations.***>73%108191.203 Once the child’s over-
all condition has stabilized, and the child is stable to undergo
general anesthesia, the presence of nonoperative abdominal
injuries should not delay fracture care.

Genitourinary Injuries

Genitourinary system injuries are rare in the pediatric poly-
trauma population, with Letts et al.'” reporting an incidence of
1% in these patients. However, genitourinary injuries have been
reported in 9%'"* to 24%'® of children with pelvic fractures.



FIGURE 5-3 Most injuries to the bladder and urethra are associated
with anterior pelvic ring fractures and should be suspected with
these injuries.

Most injuries to the bladder and urethra are associated with
fractures of the anterior pelvic ring (Fig. 5-3)." Such injuries
are more common in males and usually occur at the bulboure-
thra, but the bladder, prostate, and other portions of the urethra
can also be injured.'*"*® Although less common following pelvic
fracture in girls, such injuries are often associated with severe
injuries, including those to the vagina and rectum, with long-
term concerns regarding continence, stricture formation, and
childbearing.'**"*® If the iliac wings are displaced or the pelvic
ring shape is changed, it may be necessary to reduce these frac-
tures to reconstitute the birth canal in female patients. There are
increased rates of cesarean section in young women who have
had a pelvic fracture.* Adolescent females with displaced pel-
vic fractures should be informed of this potential problem with
vaginal delivery. If the injury is severe, kidney injury may also
occur, but most urologic injuries that occur with pelvic fractures
are distal to the ureters.'

Fat Embolism and Pulmonary Embolism

Although fat embolism and acute respiratory distress syndrome
are relatively common in adults with multiple long-bone frac-
tures, they are rare in young children.'*>* When fat embolism
occurs, the signs and symptoms are the same as in adults: Axil-
lary petechiae, hypoxemia, and radiograph changes of pulmo-
nary infiltrates appearing within several hours of the fractures.
It is likely that hypoxemia develops in some children after
multiple fractures, but the full clinical picture of fat embolism
seldom develops. If a child with multiple fractures without a
head injury develops a change in sensorium and orientation,
hypoxemia is most likely the cause, and arterial blood gases
are essential to determine the next step in management. The
other primary cause of mental status change after fracture is
overmedication with narcotics.
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If fat embolism is diagnosed by low levels of arterial oxygen-
ation, the treatment is the same as in adults, generally with endo-
tracheal intubation, positive pressure ventilation, and hydration
with IV fluid. The effect of early fracture stabilization, IV alcohol,
or high-dose corticosteroids on fat embolism syndrome has not
been studied well in children with multiple injuries.

Deep venous thrombosis and pulmonary thromboembolism
also are rare, but are increasingly reported in children. %11 #0:11+200
The risk of deep venous thrombosis and pulmonary embolism
is increased in children older than 9, those with an ISS greater
than or equal to 25, and/or a GCS lower than or equal to 8, and
those with central venous catheters”*"> The role of prophylaxis
for pediatric deep venous thrombosis and pulmonary thrombo-
embolism is unclear.**!>*!0%20

Nutritional Requirements

Pediatric polytrauma patients have high caloric demands. If
an injured child requires ventilator support for several days,
caloric intake through a feeding tube or a central IV catheter
is necessary to avoid catabolism, improve healing, and help
prevent complications. The baseline caloric needs of a child
can be determined based on the weight and age of the child.
Children on mechanical ventilation in a PICU have been shown
to require 150% of the basal energy or caloric requirements for
age and weight.'”* The daily nitrogen requirement for a child in
the acute injury phase is 250 mg/kg.

ORTHOPEDIC MIANAGEMENT OF THE
MuLTiPLY INJURED CHILD

Key Concepts

* Most fractures in multiply injured children can be splinted
initially, and undergo definitive treatment urgently, not
emergently.

 Pelvic fractures in children can typically be treated nonop-
eratively, but may require fixation if the child is hemody-
namically unstable.

e Tetanus toxoid and antibiotics should be provided for all
open fractures, though routine culture is unnecessary.

* The timely administration of IV antibiotics and appropriate
irrigation and debridement are the most important steps in
the treatment of open fractures.

e There are many options for stabilization of open fractures.
In each case stabilization should be planned to allow easy
access for further treatment of the soft tissue injury.

e Children will often heal open fractures that would neces-
sitate amputation in an adult.

o If amputation is necessary, preserve as much stump length
as possible.

Timing
Because fractures are rarely life-threatening, splinting generally
suffices as the initial orthopedic care while the child’s overall

condition is stabilized. Loder'® reported that, in 78 children
with multiple injuries, early operative stabilization of fractures
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within the first 2 or 3 days after injury led to a shorter hospital
stay, a shorter stay in the intensive care unit, and a shorter time
on ventilator assistance. In addition, there were fewer compli-
cations in those who had surgical treatment of the fractures
less than 72 hours after injury. In a more recent study, Loder
et al."'" reported a trend toward a higher rate of complications
of immobilization (including pulmonary complications) in
fractures treated late (after 72 hours), but the difference did
not reach statistical significance. In this more recent study, age
greater than 7 years and Modified Injury Severity Score (MISS)
2140 were predictive of an increased rate of complications of
immobilization. A mixed series of adults and children dem-
onstrated comparable results for early (within 24 hours) and
late (after 24 hours) fixation of fractures in the setting of blunt
trauma and severe head injuries.”’

Pelvic Fractures

Pelvic fractures are common in children and adolescents with
multiple injuries and have been reported in up to 7% of chil-
dren referred to level 1 regional trauma centers.'®2% Survival
is related to ISS and type of hospital.*” In two series, 60% to
87% of pelvic fractures involved a pedestrian struck by a motor
vehicle.'*!® Other common mechanisms include being a pas-
senger in an MVA or falling from a height.'">'®* Although many
of these pelvic injuries are stable, unstable patterns have been
reported in up to 30% of cases.'®

Injuries to the axial skeleton have been reported to be asso-
ciated with the most intense hospital care and higher mortal-
ity rates than other injury combinations.” In their series of
166 consecutive pelvic fractures, Silber et al.'” reported asso-
ciated substantial head trauma in 39%, chest trauma in 20%,
visceral/abdominal injuries in 19%, and a mortality rate of
3.6% (Fig. 5-4). In this same series,'”* 12% (20/166) had ace-
tabular fractures, whereas in another series, 62% of children
(8/13) with pelvic fractures had other orthopedic injuries.'®’

Control of bleeding, either from the retroperitoneum near
the fracture or from the peritoneum from injured viscera, may
present an immediate threat.*® However, death of children with
pelvic fractures appears to be caused more often by an associ-
ated head injury rather than an injury to the adjacent viscera

or vessels.'°

FIGURE 5-4 Bilateral superior and inferior pubic rami fractures.
Genitourinary and abdominal injuries must be ruled out with severe
pelvic fractures.

Anterior pelvic ring fractures are the primary cause of ure-
thral injury,"'>"**"® although urethral injuries are reported
to occur less frequently in children than in adults.'’* Bilateral
anterior and posterior pelvic fractures are most likely to cause
severe bleeding,'** but death from blood loss in children is
uncommon.**® Injury to the sciatic nerve or the lumbosacral
nerve roots may result from hemipelvis displacement through a
vertical shear fracture. Nonorthopedic injuries associated with
pelvic fractures led to long-term morbidity or mortality in 31%
(11/36) of patients in one review of pediatric pelvic fractures.®
Most pelvic fractures in children are treated nonoperatively.
However, in a child or preadolescent, an external fixator can
be used to close a marked pubic diastasis or to control bleeding
by stabilizing the pelvis for transport and other injury care. The
external fixator will not reduce a displaced vertical shear frac-
ture, but the stability provided is helpful to control the hem-
orrhage while the child’s condition is stabilized."”"'® Another
option for acute pelvic stabilization in the emergency depart-
ment is a simple pelvic binder.*” Though reported to be safe for
children, the C-clamp is not typically utilized for the pediatric
population.®” Operative treatment can result in healing by 10
weeks with a low complication rate.”

Open Fractures
Background

Most serious open fractures in children result from high-
velocity blunt injury involving vehicles. Penetrating injuries
are much less common in children than in adults; however,
many low-energy blunt injuries can cause puncture wounds in
the skin adjacent to fractures, especially displaced radial, ulnar,
and tibial fractures. In children with multiple injuries, approxi-
mately 10% of the fractures are open.”*'®® When open fractures
are present, 25% to 50% of patients have additional injuries
involving the head, chest, abdomen, and other extremities.'*

Wound Classification

The classification used to describe the soft tissues adjacent to an
open fracture is based on the system described by Gustilo and
Anderson® and Gustilo et al.® Primary factors that are consid-
ered and ranked in this classification system are the size of the
wound, the degree of soft tissue damage and wound contami-
nation, and the presence or absence of an associated vascular
injury (Table 5-4).

Type I. Type 1 fractures usually result from a spike of
bone puncturing the skin (from the inside to the outside). The
wound is less than 1 c¢m in size, and there is minimal local soft
tissue damage or contamination.

Type Il. A type 1I wound is generally larger than 1 cm and
is typically associated with a transverse or oblique fracture with
minimal comminution. There is adjacent soft tissue injury,
including skin flaps or skin avulsion, and a moderate crushing
component of adjacent soft tissue usually is present. Skin grafts
or flaps should not be needed for coverage.

Type Il and Subgroups. The most severe open frac-
tures are classified as type III, with associated subgroups
A, B, or C; the letters indicate increasing severity of injury.
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results of type III fractures in children appear to be superior to
results after similar fractures in adults, likely because of their
better peripheral vascular supply and the regenerative potential

Type | An open fracture with a wound <1 ¢cm long and
clean

Type Il An open fracture with a laceration >1 cm long
without extensive soft tissue damage, flaps,
or avulsions

Type Il Massive soft tissue damage, compromised vas-

cularity, severe wound contamination marked
fracture instability

Type IlIA Adequate soft tissue coverage of a fractured
bone despite extensive soft tissue laceration
or flaps, or high-energy trauma irrespective of
the size of the wound

Type 1IIB Extensive soft tissue injury loss with periosteal
stripping and bone exposure; usually associ-
ated with massive contamination

Type IlIC Open fracture associated with arterial injury
requiring repair

Adapted from Gustilo RB, Mendoza RM, Williams DN. Problems in the
management of type Ill (severe) open fractures: A new classification of type
Il open fractures. J Trauma. 1984;24(8):742-746; Gustilo RB, Anderson

JT. Prevention of infection in the treatment of 1025 open fractures of long
bones: Retrospective and prospective analyses. J Bone Joint Surg Am.
1976,;58(4):453-458.

G J

These fractures typically result from high-velocity trauma and
are associated with extensive soft tissue injury, a large open
wound, and significant wound contamination. In a type IIIA
fracture, there is soft tissue coverage over the bone, which
is often a segmental fracture. In a type IIIB fracture, bone is
exposed at the fracture site, with treatment typically requir-
ing skin or muscle flap coverage of the bone. Type IIIC frac-
tures are defined as those with an injury to a major artery in
that segment of the extremity, regardless of wound size or the
other soft tissue disruption. Although these injuries are com-
monly associated with extensive soft tissue loss and contami-
nation, a type IIIC injury may, in fact, be associated with even
a small wound in some cases. Also, key distinguishing factors
between type Il and type III fractures are the amount of peri-
osteal stripping of the bone, and the severity of the damage
to the surrounding soft tissues, as opposed to the size of the
skin laceration per se (Fig. 5-5). Some of the factors which
determine the correct classification of the open fracture may
not be known until the time of surgery; as such, the grade the
orthopedic surgeon assigns to the open fracture may change
at the time of surgery.

This classification is widely used and has been shown to cor-
relate in adults with sequelae of the injury, including the poten-
tial for infection, delayed union, nonunion, amputation, and
residual impairment. However, studies have shown that the
Gustilo classification has only moderate interobserver reliabil-
ity.”®* The Orthopaedic Trauma Association'”” has proposed
a new classification system that evaluates five parameters: Skin
injury, muscle injury, arterial injury, contamination, and bone
loss. It has not yet been fully validated. The final functional

of pediatric periosteum.

AUTHOR’S PREFERRED METHOD

Three Stages

The treatment of open fractures in children is similar to that
for open fractures in adults. The primary goals are to prevent
infection of the wound and fracture site, although allowing soft
tissue healing, fracture union, and eventual return of optimal
function. Initial emergency care includes the ABCs of resusci-
tation, application of a sterile povidone-iodine dressing, and
preliminary alignment and splinting of the fracture. If profuse
bleeding is present, a compression dressing is applied to limit
blood loss. In the emergency department, masks and gloves
should be worn as each wound is thoroughly inspected. Teta-
nus prophylaxis is updated as needed, and the initial dose of
IV antibiotics is given. The dose of tetanus toxoid is 0.5 mL
intramuscularly to be given if the patient’s immunization status
is unknown, or if it is more than 5 years since the last dose. The
second stage of management is the primary surgical treatment,
including initial and (if necessary) repeat débridement of the
tissues in the area of the open fracture until the entire wound
appears viable. The fracture is reduced and stabilized at this
time. If the bone ends are not covered with viable soft tissue,
muscle or skin flap coverage is considered. Vacuum-assisted
closure (VAC) therapy (Kinetic Concepts, Inc., San Antonio,
TX) may be a useful adjunct to facilitate coverage and obviate
the need for flaps in some patients.”*'***'* VAC has been shown
to shorten the time of healing of wounds associated with open
fractures.'”” The third and final stage of this management is
bony reconstruction as needed if bone loss has occurred and
followed by rehabilitation of the child.

Cultures

Previous studies have demonstrated poor correlation of growth
on routine cultures with wound infections.'***” Lee'** reported
that neither pre- nor postdébridement cultures accurately pre-
dicted the risk of infection in open fractures. He noted that
only 20% of wounds (24/119) with positive predébridement
cultures and only 28% (9/32) with positive postdébridement
cultures became infected.'™ Although postdébridement cul-
tures were more predictive of infection, these cultures identified
the causative organism in only 42% (8/19) of infected wounds.
Valenziano et al.*** found that cultures at the time of presenta-
tion to the trauma center also were of no value, with only 2 of
28 patients (7%) with positive cultures becoming infected, in
comparison to 5 of 89 patients (6%) with negative initial cul-
tures. Initial cultures were positive in only two of seven cases
that became infected. Open fractures do not need to be rou-
tinely cultured. Cultures should be obtained only at the time
of reoperation in patients with clinical evidence of infection.
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FIGURE 5-5 A: Grade IIIC open tibia fracture in a 9-year-old boy hit by a bus. B: Appearance of the
wound after several debridements. C, D: AP and lateral radiographs showing external fixation of the
fracture. Note the vascular clips distally, where an autologous vein graft from the popliteal trifurcation
was anastomosed to the posterior tibial artery.

Antibiotic Therapy

Antibiotic therapy decreases the risk of infection in children
1 reported a 13.9%
infection rate in 79 patients who received no antibiotics after
open fractures, and a 5.5% rate in 815 patients with similar
injuries who had antibiotic prophylaxis. Bacterial contami-
nation has been noted in 70% of open fractures in children,
with both Gram-positive and Gram-negative organisms noted,
depending on the degree of wound contamination and adjacent

with open fractures. Wilkins and Patzakis

soft tissue injury. We limit antibiotic administration generally
to 48 hours after each surgical treatment of the open fracture.'”

For all type I and some type II fractures, we use a first gen-
eration cephalosporin (cefazolin 100 mg/kg/day divided g8h,
maximal daily dose 6 g).'” For more severe type 1 fractures
and for type III fractures, we use a combination of a cepha-
losporin and aminoglycoside (gentamicin 5 to 7.5 mg/kg/day
divided g8h).**?

For farm injuries or grossly contaminated fractures, peni-
cillin (150,000 units/kg/day divided q6h, maximal daily dose



24 million units) is added to the cephalosporin and amino-
glycoside. All antibiotics are given intravenously for 24 to
72 hours. Although there is a trend toward a shorter duration
(24 hours) of antibiotic prophylaxis, there is currently a lack
of evidence-based medicine to support specific regimens of
duration of antibiotic prophylaxis in children. Oral antibiotics
are occasionally used if significant soft tissue erythema at the
open fracture site remains after the IV antibiotics have been
completed. Gentamicin levels should be checked after four or
five doses (and doses adjusted as necessary) during therapy to
minimize the risk of ototoxicity.

An additional 48-hour course is given around subsequent
surgeries, such as those for repeat irrigation and débridement,
delayed wound closure, open reduction and internal fixation of
fractures, and secondary bone reconstruction procedures.

It should be noted, however, that the guidelines above were
developed prior to the widespread prevalence of community-
acquired methicillin-resistant Staphylococcus Aureus (MRSA). If
the patient is at risk for MRSA, consideration should be given
to adding clindamycin or vancomycin to the regimen. More-
over, evidence-based guidelines published in 2006 found that
the available data support the conclusion that a short course
of a first generation cephalosporin, combined with appropri-
ate orthopedic management, does decrease risk of subsequent
infection in open fractures. However, the data were inadequate
to either support or refute additional practices such as adding
an aminoglycoside for Gustilo type II fractures, or increasing
the duration of antibiotic administration.”

Débridement and Irrigation

After antibiotics are given, débridement and irrigation of the
open fracture in the operating room is the next critical step in
the primary management of open fractures in children. Some
authors have reported that significantly higher infection rates
occurred if débridement and irrigation were done more than
6 hours after open fractures in children.®® A multicenter report,
however, demonstrated an overall infection rate of 1% to 2%
after open long-bone fractures, with no difference in infec-
tion rates between groups of patients treated with irrigation
and débridement within 6 hours of injury and those treated
between 6 and 24 hours following injury.'”® Another study of
pediatric type I open fractures reported a 2.5% infection rate
with nonoperative treatment.”” One likely reason for the low
rates of infection in these two series is the early administra-
tion of IV antibiotics in both groups. Although up to a 24-hour
delay does not appear to have adverse consequences regard-
ing infection rates, it may be necessary to perform an earlier
irrigation and débridement to minimize compromise of the
soft tissue envelope. The débridement needs to be performed
carefully and systematically to remove all foreign and nonviable
materials from the wound. The order of débridement typically
is (a) excision of the necrotic tissue from the wound edges,
(b) extension of the wound to adequately explore the fracture
ends, (c) débridement of the wound edges to bleeding tissue,
(d) resection of necrotic skin, fat, muscle, and contaminated
fascia, (e) fasciotomies as needed, and (f) thorough irrigation of
the fracture ends and wound.

CHAPTER 5 Management of the Multiply Injured Child 107

Because secondary infection in ischemic muscle can be a
major problem in wound management and healing, in adults, all
ischemic muscle is widely débrided back to muscle that bleeds
at the cut edge and contracts when pinched with the forceps.
In children, who generally heal better and have fewer comor-
bidities than adults, it is often possible to do a less aggressive
debridement at the initial surgery, and wait until questionable
tissue declares itself at a second look to determine the definitive
necessary extent of debridement.

When débriding and irrigating an open diaphyseal fracture,
we typically bring the proximal and distal bone ends into the
wound to allow visual inspection and thorough irrigation and
débridement. This often necessitates extension of the open
wound, which is preferable to leaving the fracture site contami-
nated. We carefully remove devitalized bone fragments and
contaminated cortical bone with curettes or a small rongeur. If
there is a possible nonviable bone fragment, judgment is needed
as to whether this bone fragment should be removed or left in
place. Small fracture fragments without soft tissue attachments
are removed, whereas very large ones may be retained if they
are not significantly contaminated. Reconstruction of a large
segmental bone loss has a better outcome in children than in
adults because children have a better potential for bone regen-
eration and a better vascular supply to their extremities. Nearby
major neurovascular structures in the area of the fracture are
identified and protected. Débridement is complete when all
contaminated, dead, and ischemic tissues have been excised;
the bones’ ends are clean with bleeding edges; and only viable
tissue lines the wound bed.

Although a high-pressure lavage system can be used for
irrigation, there have been reports of complications, includ-
ing acute compartment syndrome, using these devices.'**'"”
Therefore, gravity lavage using wide-bore cystoscopy tubing
is a reasonable alternative. Several recent studies, including
the multicenter, randomized, blinded Fluid Lavage of Open
Wound (FLOW) study have found that low-pressure lavage
is safer and more effective than high-pressure lavage."**'*’
These studies also examined lavage solutions. Although there
were the same number of reoperations in patients treated
with saline versus soap (13 in each group), the total number
of post-op infections, both operative and nonoperative, and
both deep and superficial, was higher in the soap group. The
difference approached, but did not reach, statistical signifi-
cance (p = .019). We routinely use 3 to 9 L of normal saline
(with or without soap as per surgeon preference) for the lower
extremities and 2 to 6 L in the upper extremities because of
the smaller compartment size. Note that high-powered lavage
is >70 psi. Many “powered” lavage systems are low pressure,
(around 12 psi) so one must consult the manufacturer’s data
for the details of the particular system in use.

After the débridement and irrigation are complete, local
soft tissue is used to cover the neurovascular structures, ten-
dons, and bone ends. If local soft tissue coverage is inadequate,
consideration should be given to local muscle flaps or other
coverage methods, including VAC. The area of the wound that
has been incised to extend the wound for fracture inspection
can be primarily closed. The traumatic wound should either be
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left open to drain or may be closed over one or more drains.
Wounds that are left open can be dressed with a moistened
povidone-iodine or saline dressing, but are probably better
treated with a VAC. Types II and III fractures are routinely
reoperated on every 48 to 72 hours for repeat irrigation and
débridement until the wounds appear clean and the tissue
viable. This cycle is repeated until the wound can be sutured
closed or a split-thickness skin graft or local flap is used to
cover it. If flap coverage is necessary, this is optimally accom-
plished within 1 week of injury.

Fracture Stabilization

Fracture stabilization in children with open fractures decreases
pain, protects the soft tissue envelope from further injury,
decreases the spread of bacteria, allows stability important
for early soft tissue coverage, decreases cerebral pressure, and
improves the fracture union rate.

Principles for stabilization of open fractures in children
include allowing access to the soft tissue wound and the
extremity for débridement and dressing changes, allowing
weight bearing when appropriate, and preserving full motion
of the adjacent joints to allow full functional recovery.

The concept of “damage-control” orthopedics, in which an
external fixator is used to temporarily stabilize a long-bone frac-
ture until the patient is systemically stable enough to undergo
definitive fracture fixation, is well studied and accepted in the
adult literature,"*1%%18202 There is essentially no pediatric litera-
ture on “damage-control” orthopedics, except for one case series
of three patients with femur fractures, initially treated with an
external fixator, and subsequently revised to submuscular plat-
ing.'* External fixators can be put on quickly and safely in the
ICU or at bedside without fluoroscopy for pelvic, femur, tibia,
and other fractures for initial stabilization, with the understand-
ing that definitive alignment can be achieved later.

Although casts or splints can be used to stabilize isolated
type I fractures and occasionally type 11 fractures with relatively
small wounds and minimal soft tissue involvement, difficulties
with soft tissue management and loss of alignment as swelling
subsides are common with such closed treatment. Most of these
injuries involve the radius or ulna in the upper extremity or
the tibia in the lower extremity. Splint or cast immobilization
is generally not satisfactory for the more unstable type II and
most type III injuries.

For diaphyseal forearm fractures, a flexible intramedullary
implant in the radius and/or ulna commonly provides enough
stability of the fracture to allow dressing changes through the
cast or splint. For intramedullary fixation, we prefer 2- to 4-mm
diameter flexible titanium implants for stabilizing open fractures
in the forearm when reduction of either the radial or ulnar frac-
ture is unstable. Since the ulnar canal is straight, the implant
chosen is often at least 80% of the narrowest canal diameter,
whereas the implant for the radius is generally 50% to 60% of
the narrowest canal diameter. The ulnar implant is inserted ante-
grade, and the radial implant is inserted retrograde just proximal
to the distal radial physis. One or both bones can be stabilized,
and the implants can be removed easily after fracture healing.

For distal forearm fractures, percutaneous pinning of the
radius (and, occasionally, the ulna) is generally appropriate and
provides sufficient stability. A short-arm cast usually is suffi-
cient to maintain appropriate alignment following such fixa-
tion. The pins are removed in the office at 3 to 4 weeks, but the
cast is used for a total of 6 weeks.

We also use flexible intramedullary nails for most open
fractures of the femoral shaft. For type III fractures, especially
if there is a large or contaminated soft tissue wound present,
external fixation may be indicated. Trochanteric-entry ante-
grade nails are gaining popularity and may be considered in
children 210 years old or those who weigh 250 kg (110 1b).

For most open tibial and femoral fractures in children, flexible
intramedullary rod fixation has replaced external fixation as our
treatment of choice. Both intramedullary rodding and external
fixation allow access to the wound for débridement and dress-
ing changes as well as any soft tissue reconstruction needed.'”
Wound access, however, may be limited with external fixators,
especially when there are extensive soft tissue wounds. Intra-
medullary rods generally are better tolerated by patients and
families, do not require daily care, leave more cosmetic scars,
and are load-sharing devices. With intramedullary rodding, the
child is allowed to weight bear as tolerated following transverse
or short oblique fractures, but weight bearing is protected for 4
to 6 weeks following comminuted or spiral fractures.

External fixation is preferable for fractures with segmental
bone loss, and ring fixators may even be used in such instances for
bone transport. External fixation allows weight bearing relatively
soon after the injury. We find that a uniplanar frame is best for
most fractures and is relatively easy to apply. For some segmental
fractures in the metaphysis and diaphysis, as well as soft tissue
injuries, a multiplanar or ring fixator may be a better choice.

We use open reduction and internal fixation for open intra-
articular fractures. When feasible, fixation should be parallel
to (and avoid) the physis. Cannulated screws often are used in
such instances. Screws or threaded pins should not cross the
physis. If fixation across the physis is necessary, smooth pins
are used; they should be removed 3 to 4 weeks after injury to
minimize the risk of growth disturbance.

For fractures that involve both the metaphysis and diaphy-
sis, open reduction and internal fixation can be combined with
external fixation. For diaphyseal fractures in skeletally imma-
ture children, we prefer flexible intramedullary nails to com-
pression plates for internal fixation of type I, type II, and some
type 11I fractures. The superiority of intramedullary or external
fixation for type IIIB fractures has not been firmly established.
For treatment of a floating joint, usually the knee or elbow, we
almost always stabilize both fractures operatively.'!!

Wound Management

Serial irrigation and débridement are done every 2 to 3 days until
the wounds are clean and all remaining tissue appears viable.
Fracture fixation at the time of initial surgery (as described previ-
ously) facilitates wound management. We prefer to provide soft
tissue coverage of the open fracture and adjacent soft tissue defect
by 5 to 10 days after the injury to limit the risk of later infection.



Most type I wounds heal with local dressing changes. For some
type II and type IIIA fractures, we use delayed wound closure or
a split-thickness skin graft over underlying muscle cover.

Large soft tissue loss is most often a problem with types I11B
and IIIC fractures. In the proximal tibia, plastic surgeons may
be needed to provide a gastrocnemius rotational flap, followed
by secondary coverage of the muscle with a skin graft. In the
middle-third of the leg, a soleus flap is used with skin graft
coverage, and a vascularized free muscle transfer is necessary if
local coverage is inadequate. Free flaps may be required for cov-
erage of the distal third of the tibia, especially in adolescents,"”
although there is a 60% postoperative complication rate. VAC
sometimes can reduce the need for free tissue transfers. The
VAC can convert wounds that need free tissue to ones that need
split-thickness skin graft or can heal completely.**'*

The flaps and grafts used for reconstructing severe injuries
are either muscle flaps or composite grafts. For a massive loss
of soft tissue and bone, composite grafts of muscle and bone
often are necessary. The younger the child, the better the likeli-
hood that autogenous graft will fill in a bone defect if there is a
well-vascularized bed from the muscle flap. Free flaps, especially
from the latissimus dorsi, are useful in the midtibial and dis-
tal tibial regions to decrease infection rates and improve union
rates. Vascularized fibular grafts rarely are used acutely to recon-
struct bone defects, but may be useful after soft tissue healing.
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For the rare case of significant bone defect in a child, we
rely on the healing capacity of young periosteum and bone and
the vascular supply of a child’s extremity (Fig. 5-6). An external
fixator is used to hold the bone shortened about 1 to 2 cm to
decrease the size of the bone loss. In a growing child, 1 to 2 cm
of overgrowth can be expected in the subsequent 2 years after
these severe injuries, so the final leg length will be satisfactory.
Autogenous bone graft can be used early, but if there is surviv-
ing periosteum at this site, spontaneous bone formation often is
surprisingly robust and may preclude the need for bone graft-
ing. In teenagers with bone loss, once the soft tissue has healed,
bone transport using either a uniplanar lengthening device or
a circular thin wire external fixator is our preferred method
of reconstruction, although use of an allograft or vascularized
fibular graft may be considered.

Amputation

In children, attempts should generally be made to preserve all
extremities, even with type IIIC open fractures that are usually
treated with primary amputation in adults. Wounds and frac-
tures that do not heal in adults often heal satisfactorily in chil-
dren and preservation of limb length and physes are important
in young children. Although the Mangled Extremity Severity
Score (MESS) correlates well with the need for amputation in
adults, the correlation is less in children.”® In one series,”® the

FIGURE 5-6 A: AP radiograph of a 6-year-old boy with bilateral open fractures, fixed with external
fixators. Note the bone loss on the left, with only a thin piece of cortical bone remaining. However,
his periosteum was preserved. B: Result at 1 year, with healing and hypertrophy of the cortical bone,

without bone grafting.
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MESS predicted limb amputation or salvage correctly in 86%
(31/36) of children, with 93% accuracy in salvaged limbs but
only 63% in amputated limbs.

If amputation is absolutely necessary, as much length as pos-
sible should be preserved. For example, if the proximal tibial
physis is preserved in a child with a below-knee amputation
at age 7 years, 3 to 4 in more growth of the tibial stump can
be expected by skeletal maturity. Thus, even a very short tibial
stump in a skeletally immature child may grow to an appropri-
ate length by skeletal maturity. As a result, even a short below-
knee amputation at the time of injury would likely be superior
to a knee disarticulation in final function.

Although amputations to treat congenital limb deficits usu-
ally are done through the joint to limit bone spike formation
(overgrowth) at the end of the stump, we prefer to maintain
maximal possible length if amputation becomes necessary as a
result of a severe injury.

Management of Other Fractures

When a child with an open fracture is brought to the operating
room for irrigation and débridement of the open fracture, the
orthopedist may use this opportunity to treat the other fractures
as well, whether operative treatment or closed reduction and
casting are needed. In the setting of pediatric polytrauma, most
long-bone fractures are treated surgically, to facilitate patient
care and rehabilitation.

STABILIZATION OF FRACTURES
Key Concepts

* Fracture stabilization aids in the overall care of the multiply
injured child.

* There are many different operative techniques and implants
available and useful to the pediatric orthopedic surgeon.

» Although about 22% of children who sustain polytrauma
have some residual disability, optimal treatment of their
orthopedic injuries in a timely fashion decreased their bur-
den of musculoskeletal disability.

* The best predictor of long-term disability was the Glasgow
Outcome Scale 6 weeks after injury and later.””

Beneficial Effects

Fracture stabilization also provides a number of nonorthopedic
benefits to a child with multiple injuries. Among the poten-
tial benefits are ease of patient mobilization, ease of nursing
care, decreased risks of pressure sores, and better access to
the wounds. Pulmonary contusions at the time of injury often
lead to increasing respiratory problems in the first few days
after injury.'* If the lungs have been severely contused, protein
leaks into the alveolar spaces, making ventilation more diffi-
cult. This may be exacerbated by the systemic inflammatory
response syndrome, which is commonly seen following severe
trauma."”**"* Surfactant dysfunction follows and is most abnor-
mal in patients with the most severe respiratory failure.'® As
the time from the injury increases, pulmonary function dete-

riorates and general anesthesia becomes more risky. Orthopedic
surgical treatment before such pulmonary deterioration limits
the anesthetic risks in these patients. In patients with severe
pulmonary contusions and multiple fractures, the use of extra-
corporeal life support may be the only treatment available to
allow patient survival.'™

In adults with multiple injuries, early operative stabilization
of fractures decreases pulmonary and other medical complica-
tions associated with prolonged bed rest that is a part of non-
operative fracture treatment."* Most adult trauma centers follow
the treatment protocol of early fracture stabilization, even
though Poole et al.'* reported that, despite early fracture sta-
bilization simplifying patient care, pulmonary complications in
patients with marked chest trauma were not prevented and the
course of the head injury was not affected. In children, medical
complications are less common, so the recommendations that
mandate early fracture stabilization are somewhat more diffi-
cult to support in young patients. Nonetheless, bruises on the
chest or rib fractures should alert the orthopedist to potential
pulmonary contusions as a part of the injury complex.'* Initial
chest radiographs may not clearly demonstrate the degree of
pulmonary parenchymal injury, and arterial blood gas deter-
minations are more useful in estimating the anesthetic risk of
these patients during operative care of the fractures.
Timing
As noted, splinting is needed at the time of the initial resuscita-
tion. In a child with multiple closed fractures, definitive treat-
ment should proceed expeditiously once the child’s condition
has been stabilized. Loder'*° reported that operative stabilization
of fractures within the first 2 or 3 days after injury led to fewer
complications, shorter hospital and intensive care unit stays,
and a shorter time on ventilator assistance in children with mul-
tiple injuries. A more recent study by Loder et al."'” reported a
trend toward a higher rate of complications in fractures treated
after 72 hours. Although there appear to be other factors besides
the timing of surgery that affect the eventual outcomes of poly-
trauma patients, the timing of surgery is a variable that can be
controlled by the surgeon, and it seems prudent to complete
fracture stabilization within 2 to 3 days of injury when possible.

Operative Fixation

The type of operative stabilization used in multiply injured
children commonly depends on the training, experience, and
personal preference of the orthopedist. The most common
methods used are intramedullary rod fixation, external fixation,
compression plating, and locking plating; Kirschner wires or
Steinmann pins may be used in conjunction with casts.

Intramedullary Rod Fixation

There has been an increase in the use of 2- to 4-mm diameter
flexible titanium intramedullary rods for stabilization of long-
bone fractures of the upper and lower extremities in children.
Intramedullary rodding is most commonly used for unstable
closed fractures of the radius and ulna in patients through ado-
lescence and for femoral shaft fractures in patients between
the ages of 5 and skeletal maturity.'”"*® A trochanteric-entry



antegrade nail is often a viable option in children of 10 years
old or older or in those with comminuted or length-unstable
femoral fractures. The tibia also can be fixed with intramedul-
lary rods in children with an open fracture, polytrauma, a “float-
ing knee” injury (concurrent femur fracture), or a high-energy,
unstable injury (especially during adolescence). A diaphyseal
fracture of the humerus can be treated with intramedullary fixa-
tion in the presence of a “floating” shoulder or elbow."”

Common indications for intramedullary fixation of fore-
arm fractures include unstable diaphyseal fractures (especially
in adolescents) and open fractures.®*'*"1%!" Forearm frac-
tures can generally be treated with closed reduction, with the
intramedullary implant passed across the fracture site under
fluoroscopy for stabilization.'”" In one study,'® 23% (10/43)
of closed forearm fractures treated with intramedullary rod
fixation required open reduction. The ulnar implant is placed
in antegrade fashion and can be inserted through the lateral
proximal metaphyseal area or the tip of the olecranon. The
radial implant is inserted retrograde and is contoured to con-
form to the normal radial bow before insertion. The insertion
point is proximal to the distal radial physis and the rod can
be inserted from the radial aspect of the distal radius or dor-
sally (slightly ulnar to Lister tubercle). Stability of both frac-
tures may be achieved by instrumenting only the radius or the
ulna in younger children, but both bones are more commonly
fixed in adolescents. Intramedullary fixation of open forearm
fractures appears to decrease the rate of loss of reduction.”*'"
In one series,'® reduction was maintained in all 27 patients
treated with rodding of both bones or of only the radius,
compared with loss of reduction in 32% (7/22) of patients
in whom only the ulna was rodded. The high rate of failure
may be because of the small diameter pins (1.6 or 2 mm)
used to fix the ulna in this series.'” A cast is used for further
immobilization.

The implants are easily removed from the wrist area and the
elbow region 6 to 12 months after insertion. Despite the utility
of flexible intramedullary implants for stabilizing forearm frac-
tures in children, the radius and ulna in young patients have
significant remodeling capacity and not all fractures require
anatomic reduction. A closed reduction and cast immobiliza-
tion may suffice. Displaced distal forearm fractures in poly-
trauma patients are often well treated with closed reduction
and percutaneous pinning; thus affording sufficient stability for
use of a short-arm cast in these polytrauma patients.

In a series of 20 pediatric patients treated with intramedul-
lary rodding of forearm fractures, 50% of patients had complica-
tions including loss of reduction, infection, hardware migration,
nerve injury, and delayed union, although 95% (19/20) of
patients had excellent or good results at follow-up.* In another
series,” compartment syndromes occurred in 6 of 80 (7.5%)
patients with forearm fractures treated with intramedullary fixa-
tion; risk factors in this study were reported to be increased
operative time and increased intraoperative use of fluoroscopy.

If flexible intramedullary nails are used in the femur, the
most common technique is retrograde insertion from the medial
and lateral metaphyseal region of the distal femur, 2 to 3 cm
proximal to the physis. Two rods are used to cross the fracture
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site and obtain purchase in the proximal femur, usually with
one at the base of the femoral neck and the other at the base
of the greater trochanter. Rod diameter is generally 40% of the
intramedullary diameter of the femoral isthmus, up to a maxi-
mum rod size of 4 to 4.5 mm (depending on manufacturer). A
cast is not necessary postoperatively, although a fracture brace
can be used to help control rotation at the fracture site and
provide some patient comfort during early walking, especially
for proximal third fractures or those with significant comminu-
tion. The implants usually are removed within 1 year of the
fracture.”**" One study showed that intramedullary nailing of
the femur had more complications in comminuted fractures
and children weighing over 100 1b,”® whereas another noted
higher complication rates in children of 10 years old or older
at the time of surgery.”

The use of reamed antegrade intramedullary rods to treat
femoral shaft fractures in the pediatric population should be
reserved for those with a closed proximal femoral physis. In
younger children, rod insertion at the piriformis fossa may inter-
fere with the vascular supply to the femoral epiphysis leading
to avascular necrosis (AVN), may cause growth arrest of the
greater trochanter (i.e., apophysis with resultant coxa valga), or
may interfere with the appositional bone growth at the base of
the femoral neck, thereby thinning this region and potentially
predisposing the child to a femoral neck fracture,'>?%!1%-12013>
Some authors have advocated rigid intramedullary rodding
using an entrance point at the tip of the greater trochanter.®'"
Nails designed to be inserted through the lateral aspect of the
greater trochanter, not the tip, have also shown good results.”*!
A recent meta-analysis of rigid nailing in the pediatric popula-
tion found an AVN rate of 2% for the piriformis entry site, 1.4%
for the trochanteric tip, and no cases of AVN when the lateral
trochanteric entry site was used.'”' AVN of the femoral head can
be a catastrophic iatrogenic injury best avoided.

Flexible intramedullary rod fixation is becoming increas-
ingly common for diaphyseal tibial fractures. The most com-
mon indications currently are open fractures, “floating knee”
injuries, and unstable diaphyseal fractures in adolescents. The
rods are inserted in antegrade fashion, with medial and lat-
eral entrance points distal to the physis and avoiding the tibial
tubercle. As with femoral fractures, rod diameter is 40% of the
narrowest intramedullary diameter, with a maximum rod size
of 4 to 4.5 mm (depending on implant manufacturer). A short-
leg walking cast or fracture boot often is used for comfort for
the first 4 to 6 weeks postoperatively, although a splint may be
used initially to allow access to wounds associated with an open
fracture or degloving injury.

Compression Plates

Some authors have advocated the use of compression plates
to stabilize long-bone fractures, especially in the femoral shatt,
in children with multiple injuries.*** Kregor et al.” reported
an average overgrowth of the femur of 9 mm, and all fractures
healed in a near anatomic position. Caird et al.*® noted that 3%
of patients (2/60) had a limb length discrepancy of greater than
2.5 cm following femoral plating, including a 5-cm discrepancy
in one child. The disadvantages of compression plating include
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FIGURE 5-7 Stabilization of femoral shaft fractures in children with
multitrauma can be obtained with several methods. Minimally inva-
sive percutaneous submuscular plating techniques can occasionally
be used. (Courtesy of Steven T. Morgan, MD, Denver, CO.)

the need for more extensive operative exposure at the site of the
fracture, the fact that they are not load-sharing devices, and
the usual need to remove the plate through a relatively long
incision once healing is complete. Minimally invasive percuta-
neous submuscular plating techniques have eliminated some of
the problems associated with traditional plating (Fig. 5-7).%'"
Refracture may occur through the screw holes left after plate
removal if physical activity is resumed too quickly.® Stiffness of
adjacent joints is rarely a problem in children unless there has
been an associated severe soft tissue injury. The number of corti-
ces the screws cross on each side of the fracture may be fewer in
children than in adults, because a cast or splint is routinely used
in young patients. Kanlic et al.* reported an 8% incidence of leg
length discrepancy after submuscular bridge plating.

Although some authors have recommended open reduction
and compression plate fixation of displaced radial and ulnar
fractures,”'” we prefer flexible intramedullary nails in children,
as noted earlier. The use of compression plates in the forearm
requires a larger operative incision with a resultant scar, a sec-
ond extensive procedure for plate removal, and a significant risk
of refracture following hardware removal. We do not believe
that the healing capability of the young child requires the rigid
fixation of compression plating to obtain fracture union.

External Fixation

Traditional indications for external fixation in a child with mul-
tiple injuries are open fractures with significant soft tissue injury,
fractures in children with a head injury and coma, and “floating

knee” fractures of the femur and tibia,”3171%9>11L157.169.196.221 \ariey

advances in intramedullary rod techniques, external fixation is
now less common. A unilateral fixator generally is sufficient to
hold the fracture reduced in this age group.

If external fixation is used, the caliber of the pin should be
less than 30% of the diameter of the bone into which it is to
be inserted to minimize the risk of fracture through a pin site.
The distal and proximal pins must be inserted at a level to
avoid the physis, and we recommend leaving at least 1 to 2 cm
between the pin and physis, partly to avoid any adverse effect
on the physis should a pin track infection occur. The proximal
tibial physis is more distal anteriorly below the tibial tubercle,
and this area must be avoided or a recurvatum deformity of the
proximal tibia and knee will result. The external fixator is usu-
ally left in place until fracture healing is complete, but it can
be removed once the reason for placement has resolved (such
as waking from coma or healing of a skin wound).”**'* If the
fixator is removed early, a walking cast is applied. Transverse
open fractures reduced out to length take longer to heal than
do oblique fractures reduced with slight overlap. Refracture is a
well-described risk following fixator removal. However, refrac-
ture rates have been variable, with a 21% rate noted in a series
in which a rigid transfixion type of fixator was used'”” and a
1.4% rate in a series with more flexible unilateral frames."” One
report indicated that if three of the four cortices at the fracture
site appear to be healing on anteroposterior and lateral radio-
graphs of the fracture, the refracture rate after frame removal
should be low."”’

Laboratory studies have suggested that dynamization of exter-
nal fixators may stimulate early fracture healing.”'% We prefer to
dynamize the fixator early to stimulate callus formation, although
the effect of dynamization on refracture rates is unclear.”*">

Outcomes of Treatment of the
Multiply Injured Child

In one review of 74 children with multiple injuries, 59 (80%)
survived, but after 1 year, 22% were disabled, mainly from a
brain injury.””> At 9 years after the injuries, 12% had significant
physical disability, whereas 42% had cognitive impairment. In
this group, however, the SF-36 or functional outcome survey
did not differ from the control population. The best predictor
of long-term disability was the Glasgow Outcome Scale 6 weeks
after injury and later.”® Letts et al.'® reported that 71.6% of
multiply injured children made a full recovery, with a mean
of 28 weeks until full recovery. Of the 53 residual deficits in
48 patients, the common deficits were neurologic (38%), psy-
chosocial (34%), and musculoskeletal (24%).1* Outcomes of
children with pelvic [ractures were near normal at 6 months."”"

Whether operative or nonoperative fracture treatment is
chosen for a child with multiple injuries, it is important that an
orthopedist be involved in the care of the child from the start.
Although recognizing the need to care for the other organ sys-
tem injuries the child has sustained, it is important to advocate
for the expeditious and appropriate treatment of the fractures
that are present. Failure to do so will leave the multiply injured
child with musculoskeletal disability once healing of the other
Injuries occurs.



After multiple injuries, the most common long-term prob-

lems relate to either sequelae of the head injury or of the ortho-
pedic injuries.
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INTRODUCTION

The serious and potentially devastating complications associated
with compartment syndrome in adults occur in children as well.
Similar to adults, compartment syndrome in children is charac-
terized by sustained increased pressures within an osseofascial
compartment resulting in circulatory impairment, ischemia, cel-
lular anoxia, and ultimately tissue death. Failure to diagnose and
treat this condition in an expeditious manner can lead to per-
manent disability in the affected limb. The importance of timely
diagnosis and treatment is critical not only to optimize clinical
outcomes but also to minimize medicolegal liability, that is, risk
of malpractice claim. Delayed or missed diagnosis of compart-
ment syndrome is one of the most common causes of litigation
against medical professionals in North America.’

Similar to adults, compartment syndrome is three to four
times more prevalent in boys than in girls.>"> A variety of injuries
and medical conditions, including fractures, soft tissue injuries,
burns, animal and insect bites, external compression by tight
dressings, casts, antishock garments, penetrating trauma, and
bleeding disorders can lead to compartment syndrome and can
involve the hand, forearm, foot, lower leg, and thigh (Table 6-1).
The most common mechanism of injury is trauma—secondary to
motor vehicle accidents, falls, and sports.'” The majority of cases
of compartment syndrome are associated with a fracture. Soft
tissue injury without fracture can also commonly lead to com-
partment syndrome (especially in the setting of an underlying
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bleeding disorder or with the use of anticoagulants). It is impor-
tant to maintain a high index of suspicion in soft tissue injuries
without fracture. Compartment syndrome in this setting has
been associated with a high rate of disability, likely associated
with a delay in diagnosis and treatment.'”** Both high- and
low-energy injuries can result in compartment syndrome. Com-
partment syndrome can occur even in the presence of an open
wound, and in one study of compartment syndrome in chil-
dren, open fractures were associated with a higher incidence of
compartment syndrome than closed injuries.” Open fractures
are generally associated with higher-energy injuries and the
associated fascial disruption does not result in adequate decom-
pression of all compartments.

Historically, acute compartment syndromes (ACSs) were
more commonly reported in the forearm associated with supra-
condylar humerus (SCH) fractures and in the lower extrem-
ity associated with femur fractures. Likely, this was related to
historical treatment methods, including casting of the elbow
in hyperflexion (>90 degrees) for SCH fractures and the use
of Bryant traction for the treatment of femur fractures. With
advancing treatment methods, such as operative stabilization
and immediate spica casting, the incidence of these causes of
compartment syndromes has decreased.

Currently, ACS in the pediatric population most commonly
involves the lower leg associated with fractures of the tibia and/
or fibula.'*"® Adolescents in particular are at risk and have an
8.3% rate of compartment syndrome after tibial fractures.’ In
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/I XW Causes of Compartment
Syndrome
Intrinsic Extrinsic
Fracture Compressive casts,
dressings
Soft tissue trauma without fracture Pneumatic antishock
garments
Vascular injury
Penetrating trauma
Burns Burn eschar

Animal + insect bites

Fluid infusion secondary to intravenous
(or intraosseous) extravasation (also
arthroscopy)

Bleeding disorders

Reperfusion injury following
prolonged ischemia

Elective orthopedic procedure—
osteotomy

J

the upper extremity, ACS most commonly involves the forearm
typically associated with both bone fractures of the forearm and
SCH fractures.*'*1°?° Based on a national database review, the
incidence of forearm compartment syndrome following upper
extremity injuries has been estimated at 1%."” High-risk frac-
ture patterns include displaced SCH fractures with concomi-
tant ipsilateral forearm fractures with a rate of compartment
syndrome as high as 33%" or supracondylar fractures with a
median nerve injury, which can mask the pain of compartment
syndrome.”> One study found displaced fractures of the fore-
arm that undergo multiple passes of intramedullary nails may
be at a higher risk for compartment syndrome.”

DiAGNOSIS

The diagnosis of ACS is challenging and can be more difficult
in children, especially infants, who are too young to cooperate,
nonverbal, or apprehensive and crying. A high index of suspi-
cion is recommended, especially in the setting of at-risk injuries
and conditions.

Pain, pressure, pallor, paresthesia, paralysis, and pulseless-
ness (the six Ps) have been described as clinical markers of com-
partment syndrome. The reliability of these clinical findings is
questionable; however, as they may be difficult to obtain in the
pediatric or obtunded patient or may present too late (only after
irreversible tissue damage has already occurred). Instead, the three
As may be more useful in making a diagnosis of compartment
syndrome in the pediatric population: Anxiety (or restlessness),
agitation (or crying), and an increasing analgesia requirement.*”!

Pain out of proportion to the injury, especially aggravated
by passive motion of the involved, ischemic compartment,
remains as one of the most sensitive and early physical find-
ings of compartment syndrome.”’ In particular, an increasing

analgesia requirement (both in dose and frequency) can be a
helpful early marker.” Pain perception may be diminished or
absent; however, and cases of “silent” compartment syndrome
(i.e., absence of pain in a compartment syndrome) have been
reported."*” Restlessness, agitation, and anxiety may be pres-
ent instead, as children may not be able to report or express
pain. Pressure, swelling, and tenseness may be the only objec-
tive findings of early compartment syndrome; however, these
findings also tend to be unreliable physical markers of com-
partment syndrome.””* Paralysis is a late and poorly sensitive
finding of compartment syndrome, and once a motor deficit
develops, full recovery is rare. Pulse oximetry usually is not
helpful.

Diagnosis or exclusion of compartment syndrome on clinical
grounds alone may be impossible. In these questionable clini-
cal situations, compartment pressure measurements are recom-
mended. In the pediatric setting, compartment pressures usually
are best measured under conscious sedation or anesthesia. Accu-
rate placement of the needle is essential. Multiple measurements
at different sites and depths within each compartment are rec-
ommended. Compartment pressure measurements close to the
level of fracture may be most accurate. Although controversial,
the thresholds/indications for fasciotomy are an absolute pres-
sure greater than 30 to 40 mm Hg or pressures within 30 mm
Hg of either the diastolic blood pressure or the mean arterial
pressure.” Recently, normal baseline compartment pressures
have been shown to be higher in (the legs of) children (13 to
16 mm Hg) compared to adults (5 to 10 mm Hg). The clinical
application of this data remains unclear.

Delayed diagnosis of compartment syndrome in children is
not uncommon. This may be related to the challenges in mak-
ing the diagnosis clinically in children. Other risk factors that
may delay diagnosis are altered conscious level, associated nerve
injury, polytrauma, and altered pain perception (possibly related
to certain types of analgesia [regional]). Certain anesthetic tech-
niques, including local anesthetics, regional anesthesia (epi-
dural, nerve blocks), and systemic analgesics, may obscure early
signs of a developing compartment syndrome and have been
shown to increase the likelihood of missed compartment syn-
dromes.>*"”* Delay in diagnosis may also be related to longer
elapsed time between the initial injury and peak compartment
pressures in the pediatric setting.'? Extended close monitoring
(after injury) is recommended in light of the sometimes later
diagnosis of compartment syndrome in children.

In the future, near-infrared spectroscopy (NIRS) may prove
to be useful in the earlier diagnosis of compartment syndrome,
as NIRS is noninvasive and capable of measuring the oxygen-
ation state of at-risk tissues.*

Overall, the entire clinical picture must be considered, and
a high index of suspicion, especially in children who are diffi-
cult to examine, obtunded patients with blunt head injuries, or
patients who are sedated, must always be maintained.

CLASSIFICATION

Acute Compartment Syndrome: ACS occurs when tissue pres-
sures rise high enough within an osseofascial compartment to



cause tissue ischemia. The exact time of onset of ACS is difficult
to determine. It can therefore be difficult to know the duration
of tissue ischemia in a given patient.

Exercise-induced or Exertional Compartment Syndrome: Exercise-
induced compartment syndrome is a reversible tissue ischemia
caused by a noncompliant fascial compartment that does not
accommodate muscle expansion occurring during exercise. It has
been described in both the upper and lower extremities.”

Neonatal: Both neonatal compartment syndrome and neonatal
Volkmann contracture have been reported. To our knowledge,
this has only been reported in the upper extremity. It is possible
that this diagnosis exists for the lower extremity but has been
attributed to other causes. Awareness of this diagnosis is impor-
tant, as early recognition and treatment can improve the func-
tional outcome and growth in these patients. Although established
neonatal Volkmann contracture cannot be improved by emergent
intervention, awareness of this diagnosis can aid in counseling of
the family and treatment of the patient (Fig. 6-1A, B).

Volkmann Ischemic Contracture: Volkmann ischemic contrac-
ture is the end result of prolonged ischemia and associated with
irreversible tissue necrosis.

Several classification systems have been described for upper
extremity Volkmann contracture. Most are based on the clini-
cal severity of the presentation and are used to help direct
the appropriate treatment for the identified disability. Most
authors recognize the tremendous variability of the clinical pre-
sentations and the subsequent limitations of the classification
system. 8 #:40.5%

Seddon was the first to introduce the concept of the ellipsoid
infarct involving the muscles of the proximal forearm. He fur-
ther described a spectrum of contracture from mild to severe.
The mild type responds to splinting with little to no residual
sequelae, with the possible recurrence of contracture as a young
child grows to maturity. The most severe type was described
as a limb, which “apart from its envelope is gangrenous and

FIGURE 6-1 A: Neonatal compartment syndrome.
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whose treatment is futile.””® Between these two extremes, he
described three separate patterns of presentation: (1) Diffuse but
moderate ischemia; (2) intense but localized muscle damage, and (3)
widespread necrosis or fibrosis.

Zancolli noted the significant variability in the involvement
of the hand. His classification system was entirely based on the
involvement of the intrinsic muscles.”* Types I to IV describe
the severity of the intrinsic muscle involvement. The variability
in presentation depends on the ischemic insult and recovery
potential to the median and ulnar nerves.

The most commonly used and our preferred classification
system is that of Tsuge.” He classified established Volkmann
contracture into mild, moderate, and severe types, according to
the extent of the muscle involvement.

The mild type, also described as the localized type involves
the muscles of the deep flexor compartment of the forearm, usu-
ally involving only the flexor digitorum profundus of the ring
or middle fingers. It can involve all the flexor digitorum profun-
dus and the flexor pollicis longus as well. Nerve involvement
is absent or mild, typically involving sensory changes which
resolve spontaneously. With wrist flexion, the fingers can be
fully extended. The majority of the mild type resulted from
direct trauma either from crush injury or forearm fractures, and
was typically seen in young adults.

In the moderate type, the muscle degeneration includes all or
nearly all of the flexor digitorum profundus and flexor pollicis
longus with partial degeneration of the flexor superficialis mus-
cles. Neurologic impairment is always present. Sensory impair-
ment is generally more severe in the median than in the ulnar
nerve, and the hand demonstrates an intrinsic minus posture.
Moderate-type injury was most commonly the result of SCH
fractures in children between ages 5 and 10.

The severe type involves degeneration of all the flexor mus-
cles of the fingers and of the wrist. There is central muscle
necrosis, and varying involvement of the extensor compartment

_— -

Note the sentinel lesion in the forearm described

by Ragland et al.*’ B: Neonatal Volkmann's seen in a 5-day-old child. Necrosis present from time of

birth. (Courtesy of Dr. M. Stevanovic.)



120 SECTION ONE Basic Principles

FIGURE 6-2 Appearance of the hand and forearm with a Tsuge
severe type Volkmann contracture. (Courtesy of Dr. M. Stevanovic.)

(Fig. 6-2). Neurologic deficits are severe, including complete
palsy of all the intrinsic muscles of the hand. Tsuge catego-
rized as severe those cases with moderate involvement that
are complicated by fixed joint contractures, scarred soft tissue,
or previously failed surgeries. As with the moderate cases, the
severe cases were most commonly the result of SCH fractures in
children.

Within each classification type, there is a broad range of
clinical presentation. This heterogeneity of presentation makes
it difficult to apply a specific treatment based solely on clas-
sification systems, and makes it nearly impossible to provide
meaningful outcome and comparison studies.

TREATMENT

Potentially devastating complications may be avoidable with
early recognition and prompt intervention. The goal of treat-
ment is to prevent tissue necrosis, neurovascular compromise,
and permanent functional deficits.

The first step is to remove all possible extrinsic causes of
pressure, including circumferential dressings, cast padding,
and casts. Remember that excessive limb elevation may be
counterproductive; the affected limb should not be elevated
higher than the patient’s heart to maximize perfusion while
minimizing swelling; however, a little elevation is probably bet-
ter than risking a dependent limb. Optimizing overall medical
management is also recommended, as shock and hypoxia may
lower tissue pressure tolerance."

Ultimately, emergent surgical decompression (fasciotomy,
i.e., release of the fascia overlying the affected compartments)
is recommended for established cases. At times, release of the
epimysium is also necessary. Clearly necrotic tissue should be
excised as it may become a nidus for infection, but in young
children questionable tissue should be left in place for a second
look at a later date as discussed below. Late fibrosis of necrotic
muscle can lead to compression of the adjacent nerves and
result in disability of the extremity. Other procedures may be
indicated based on the etiology of the compartment syndrome,
including vascular thrombectomy, repair, or grafting; nerve
exploration, if indicated; and fracture reduction and stabiliza-

tion. Nerve repair or reconstruction when necessary should be
performed at the time of definitive wound closure.

Late diagnosis increases the risk for severe complications,
including infection, neurologic injury, need for amputation,
and death. Concerns about increased risk of infection have led
to some recommendations not to perform fasciotomy after 24
hours of onset of symptoms. Good results however may be pos-
sible in children even when fasciotomy is performed as late
as 72 hours after the injury (within acute swelling phase).'”
Dramatic, essentially full, recovery has been reported following
compartment syndrome of the lower leg in children even after
delayed presentation.® The potential for recovery of muscle
function may be greater in a child than in an adult. This is con-
sistent with the increased potential for recovery observed from
other types of injuries in children, such as fractures, traumatic
brain injuries, and articular cartilage injuries.® As has been sug-
gested in open fractures in children, if in doubt as to the viabil-
ity of soft tissue, we recommend not to debride questionable
tissue at the initial fasciotomy because the potential for tissue
recovery in a child is much greater than that of an adult."

In the case of a delayed (or late) compartment syndrome,
where fasciotomy is not indicated, for example, no demon-
strable muscle function in any segment of the involved limb,
the limb can be splinted in a functional position. For the
upper extremity, if the resources are available for immediate
reconstruction with functional free muscle transfer, then early
debridement and reconstruction can reduce the incidence of
late contracture and improve neurologic recovery.”**** Sup-
portive care, usually in the form of vigorous intravenous hydra-
tion, should be given for the potential risk of myoglobinuria.
Myoglobinuria, as well as metabolic acidosis and hyperkalemia,
can also occur during reperfusion and requires medical man-
agement especially to prevent sequelae such as renal failure,
shock, hypothermia, and cardiac arrhythmias and/or failure.

LowWER EXTREMITY

Thigh

Compartment syndromes involving the thigh are particularly
rare but have been reported in the pediatric population after
blunt trauma, external compression with antishock trousers,
and vascular injury with or without fracture of the femur. His-
torically, children with femoral shaft fractures treated by skin or
skeletal traction were also at risk for compartment syndrome.

Three compartments—anterior, medial, and posterior—are
described in the thigh (Table 6-2). In the thigh, a long single

Il Compartments of the Thigh
Compartment Contents
Anterior Quadriceps muscle
Femoral artery, vein, and nerve
Medial Adductor muscles
Obturator nerve
Posterior Hamstring muscles
Sciatic nerve
S J
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TABLE (%3 Compartments of the Lower Leg TABLE ¥ Compartments of the Foot

Compartment Contents Compartments Contents

Anterior Tibialis anterior Interosseous (4) Interosseous muscles
Extensor digitorum longus Digital nerves
Extensor hallucis longus Adductor Adductor hallucis
Peroneus tertius C | ficial Al diai brevi
Deep peroneal (anterior tibial) vessels entral {superficial) exor digitorum brevis

and nerve Central (deep [or calcaneal]) Quadratus plantae

Lateral Peroneus longus Medial Abductor hallucis brevis
Peroneus brevis Flexor hallucis brevis
Superficial peroneal nerve Lateral Flexor digiti minimi

Superficial posterior Gastrocnemius Abductor digiti minimi
Soleus \ /
Plantaris
Sural nerve

Deep posterior Tibialis posterior rior compartment (more proximal) and deep posterior com-
Flexor digitorum longus partment (more distal). The soleus origin should be detached
Flexor hallucis longus from the medial aspect of the tibia. All four compartments
Posterior tibial nerve

. /

lateral incision can adequately decompress the anterior and
posterior compartments (Fig. 6-3). Occasionally, a medial
adductor incision is required as well.

Lower Leg

The most common presentation of ACS in children involves the
lower leg following a tibia and/or fibula fracture. Compartment
syndrome is also a well-known complication following tibial
osteotomies for angular and/or rotational correction.

In the lower leg, a one- or two-incision technique can be
employed for decompressive fasciotomy of all four compart-
ments—anterior, lateral, superficial posterior, and deep poste-
rior (Table 6-3). In the two-incision technique (Fig. 6-4A), the
anterolateral incision allows access to the anterior and lateral
compartments. The posteromedial incision must be lengthy
enough to allow for decompression of the superficial poste-

B Anterior (Quadriceps)
B Medial (Adductor)
M Posterior (Hamstrings)

Femoral artery,

FIGURE 6-3 Cross-sectional anatomy of the
vein, and nerve

thigh. Note the anterior (quadriceps), posterior

of the lower leg can also be adequately decompressed with a
single-incision technique (Fig. 6-4B). The long lateral incision
typically extends 3 to 5 cm within either end of the fibula.
First, identification of the septum between anterior and lateral
compartments allows access to these compartments. Next, by
elevating the lateral compartment musculature, the posterior
intermuscular septum is visualized and access to the superficial
and deep posterior compartments is possible.

Foot

Compartment syndromes of the foot in children are usually
caused by crush injuries, such as a car tire running over a foot,
and may not be associated with a fracture.* Neurovascular def-
icit is infrequent. Compartment syndrome in the foot is com-
monly associated with a LisFranc fracture-dislocation but has
been reported with fractures of the metatarsals and phalanges
as well.

In the foot, nine compartments—interosseus (4), adductor,
central (2), medial, and lateral—have been described (Table 6-4).

(hamstrings), and medial (adductor) compart-
ments. Entry sites for compartment pressure
measurements should take into consideration
the relationship between the intermuscular
septa and the neurovascular structures of each
compartment. (Modified from Schwartz JT,
Brumback RJ, Lakatos R, et al. Acute compart-
ment syndrome of the thigh. A spectrum of
injury. J Bone Joint Surg Am. 1989;71:392-400
[reprinted with permission from J Bone Joint
Surg, Inc.]. From Choi PD, Rose RKT, Kay RM,
et al. Compartment syndrome of the thigh in
an infant: A case report. J Orthop Trauma.
2007;21:587-590. [Courtesy of Dr. P. Choi.])

Medial
intermuscular
septum

Profunda femoris
artery and vein

Sciatic nerve
Posterior
intermuscular

septum Lateral

intermuscular
septum
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A - Anterior compartment

B - Lateral compartment

C - T posterior

D - Posterior compartment
E - Superficial posterior compartment

FIGURE 6-4 Decompressive fasciotomy of the lower leg. A: Two-incision approach. The anterolateral
incision allows decompression of the anterior and lateral compartments. The medial incision allows
decompression of the superficial posterior and the deep posterior compartments. B: One-incision
approach. A single lateral incision allows decompression of all four compartments in the lower leg.

(Courtesy of Dr. P. Choi.)

A dorsal approach through two longitudinal incisions centered
over the second and fourth metatarsals may allow for adequate
decompression of all nine compartments (Fig. 6-5), though many
authors recommend a third incision for the medial compartment.

UPPER EXTREMITY

The surgical incision for fasciotomy of the arm and forearm is
extensile from the brachium to the carpal tunnel. The extent of
the release performed is tailored to the clinical and intraopera-

Medial

Central

tive findings. Release of the dorsal forearm and compartments of
the hand require separate incisions when indicated (Table 6-5).
Separate incision for dermotomies of each of the fingers may
also be added to prevent skin necrosis and loss of the fingers.

Arm

The anterior and posterior compartments of the arm can be
decompressed through a single medial incision. This allows
access to the neurovascular structures of the arm, the medial
fascia of the biceps and brachialis in the anterior compartment,

FIGURE 6-5 Decompressive fasciotomy of the
foot. Through a dorsal approach, two longitudi-
nal skin incisions over the second and fourth
metatarsals can be utilized to decompress all
nine compartments of the foot. The super-
ficial fascia is divided over each interspace to
decompress the interosseous (l) compartments
(x 4) (caution: Interosseous veins and the distal
dorsalis pedis arterial branches in the first inter-

Lateral space). Next, the adductor, central (superficial
and deep), medial, and lateral compartments are
decompressed through each interspace. Many
authors, however, recommend a third medial
incision to decompress the medial/calcaneal
compartment.



TABLE (X Compartments of the Upper Extremity
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Adductor pollicis

Dorsal interossei (4)

Volar interossei (3)
Fingers

Compartments Contents
Arm Anterior Biceps and brachialis, brachial artery, and
median nerve
Posterior Triceps, ulnar nerve, and radial nerve
Forearm Volar Superficial FCR, PL, pronator teres, FCU, and FDS
Deep FDP, FPL, and pronator quadratus
Anterior interosseous nerve and artery
Dorsal Mobile wad  Brachioradialis, ECRL, ECRB
Extensor EDC, ECU, EPL, APL, EPB, EIP, EDM,
supinator?, posterior interosseous nerve
Anconeus” Anconeus
Hand Thenar Abductor pollicis brevis, opponens pollicis,
and flexor pollicis brevis
Hypothenar Abductor digiti minimi, flexor digiti minimi,

and opponens digiti minimi
Adductor pollicis (2 heads)
Each separate compartments
Each separate compartments

c

the brachioradialis/ECRL interval.

“Supinator is not typically a component of extensor compartment syndrome, but decompression can be done through

Not typically listed as a separate compartment, but should be assessed.

°Not technically a compartment, but compression of the neurovascular structures by rigid Cleland and Grayson's
ligaments can lead to skin necrosis and/or loss of the finger.

and the fascia of the triceps. Excision of the medial intermus-
cular septum will provide additional decompression of both
compartments (Fig. 6-6). The incision can be easily extended
to the elbow crease and incorporated with the incision for
decompression of the forearm. This also allows release of the
lacertus fibrosus and evaluation of the distal portion of the bra-
chial artery. When there is no anticipated need to evaluate and
decompress the neurovascular structures or extend the incision
into the forearm, a straight midline anterior and posterior fasci-
otomies may be performed to decompress the flexor and exten-
sor compartments, respectively.

Forearm

Several skin incisions have been described for the forearm. Since
the surgical incisions are long and extensile, almost any incision
can be used to decompress the forearm compartments (Fig.
6-7). Because the incisions are left open, we prefer the incision
described in the figure below, as this minimizes exposure of
neurovascular structures and can be extended proximally into
the medial arm and distally into the carpal tunnel (Fig. 6-8C, D).
After the skin incision is made, the antebrachial fascia is opened
longitudinally from lacertus fibrosis to the wrist flexion crease.
This decompresses the superficial flexor compartment. The
deep flexor compartment is most easily and safely exposed
through the ulnar side of the forearm.”* We start at the mid
to distal forearm and identify the interval between flexor carpi

FIGURE 6-6 Cross-sectional anatomy of the arm is shown. The dot-
ted line represents the plane of dissection for decompression of the
anterior and posterior compartments through a medial incision. The
intermuscular septum can be excised which further decompresses
both compartments. Alternatively, a straight anterior and posterior
incision may be used to separately decompress the anterior and
posterior compartments. (Courtesy of Dr. M. Stevanovic.)
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FIGURE 6-7 Cross-sectional anatomy of the forearm is shown. The
dotted lines represent the plane of dissection for dorsal and volar
compartments. The superficial flexor compartment can be released
in the midline or any location, trying to avoid an incision over the radial
or ulnar artery or median nerve. The deep flexor compartment is best
released by opening the interval between flexor carpi ulnaris and the
flexor digitorum superficialis. (Courtesy of Dr. M. Stevanovic.)

ulnaris and flexor digitorum superficialis. The flexor digitorum
profundus and flexor pollicis longus fascia are exposed and
released through this interval. This is the most important com-
ponent of this procedure, as the deep flexor compartment is
usually the first and most affected by increased compartmental
pressure. Through the same interval, the fascia overlying the
pronator quadratus is also released.

During the dissection, if the muscles appear pale after
release of the fascia, then additional release of the epimysium
of the pale muscle should be performed. For these muscles,
reperfusion injury will lead to more swelling in the muscle
that will lead to further muscle injury if the epimysium is not
released.

Clinical evaluation at this time of the remaining tension in
the dorsal forearm compartment and/or hand should be done
to determine whether additional release of the extensor com-
partments and hand should be added (Fig. 6-9).

The extensor compartments are released through a midline
longitudinal dorsal incision extending from the lateral epicon-
dyle to the distal radioulnar joint. This will allow release of the
mobile wad and the extensor compartment (Fig. 6-8A, B).

Hand

The hand has 10 separate compartments. It is rarely neces-
sary to release all 10 compartments, and intraoperative assess-
ment and/or measurement of compartment pressures should
be used to determine the extent of release needed (Figs. 6-10
and 6-11).

FIGURE 6-8 A: Dorsal (extensor) incision for forearm fasciotomy.
B: Release of the extensor compartment. C: Volar (flexor side) inci-
sion for forearm fasciotomy. This incision can be extended proximally
into the medial arm and distally into the carpal tunnel as indicated by
intraoperative findings. D: Release of the flexor compartment and
carpal tunnel. (Courtesy of Dr. M. Stevanovic.)

Volar Release

Decompression should start with an extended carpal tunnel
release. This usually will adequately release Guyon’s canal with-
out formally opening and decompressing the ulnar neurovas-
cular structures. The carpal tunnel incision can be extended to
the volar second web space. In the distal portion of the inci-
sion, the volar fascia of the adductor pollicis muscle can be
released. Also, the fascia tracking to the long finger metacarpal
(separating the deep radial and ulnar midpalmar space) can be
decompressed. This will help decompress the volar interosse-
ous muscles. The thenar and hypothenar muscles are decom-
pressed through separate incisions as needed (Fig. 6-12C, D).

Dorsal Release

The dorsal interosseous muscles (and volar interosseous mus-
cles) are decompressed through dorsal incisions between the
second and third metacarpals and the fourth and fifth meta-
carpals. The first dorsal interosseous muscle is decompressed
through an incision placed in the first dorsal web space. The
dorsal fascia of the adductor pollicis can also be released through
this incision (Fig. 6-12A, B).
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FIGURE 6-9 This 7-year-old patient fell while riding a bicycle, sustaining an ipsilateral displaced SCH
fracture and distal radius fracture. He was seen about 4 hours after his initial injury. He was diag-
nosed with a compartment syndrome on presentation and taken emergently to the operating room
for surgical stabilization and fasciotomy. A: Injury films showing displaced SCH fracture and distal
radius fracture. B: Postoperative reduction and stabilization. C: Volar fasciotomy. D: Dorsal fasciotomy.
E: Finger flexion at 1 year postinjury. F: Wrist and finger extension at 1 year postinjury. (Courtesy of

Dr. M. Stevanovic.)

FIGURE 6-10 Cross-sectional anatomy of the hand. The arrows
show the planes of dissection for decompression of the compart-
ments of the hand. (Courtesy of Dr. M. Stevanovic.)

Fingers

Tense swollen fingers can result in skin and subcutaneous tis-
sue necrosis. The tight fibers of Cleland and Grayson’s ligaments
can compress and obstruct the digital arteries. Dermotomy of
all involved fingers reduces the risk of necrosis of the skin and
possible loss of the digit. Dermotomies should be done in the
midaxial plane to prevent subsequent contracture. When pos-
sible, the dermotomy should be performed on the side that will
cause the least amount of scar irritation. The preferred locations
for finger and thumb dermotomies are shown in Figure 6-8A-D.

Postoperative

All surgical incisions are left open. We do not like the use of
retention sutures in children. Even if there is minimal swelling
of the muscle(s) during the primary release, muscle swelling
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C D

FIGURE 6-11 A and B: Dorsal incisions for fasciotomy of the hand
and dermotomies of the fingers. C and D: Volar incisions for release
of the thenar and hypothenar compartments, carpal tunnel release,
and dermotomy of the thumb. (Courtesy of Dr. M. Stevanovic.)

will usually increase after perfusion has improved. If nerves and
arteries are not exposed, a negative pressure wound dressing
(e.g., VAC) can be used. If nerves or arteries are exposed, we
prefer to use a moist gauze dressing. Dressing changes should
be done in the operating room at 24 to 48 hours. Partial
delayed primary wound closure can be performed at that time
if swelling is decreased and/or to provide coverage over open
neurovascular structures. Definitive wound closure should be
performed only after swelling has decreased. In the hand, only
the incision for the carpal tunnel release should be considered
for delayed primary wound closure. The other palmar and
dorsal incisions as well as the dermotomy incisions will close
quickly healing by secondary intention. If the skin cannot be
closed without tension, then split thickness skin grafting with
or without dermal substitutes should be used.

Therapy should be started immediately postoperatively to
maintain maximum active and passive range of motion of the
fingers. Splinting should be done as long as needed for soft
tissue stabilization or for treatment of other associated inju-
ries. Therapy may need to be temporarily discontinued during
healing of skin grafts, but should be resumed as soon as tis-
sue healing allows. Once the soft tissues are adequately healed,
we continue nighttime splinting to prevent contractures of the

wrist and fingers. Splinting is continued until scars and soft
tissues are mature and supple.

Established Contracture (Volkmann’s)

Treatment of established Volkmann contracture depends on
the severity of the contracture and neurologic deficits and the
resultant functional losses. The classification system of Tsuge
provides some guidance in establishing a treatment algorithm.
However, each patient has unique deficits and needs. Recon-
struction should take into consideration their deficits, residual
motor and sensory function, and the patients needs. Surgical
treatment should not be undertaken before soft tissue equilib-
rium is present.

Nonoperative Management

Nonoperative management should be instituted early in most
cases of established Volkmann contracture. In children, there
may be more recovery of nerve and muscle function over time
than in adults, and we do not advocate immediate surgical
intervention. A formal program of splinting and therapy can
improve the outcome of later surgical intervention and may
result in less extensive surgical corrections. Therapy should be
directed toward maintenance of passive joint motion, preserva-
tion and strengthening of remaining muscle function, and cor-
rection of deformity through a program of splinting. We prefer
the use of static progressive splinting or serial casting for fixed
contractures of the wrist, fingers, and thumb web space. Mild
contractures with minimal to no nerve involvement can often
be treated only with a comprehensive program of hand therapy
and rehabilitation. For moderate to severe involvement where
surgery is anticipated, therapy is indicated only as long as nec-
essary to achieve supple passive motion of the fingers. Preop-
erative therapy is also helpful in establishing a good patient and
parent rapport with the therapist and in gaining an understand-
ing of the postsurgical therapy program.

Operative Treatment

A variety of surgical procedures have been used to treat Volk-
mann ischemic contracture. These have included both bone
and soft tissue management.

Bone Reconstruction: Shortening procedures including short-
ening osteotomy of the radius and ulna and proximal row car-
pectomy have been used to match the skeletal length to the
shortened fibrotic muscle.'*** Generally, we do not like short-
ening procedures in children, because the forearm is already
relatively shortened by the initial ischemic insult to the bone
and growth plates. Further, the principal contracture is usu-
ally on the flexor surface. Shortening the forearm indiscrimi-
nately lengthens the muscle resting length of both the flexor
and extensor muscles, neglecting the predominant involvement
of the contracture within the flexor compartment. Bony recon-
structive procedures for long-standing contractures or for dis-
tal reconstruction required for neurologic injury include wrist
fusion, trapeziometacarpal joint fusion, or thumb metacarpo-
phalangeal joint fusion, which should be done after skeletal
maturity. These may be considered in conjunction with some
of the soft tissue procedures listed below.
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FIGURE 6-12 This 4-year-old girl placed a rubber band around her wrist before going to bed. She was
brought to the emergency room the following morning because of swelling of her hand. She was
taken immediately to the operating room for compartment release. A: Volar hand prior to fasciotomy.
B: Dorsal hand prior to fasciotomy. C: Volar release. D: Dorsal release. E: Finger flexion at 6 months.
F: Finger extension at 6 months. (Courtesy of Dr. M. Stevanovic.)
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FIGURE 6-13 Extended ulnar incision.

Soft Tissue Procedures: Soft tissue procedures have included
excision of the infarcted muscle, fractional or z-lengthening
of the affected muscles, muscle sliding operations (flexor ori-
gin muscle slide), neurolysis, tendon transfers, and functional
free tissue transfers, as well as combinations of the above pro-
cedures,"8101H10.19.22.23.323736384955 FEvcision of scarred fibrotic
nerves without distal function followed by nerve grafting has
been described to try and establish some protective sensation
in the hand.'® Fixed contractures of the joints can be addressed
with soft tissue release including capsulectomy and collateral
ligament recession or excision, depending on the joints involved.

AUTHOR’S PREFERRED MIETHODS

Our preferred methods of treatment depend on the general
classification of severity of contracture, individualized to the
patient presentation.

Mild (ocalized) Type (Deep flexor compartment without neuto-
logic deficit): For mild contractures which have failed to respond
to nonsurgical management, our preferred treatment is a muscle
sliding operation initially described by Page and subsequently
used and endorsed by several others.?**02%7>?7245% We have
found this procedure effective as long as there is clinically good
finger flexion. We do not combine this procedure with infarct
excision, nor have we found it necessary to release the distal inser-
tion of the pronator teres to correct pronation contracture.*

We differ with Tsuge in our surgical incision and favor the
technique initially described by Page (Fig. 6-13). The surgical

incision begins on the ulnar distal arm and continues along
the ulnar border of the forearm all the way to the wrist. The
ulnar nerve is identified and mobilized out of the cubital tunnel
and for several centimeters proximal to the medial epicondyle.
Three to four centimeters of intermuscular septum is excised.
The flexor pronator mass is elevated off of the medial epicon-
dyle, taking care to preserve the medial collateral ligament and
elbow joint capsule. The origins of the flexor carpi ulnaris,
flexor digitorum longus, and flexor digitorum superficialis are
carefully mobilized off of the ulna and interosseous membrane.
The dissection is carried out above the periosteum toward the
radius. The common interosseous artery arises as a branch
of the ulnar artery, crossing the flexor digitorum profundus.
Here it bifurcates into the anterior and posterior interosseous
arteries. The posterior interosseous artery crosses to the pos-
terior compartment at the proximal edge of the interosseous
membrane, and can be easily injured in this area. As this is
the dominant blood supply to the extensor compartment, it
is important to protect this branch (Fig. 6-14A, B). Working
toward the radius, the origin of the flexor pollicis longus is
released from proximal to distal. Throughout the procedure,
the wrist and fingers are manipulated to check whether the con-
tracture is improving and to help localize where there is still
tightness within the muscle origin. The dissection must often
be carried down to the level of the wrist to release adhesions
between the flexor tendons and pronator quadratus before full
correction is achieved. If necessary, the carpal tunnel should
be opened and tendon adhesions released in this area as well.
Slight under correction, which can be addressed by postopera-
tive splinting and rehabilitation may decrease the reduction in
muscle power resulting from the muscle slide. When a prona-
tion contracture is present and not corrected by the release of
the flexor—pronator origin, we release the pronator quadratus
from the distal ulna. Even with a complete release of both pro-
nators and dorsal distal radioulnar joint capsule, complete cor-
rection of the pronation deformity may not be possible because
of fibrosis and contracture of the interosseous membrane. At the
completion of the muscle slide, the ulnar nerve is transposed
to an anterior subcutaneous position. The hand is splinted and

FIGURE 6-14 Flexor slide with muscle elevation and showing the posterior interosseous artery
branching from the common interosseous artery. A: Diagram. B: Clinical photo.



subsequently casted in a position of forearm supination, wrist
and finger extension. We continue this immobilization for a
period of 6 weeks to allow the flexor—pronator origin to heal
adequately to its new origin (Fig. 6-15).

A limited flexor slide may be done for mild deformity,
affecting only a portion of the flexor digitorum profundus. In
this case, the surgical incision is the same; however, the flexor
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pronator mass does not have to be released from the medial
epicondyle, and the ulnar nerve does not have to be mobi-
lized and transposed. We do not usually perform a neurolysis,
because by definition of the mild type, there is little to no
nerve involvement. We think that this surgical approach lim-
its potential scarring and vascular compromise to the remain-
ing muscles and nerves in the flexor compartment, and that

FIGURE 6-15 This 7-year-old boy sustained an SCH fracture after a fall from a tree. He was treated
with closed reduction and pinning. He presented 1 year after his injury with inability to extend
his fingers and thumb. A: Preoperative maximum extension. B: Preoperative maximum flexion.
C: Extended ulnar incision. D: Intraoperative flexor slide. At the completion of the flexor slide,
the patient has full extension of the elbow, wrist, and fingers. E: 1-year postoperative extension.
F: 1-year postoperative flexion.
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the superficial veins are better preserved in the subcutaneous
tissue.

Moderate Type (Deep and supetficial flexor compartment with
neurologic deficit): For moderate deformity, we still prefer the
muscle slide operation to correct the tightness of the flexors,
provided that there is still adequate remaining strength in the
flexors. Since neurologic impairment is characteristic of the
moderate injury, we combine the flexor slide with neurolysis
of both the median and ulnar nerves. A separate incision to
release the carpal tunnel may also be done. Depending on the
functional deficits, tendon transfer can be combined with flexor
slide, usually as a staged procedure.

Reconstruction of Thumb Function: Our preferred transfers for
thumb flexion is to use brachioradialis or extensor carpi radialis
longus to the flexor pollicis longus. Extensor indicis proprius is
used for thumb opposition.

Reconstruction of Finger Flexion: When the finger flexors
are very weak or absent, a functional free muscle transfer may
produce a better functional result than tendon transfers. How-
ever, if functional free muscle transfer is not an option, ten-
don transfers include: Biceps brachii elongated with autograft
(fascia lata or superficialis tendon) to the flexor digitorum pro-
fundus. Extensor carpi radialis longus, brachioradialis, extensor
carpi ulnaris, and extensor indicis proprius can also be used as
donor muscles for reconstruction of finger flexion. These donor
muscles do not have sufficient excursion to match the flexor
muscles, but in the absence of other options, they can provide
adequate improvement in grasp.

Nerve Reconstruction: When sensory impairment is severe
and there has been no recovery, the nerve should be carefully
evaluated at surgery. If there is a densely scarred atrophic nerve,
resection of the nerve to healthy appearing fascicles followed by
sural nerve graft reconstruction may restore protective sensa-
tion to the hand.

Severe Type (superficial and deep flexor compartments, exten-
sor compartment, and severe neurologic deficits): Severe type
contractures are best treated with functional free muscle trans-
fers.”%1%22>> The donor vessels are usually either the radial or
anterior interosseous artery as an end-to-end anastomosis, or
end-to-side to the brachial artery. The donor motor nerve is the
anterior interosseous, which should be resected back to healthy
appearing fascicles. Our preference for the donor muscle is the
gracilis. Appropriate marking of the muscle resting length and
establishing a strong muscle origin and insertion are critical to
achieving good functional results.” Zuker has described using
separate motor fascicles of the gracilis to restore independent
flexor digitorum profundus and flexor pollicis longus motor
function.”

For severe type contractures with extensive involvement
of the extensor compartment, a double-free muscle transfer
should be considered. As with the moderate type, tendon trans-
fer, nerve graft reconstruction, and late osseous reconstructive
procedures may improve final functional outcomes.

Postoperative: Both operative and nonoperative treatment
requires splinting and therapy (whether formal or informal)
through skeletal maturity.

OUTCOMES

The duration of elevated tissue pressures before definitive surgical
decompression may be the most important factor in determining
outcome. In adults, prolonged ischemic insult to compartment
musculature greater than 8 hours increases the risk of permanent
sequelae."” Favorable outcomes can be expected if decompres-
sion is accomplished in less than 8 to 12 hours.** Full functional
recovery within 6 months has been reported with timely man-
agement of compartment syndrome in the pediatric population.”
The development of compartment syndrome does not seem to
delay fracture healing.

Complications associated with compartment syndrome
include functional muscle loss, contracture, neurologic deficit
(both motor and sensory distal to the level of injury), cosmetic
deformity, growth arrest, and infection. Less commonly, loss
of limb, rhabdomyolysis, multiorgan system failure, and death
can be seen, especially in the setting of crush injury with severe
large volume muscle necrosis.

Permanent and disabling outcomes are a real and significant
risk of compartment syndrome. Early recognition of the diag-
nosis and expeditious treatment may minimize long-term func-
tional disability; however, even promptly treated compartment
syndrome can have permanent residual deficits.”">*®

Outcomes following Volkmann contracture in the upper
extremity are difficult to assess. Studies are limited by small
numbers of patients, great variability in initial presentations,
use of varied surgical techniques, and difficulty in compli-
ance with the long-term follow-up necessary to track patients
through skeletal maturity. Ultee and Hovius attempted to pro-
vide some information regarding outcomes. They found that all
patients who had developed the contracture during childhood
had a relatively shortened extremity. Substantial improvements
in hand function were noted in those patients who underwent
functional free muscle transfer. Tendon lengthening alone
often resulted in recurrence of contracture. Finally, in patients
who had sufficient remaining muscle, procedures which
combined infarct excision, tenolysis, neurolysis, and tendon
transfer when necessary produced good hand function.” Sun-
dararaj and Mani noted improvement in sensory function in
conjunction with neurolysis. Additional procedures were done
simultaneously, and little analysis of outcomes of those other
procedures was given.”” In our experience, mild and moder-
ate contractures can have significant functional improvement
following flexor muscle slide and nerve reconstruction when
indicated. Normal function is not anticipated, but a hand
with protective sensation and functional grasp can often be
achieved. Functional free muscle outcomes can also restore
gross grasp and have a much better outcome in patients with
good intrinsic function.
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INTRODUCTION

One of the unique aspects of pediatric orthopedics is the pres-
ence of the physis (or growth plate), which provides longitu-
dinal growth of childrens long bones. Physeal injuries are a
common and unique feature of children’s bony injuries, in part
because the physis is structurally more susceptible to loads
that would produce metaphyseal or juxta-articular fractures in
adults, 88T BT Physeal injury may occur in a variety
Of WayS in addl[lon to tI.aul,na.14',15,1923,26,32,38,52,65,78,88,91,123‘125,136,150,
P10 Although physes, similar to the children with them, are
resilient to permanent injury, uneventful outcomes are by no
means assured.1,10,17,20,25,29,61,76,90,104,106,110,113,122,134,143 In [hlS diS—
cussion of management of physeal injuries and associated growth
disturbances the term physis is used rather than “growth plate.”

PHYSEAL ANATOMY

Normal Physeal Anatomy
Gross

Five regions characterize long bones: The bulbous, articular
cartilage-covered ends (epiphyses) tapering to the funnel-shaped
metaphyses, with the central diaphysis interposed between the

PHYSEAL INJURIES AND
GROWTH DISTURBANCES

Karl E. Rathjen and Harry K.W. Kim

Epidemiology of Physeal Fractures 148
Evaluation of Physeal Fractures 149
Treatment 149

Complications of Physeal Fractures 151

PHYSEAL GROWTH DISTURBANCE 152

Etiology 152

Evaluation 152

Physeal Arrests 153

Physeal Arrest Resection 155

Preoperative Planning and Surgical Principles 156
Growth Disturbance Without Arrest 160

e SUMMARY 161

metaphyses. During growth, the epiphyseal and metaphyseal
regions are separated by the organized cartilaginous physis,
which is the major contributor to longitudinal growth of the
bone. The larger long bones (clavicle, humerus, radius, ulna,
femur, tibia, and fibula) have physes at both ends, whereas the
smaller tubular bones (metacarpals, metatarsals, and phalan-
ges) usually have a physis at one end only.

At birth, with the exception of the distal femur and occasion-
ally the proximal tibia, all of the epiphyses which are mentioned
above are purely cartilaginous. At various stages of postnatal
growth and development, a secondary ossification center forms
within the epiphysis. This development helps define the radio-
lucent zone of the physis, which persists until the physis closes
at skeletal maturation. Typical ages for appearance of the major
secondary ossification centers and physeal closure are summa-
rized in Figures 7-1 and 7-2.

Microscopic Structure

Physis is highly organized, yet dynamic structure that consists of
chondrocytes undergoing proliferation, differentiation, and for-
mation of complex extracellular matrix. The extracellular matrix
is composed of type II collagen fiber network, aggrecans, and
noncollagenous proteins, such as cartilage oligomeric protein
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FIGURE 7-1 Typical age (and range) of development of the secondary ossification centers of the
epiphyses in the (A) upper extremity and (B) lower extremity.

and matrilin-3. Type IX and XI collagens are minor collagens
found in the physis. Type X collagen is also found in the physis;
however, its synthesis is limited to the hypertrophic zone and is
a distinguishing feature of hypertrophic chondrocyte.

Understanding of physeal injuries requires knowledge of
normal physeal morphology.”” Histologically, the physis is
divided into four zones oriented from the epiphysis to the
metaphysis: Germinal (reserve), proliferative, hypertrophic,
and provisional calcification (Fig. 7-3). The proliferative zone is
the location of cellular proliferation, whereas the hypertrophic
and provisional calcification zones are characterized by extra-
cellular matrix production, cellular hypertrophy, apoptosis,
extracellular matrix calcification, and vascular invasion of the
lacunae of the terminal hypertrophic chondrocytes. Collagen
fiber orientation is horizontal in the germinal zone whereas it is
vertical in the proliferative and hypertrophic zones, in line with
growth and columnar arrangement of cells.® Collagen content
is lower in the proliferative and hypertrophic zones compared
with the germinal zone. The differences in the collagen content
and fiber orientation of different physeal zones have impor-
tant implications in the mechanical behavior of each zone to
mechanical loading.” For instance, greater strains are observed
in the proliferative and hypertrophic zones compared with the
germinal zone following compression loading.

The peripheral margin of the physis comprises two special-
ized areas important to the mechanical integrity and periph-
eral growth of the physis (Fig. 7-3). The zone (or groove) of
Ranvier is a triangular microscopic structure at the periphery
of the physis, containing fibroblasts, chondroblasts, and osteo-
blasts. It is responsible for peripheral growth of the physis. The
perichondral ring of LaCroix is a fibrous structure overlying
the zone of Ranvier, connecting the metaphyseal periosteum
and cartilaginous epiphysis, and has the important mechanical
function of stabilizing the epiphysis to the metaphysis.

The epiphysis and secondary ossific nucleus must receive
blood supply for viability.'” Dale and Harris* identified two
types of blood supply to the epiphysis (Fig. 7-4). Type A
epiphyses (such as the proximal humeral and proximal femoral
epiphyses) are nearly completely covered with articular carti-
lage; therefore, most of the blood supply to the epiphysis must
enter from the perichondrium in a distal to proximal direction.
The blood supply to these epiphyses may be easily compro-
mised by epiphyseal separation. A complete disruption of the
epiphyseal vasculature, however, may not produce an exten-
sive ischemic damage to the physis if the metaphyseal vascula-
ture is intact.” The studies using multiphoton microscopy also
suggest that growth plate nutrition is not unidirectional from
the epiphysis to the metaphysis as traditionally believed but is
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FIGURE 7-2 Typical age (and range) of closure of physes in the (A) upper extremity and (B) lower

extremity.

contributed by the epiphyseal, metaphyseal, and circumferen-
tial perichondrial vasculature.'® Type B epiphyses (such as
the proximal and distal tibia and the distal radius) have only a
portion of their surface covered with articular cartilage and are
theoretically less susceptible to devascularization from epiphy-
seal separation.

Regulation of Growth

Various systemic (hormonal) and local (paracrine) factors, as well
as the mechanical factors, regulate and influence the longitudi-
nal growth.'” Systemic factors that influence physeal function
include growth and thyroid hormones, androgen, estrogen, vita-
min D, and glucocorticoids. Estrogen and not androgen controls
the growth spurt and normal physeal closure at skeletal maturity
in both sexes.'* Local factors that influence chondrocyte prolif-
eration and differentiation include parathyroid hormone-related
protein, Indian hedgehog protein, transforming growth factor-B,
insulin-like growth factor-1, and fibroblast growth factor. In a
physis, chondrocyte hypertrophy contributes most to the longi-
tudinal growth followed by extracellular matrix production and
cell division.'” The physes with more rapid growth, such as
the proximal tibial physis in comparison to the proximal radial

physis, have a larger increase in cell size. Experimental stud-
ies show that static, sustained loading decreases chondrocyte
proliferation, cell height, and the thickness of the hypertrophic
zone."® Hueter—Volkmann law states that abnormal compres-
sion inhibits growth whereas distraction stimulates it. A varying
degree of dynamic physiologic loading, however, has not been
shown to significantly alter longitudinal bone growth.'"*

Contributions to Longitudinal Growth
and Maturation Characteristics of
Selected Physes

Growth of long bones is more complex than simple elongation
occurring at their ends. However, as a generality, the physes
at the end of long bones contribute known average lengths in
percentage of total bone growth and percentage contributions
to the total length between two physes at either end of a long
bone. This information has come from observations of longi-
tudinal growth by a number of authors.''>¢*"11* Knowledge
of this information is paramount for the surgeon managing
physeal injuries to long bones. Figure 7-5 outlines the gener-
ally accepted percentage of longitudinal growth contribution
of pairs of physes for each long bone in the upper and lower
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Epiphyseal artery

Secondary /\ /\/\
ossification — i
center
Germinal zone
Proliferative zone
Hypertrophic zone
Ring of Zone of
LaCroix endochondral
ossification
Zone of
Ranvier
Periosteal
sleeve
Metaphyseal FIGURE 7-3 Schematic diagram of the organization of
artery the physis. Four zones are illustrated: The germinal,
proliferative, hypertrophic, and provisional calcification
(or enchondral ossification) layers. Note also the groove
of Ranvier and the perichondral ring of LaCroix.
extremities. Table 7-1 outlines the average amount of growth
. _ Articular cartilage in millimeters per year of skeletal growth contributed by the
Articular cartilage same physes mentioned above. These are estimations only, and
growth tables should be consulted when more specific informa-
= : : : 12,13,64,71,102
tion is required.
Mechanical Features of the Physis
and Patterns of Injury
Physis An understanding of the microscopic characteristics of the
physeal zones permits an understanding of the theoretical line
of least resistance (and hence fracture) within the physis. The
germinal and proliferative zones are characterized by an abun-
B dance of extracellular matrix, whereas the hypertrophic and

FIGURE 7-4 Classification of epiphyseal blood supply according to
Dale and Harris. A: Type A epiphyses are nearly completely cov-
ered by articular cartilage. Blood supply must enter via the perichon-
drium. This blood supply is susceptible to disruption by epiphyseal
separation. The proximal femur and proximal humerus are examples
of type A epiphyses. B: Type B epiphyses are only partially covered
by articular cartilage. Such epiphyses are more resistant to blood
supply impairment by epiphyseal separation. The distal femur, proxi-
mal and distal tibia, and distal radius are clinical examples of type
B epiphyses.

provisional calcification zones are primarily cell hypertrophy,
apoptosis, and vascular channels. As a consequence, fracture
lines can be predicted to pass through the hypertrophic and
provisional calcification zones, a finding that Salter and Harris
reported in their experimental investigation in rats."*® Theoreti-
cally, Salter—Harris types I and II fractures should involve these
zones only, not affecting the germinal and proliferative zones,
and thus should be at lower risk for subsequent growth distur-
bance. However, types III and IV physeal fractures traverse the
entire physis, including the germinal and proliferative zones.
In addition, displacement between bone fragments containing
portions of the physis may occur. Consequently, growth distur-
bance is more likely from type III or IV injuries.
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FIGURE 7-5 Approximate percentage
of longitudinal growth provided by the
proximal and distal physes for each
long bone in the upper (A) and lower
(B) extremities. A
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Not surprisingly, mechanical and clinical studies of
microscopic fracture patterns have demonstrated that frac-
ture lines through the physeal layers are more complex than
this simplistic view, and often undulate through the various
zones $OPHONIIY Smith et al."™ reported a Salter—Harris
type I fracture of the distal tibia examined microscopically after
associated traumatic lower leg amputation. In this high-energy
injury, they found that the fracture line involved all four layers
of the physis, in part because of the relatively straight plane of
fracture and the undulations of the physis. Bright et al.*® in a
study of experimentally induced physeal fractures in immature
rats, found that not only was the fracture line usually complex,
involving all four layers of the physis, but also that the physis
contained a number of horizontal “cracks” separate from the
fracture itself. They also observed a statistically significant lower
force required to produce a physeal fracture in male and pre-
pubescent animals, which might have clinical relevance to the
epidemiologic aspects of physeal fractures (see “Epidemiology™).
The rate, direction, and magnitude of force are also factors that
contribute to the histologic pattern of physeal fractures. Moen
and Pelker,'”? in an experimental study in calves, found that
compression forces produced fractures in the zone of provi-
sional calcification and metaphysis, shear caused fractures in
the proliferative and hypertrophic zones, and torque produced
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fracture lines involving all four layers of the physis. Finally, the
energy of injury is a factor in the extent of physeal injury. Distal
femoral physeal fractures are a good example of the overriding
significance of the energy of injury in potential for subsequent
growth disturbance. High-energy mechanisms of injury are fre-
quent in this region, and the risk of subsequent growth distur-
bance is high.”'**

Our current understanding of how a bone bridge forms fol-
lowing a physeal injury is limited. The experimental studies show
a sequence of inflammatory, fibrogenic, and osteogenic responses
in the time course of bone bridge formation following a drill hole
injury to the proximal tibial physis in a rat model.'®> More in-depth
study using microarray analysis showed that several molecular
pathways including those involved with skeletal development,
osteoblast differentiation, BMP signaling, and Wnt signaling are
involved in the bone bridge formation."™ A better understanding
of mechanisms involved with the bone bridge formation may lead
to new treatments that can prevent this complication.

PHYSEAL INJURIES
Etiology of Physeal Injuries

Physes can be injured in many ways, both obvious and subtle.
Obviously, the most frequent mechanism of injury is fracture.
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Average Growth per Year (in mm)

of Specific Physes of the Upper
and Lower Extremities®

Location Average Growth (mm/y)
Proximal humerus 7
Distal humerus 2
Proximal radius 1.75
Distal radius 5.25
Proximal ulna 55
Distal ulna 1.5
Proximal femur 35
Distal femur 9
Proximal tibia 6
Distal tibia 5
Proximal fibula 6.5
Distal fibula 4.5

“Estimations only. Gender, skeletal age, percentile height, and epiphyseal
growth all influence magnitude of individual bone growth. Growth tables
should be consulted when specific calculations are required. Adapted from
growth studies.

Data from: Arriola F, Forriol F, Canadell J. Histomorphometric study of growth
plate subjected to different mechanical conditions (compression, tension

and neutralization): An experimental study in lambs. Mechanical growth plate
behavior. J Pediatr Orthop B. 2001;10(4):334-338; Bright RW, Burstein AH,
Elmore SM. Epiphyseal-plate cartilage. A biomechanical and histological analy-
sis of failure modes. J Bone Joint Surg Am. 1974,56(4):688-703; Gomes LS,
Volpon JB, Goncalves RP. Traumatic separation of epiphyses. An experimental
study in rats. Clin Orthop Relat Res. 1988;236:286-295; Johnston RM, James
WW. Fractures through human growth plates. Orthop Trans. 1980;4(295);
Moen CT, Pelker RR. Biomechanical and histological correlations in growth
plate failure. J Pediatr Orthop. 1984;4(2):180-184; Ogden JA. Skeletal growth
mechanism injury patterns. J Pediatr Orthop. 1982;2(4):371-377; Rivas R,
Shapiro F. Structural stages in the development of the long bones and epiphy-
ses: A study in the New Zealand white rabbit. J Bone Joint Surg Am. 2002;
84-A(1):85-100; Rudicel S, Pelker RR, Lee KE, et al. Shear fractures through
the capital femoral physis of the skeletally immature rabbit. J Pediatr Orthop.
1985;5(1):27-31; Shapiro F. Epiphyseal growth plate fracture-separation: A
pathophysiologic approach. Orthopaedics. 1982;5:720-736.

)

Most commonly, physeal injury is direct, with a fracture involv-
ing the physis itself. Occasionally, physeal injury from trauma is
associated with a fracture else wherein the limb segment, either
as a result of ischemia'®’ or perhaps compression!!02>76:107.113.157
(see discussion of Salter—Harris type V physeal [ractures
below). Other mechanisms of injuries to the physes include
infection,'***?*1% disruption by tumor, cysts,’”® and tumor-
like disorders, vascular insult,'”” repetitive stress,’ 204098168
irradiation,”*'*® and other rare etiologies,'®>?%1#1.168

Infection

Long bone osteomyelitis or septic arthritis (particularly of the
shoulder, hip, and knee) can cause physeal damage result-
ing in either physeal growth disturbance or frank growth
arrest,!H1923920 188891123 These septic injuries may be further
complicated by joint disruption resulting from associated
epiphyseal destruction, articular cartilage damage, and capsular
adhesions, particularly in the hip and shoulder.

Multifocal septic arrests can produce significant deformity
requiring multiple surgical procedures. The most common

FIGURE 7-6 Standing anteroposterior lower extremity radiograph of
a 12-year-old boy with multifocal physeal disturbance from purpura
fulminans associated with meningococcemia. Radiograph abnormali-
ties are present in the left proximal femur; both distal femoral epiphy-
ses, including partial arrest of the left distal femoral physis; and both
distal tibial epiphyses. The patient also has digital amputations and
extensive soft tissue scarring resulting from this septic event.

causes are fulminant neonatal sepsis, particularly in premature
infants or those with neonatal sepsis associated with maternal
diabetes, and multiple septic arrests associated with meningo-
coccemia (Fig. 7-6). In the latter case, physeal damage may
also result from the cardiovascular collapse and disseminated
intravascular coagulation known as purpura fulminans.'*>785

Tumor

Both malignant and benign tumors and tumor-like disorders
can disrupt normal physeal architecture, resulting in direct
physeal destruction. In the case of malignant tumors, the
extent of growth lost as the result of local irradiation or limb
salvage surgery must be taken into consideration in plan-
ning and recommending the therapeutic reconstruction to be
undertaken.

Benign tumors and tumor-like conditions can result in
destruction of all or part of a physis. Examples include enchon-
dromata, either isolated or multiple (Ollier disease) (Fig. 7-7),
and unicameral bone cysts.'””® Growth disturbance as a con-
sequence of physeal damage from these disorders generally
cannot be corrected by surgical physeal arrest resection (see
“Physeal Arrests”), and other treatment strategies must be
adopted as clinically indicated.



FIGURE 7-7 Valgus deformity of the distal femur associated with
the presence of an enchondroma of the distal lateral femur involving
the lateral physis.

Vascular Insult

Known vascular insult is a rare cause of physeal injury.'* Par-
tial or complete growth arrests can occur from a pure vascular
injury to an extremity (Fig. 7-8). Unrecognized vascular insult
may represent the mechanism of subsequent growth disturbance

FIGURE 7-8 Physeal injury from presumed
vascular insult. A: The patient’s leg was caught
under heavy pipes rolling off a rack, resulting
in stripping of the soft tissues from the distal
thigh, open comminuted fracture of the distal
femur, and popliteal artery injury. B: In follow-
up, after arterial and soft tissue reconstruction,
the patient has physeal growth arrests of the
distal femur and proximal tibia. The mechanism
of injury to the proximal tibial physis was pre-
sumed to be vascular because of the associated
femoral artery injury.
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FIGURE 7-9 Stress injury of the distal radius and ulna in both wrists
of a competitive gymnast. There was no history of specific injury.
The wrists were tender to touch. Note distal radial and ulnar physeal
widening and irregularity.

after an injury in an adjacent part of a limb and may play a role
in Salter—Harris type V injuries; the most common location for
this is the tibial tubercle after femoral shaft or distal femoral
physeal fractures. In addition, ischemia may be the cause of
physeal damage associated with purpura fulminans. 798

Repetitive Stress

Repetitious physical activities in skeletally immature individuals
can result in physeal stress—fracture equivalents.”***" The most
common location for such injuries is in the distal radius or ulna,
as seen in competitive gymnasts (Fig. 7-9); the proximal tibia,
as in running and kicking sports such as soccer (Fig. 7-10); and
the proximal humerus, as in baseball pitchers.” These injuries
should be managed by rest, judicious resumption of activities,
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FIGURE 7-10 Stress injury of the proximal tibia in an elite soccer player. A: Anteroposterior radiograph
film demonstrates subtle proximal tibial physeal widening. B: Lateral radiograph shows widening, a
metaphyseal Thurston—Holland fragment, and some posterior displacement of the proximal epiphysis.
C: Significant radiograph improvement noted after discontinuing athletic activities for 3 months.

and longitudinal observation to monitor for potential physeal
growth disturbance.

Miscellaneous (Irradiation, Thermal Injury,
Electrical, Unrecognized)

Rare causes of physeal injury, usually recognized from conse-
quent growth disturbance, include irradiation (Fig. 7-11)**"*°;
thermal injury, especially phalangeal physeal injury from frost-
bite (Fig. 7-12)**%; burns; and electrical injuries. A recent

FIGURE 7-11 Proximal tibial physeal growth disturbance with angu-
lar deformity after irradiation for Ewing sarcoma.

report noted progressive genu valgum associated with obe-
sity and theorized that repetitive microtrauma superimposed
on genetic factors might play a role in growth disturbance.'®®
On other rare occasions, physeal growth disturbance noted on
clinical findings and radiographs has no identifiable cause. Pre-
sumably, such events represent unrecognized trauma, infection,
or vascular insult involving the physis.

Historical Review of Physeal Fractures

Physeal fractures have been recognized as unique since ancient
times. Hippocrates is credited with the first written account
of this injury. Poland (see “Classification of Physeal Frac-
tures”) reviewed accounts of physeal injuries in his 1898 book,

FIGURE 7-12 Premature closure of the distal phalangeal physes
after a frostbite injury to the digits.
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FIGURE 7-13 Poland classification of physeal fractures compared to the Salter—Harris classification.
Poland type |: Epiphyseal separation without metaphyseal fragment, or extension into the epiphysis.
Poland type II: Physeal fracture line extends into the metaphysis. Poland type Ill: Fracture extends
from the articular surface to the physis and continues peripherally through the physis. Poland type IV:

T-condylar fracture of the epiphysis and physis.

Traumatic Separation of the Epiphysis.">* Poland is also credited
with the first classification of the patterns of physeal fracture,
and the publication of his text closely followed Roentgen’s dis-
covery of radiographs in 1895.

Classification of Physeal Fractures

Poland"** proposed the first classification of physeal fractures
in 1898. Modifications to Poland’s original scheme have been
prOpOSed by a number Of authors’2—5,46,49,101,117,119,126,127,130,138
including Aitken,* Salter and Harris,"® Ogden et al.'**'*" and
Peterson.'**!*" Classifications of physeal fractures are important
because they alert the practitioner to potentially subtle radio-
graphic fracture patterns, can be of prognostic significance
with respect to growth disturbance potential, and guide general
treatment principles based on that risk and associated joint dis-
ruption. To some extent, fracture pattern provides some insight
into mechanism of injury and the extent of potential physeal
microscopic injury (“Normal Physeal Anatomy” and “Mechani-
cal Features of the Physis and Patterns of Injury”).

Currently, the Salter—Harris classification, first published in
1963,%* is firmly entrenched in the literature and most ortho-
pedists’ minds. Therefore, evolution and specifics of the nature
of physeal fractures of the various classification schemes are
discussed relative to the Salter—Harris classification. The reader
also should be aware of some deficiencies in that classification,
as pointed out by Peterson.'?%*®

Poland Classification of Physeal Fractures

Polandss classification, published in 1898,"** consisted of four
types of physeal fractures (Fig. 7-13). Types I, II, and III were
the foundation of the Salter—Harris classification, as described
below. Poland’s type IV fracture was effectively a T-condylar
fracture of the epiphysis and physis.

Aitken Classification of Physeal Fractures

Aitken* in 1936 included three patterns of physeal fracture in
his classification (Fig. 7-14). His type I corresponded to Poland
and Salter—Harris type I fractures, his type Il to Poland and
Salter—Harris type III fractures, and his type III was an intra-
articular transphyseal metaphyseal—epiphyseal fracture equiva-
lent to a Salter—Harris type IV fracture.

Salter—Harris Classification of Physeal Fractures

Salter and Harris published their commonly used five-part clas-
sification of physeal injuries in 1963."® The first four types were
adopted from Poland (types 1, 11, and III) and Aitken (Aitken
type III became Salter—Harris type 1V) (Fig. 7-15). Salter and
Harris added a fifth type, which they postulated was an unrecog-
nized compression injury characterized by normal radiographs
and late physeal closure. Peterson and Burkhart challenged the
existence of true type V injuries,'*® but other authors have sub-
sequently documented its existence in some form. 017277686,
128,157 Because we believe that delayed physeal closure can occur
after some occult injuries, we have chosen to retain this type of
injury in our preferred classification scheme.

Type |. Salter—Harris type I injuries are characterized by a
transphyseal plane of injury, with no bony fracture line through
either the metaphysis or the epiphysis. Radiographs of undis-
placed type I physeal fractures, therefore, are normal except for
associated soft tissue swelling, making careful patient exami-
nation particularly important in this injury. In the Olmstead
County Survey of physeal fractures,'* type 1 fractures occurred
most frequently in the phalanges, metacarpals, distal tibia, and
distal ulna. Epiphyseal separations in infants occur most com-
monly in the proximal humerus, distal humerus, and proximal
femur. If an urgency to make the diagnosis is deemed necessary
for patients suspected of having a type I injury, further imaging
by ultrasound, magnetic resonance imaging (MRI),*#*79130.147

FIGURE 7-14 Aitken classification of physeal fractures: Types |, Il,
and IlI. Type lll is equivalent of Salter—Harris type IV.
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FIGURE 7-15 Salter-Harris classification of physeal fractures. In Salter—Harris type | fractures, the
fracture line is entirely within the physis, referred to by Poland as type I|. In Salter-Harris type Il
fractures, the fracture line extends from the physis into the metaphysis; described by Poland as type
II'and Aitken as type |. In Salter—Harris type Ill fractures, the fracture enters the epiphysis from the
physis and almost always exits the articular surface. Poland described this injury as type Il and Aitken
as type Il. In Salter-Harris type IV, the fracture extends across the physis from the articular surface
and epiphysis, to exit in the margin of the metaphysis. Aitken described this as a type Ill injury in his
classification. Salter-Harris type V fractures were described by Salter and Harris as a crush injury to
the physis with initially normal radiographs with late identification of premature physeal closure.

or intraoperative arthrography may be helpful ®°"!% Stress
radiographs to document displacement are generally unneces-
sary and probably unwise. Ultrasound is particularly helpful
for assessing epiphyseal separations in infants (especially in the
proximal femur and elbow regions) without the need for seda-
tion, anesthetic, or invasive procedure, **#%20731%0

The fracture line of type I injuries is usually in the zone of
hypertrophy of the physis, as the path of least resistance during
the propagation of the injury (see “Normal Physeal Anatomy”)
(Fig. 7-16). As a consequence, in theory, the essential resting
and proliferative zones are relatively spared, and, assuming that
there is no vascular insult to these zones as a consequence of
the injury, subsequent growth disturbance is relatively uncom-
mon. As discussed above, however, studies have shown this to
be a simplistic view of the fracture line through a physis, and
that, because of uneven loading and macroscopic undulations
in the physis, any zone of the physis can be affected by the

fraC[ure hne 27,80,112,137,141,148

Metaphysis

Wi
)

)

)

Y
%

(1O O
SR S
= - P
.& ® g

Epiphysis

Because the articular surface and, at least in theory, the ger-
minal and proliferative layers of the physis are not displaced,
the general principles of fracture management are to secure a
gentle and adequate reduction of the epiphysis on the metaphy-
sis and stabilize the fragments as needed.

Type Il. Type II injuries have physeal and metaphyseal
components; the fracture line extends from the physeal margin
peripherally across a variable portion of the physis and exits into
the metaphysis at the opposite end of the fracture (Fig. 7-17).
The epiphyseal fragment thus comprises all of the epiphysis and
some portion of the peripheral metaphysis (the Thurston-Hol-
land fragment or sign). The physeal portion of this fracture has
microscopic characteristics similar to those of type I injuries, but
the fracture line exits the physis to enter the metaphysis (i.e.,
away from the germinal and proliferative layers) at one margin.
Similar to type I injuries, these fractures should have a limited
propensity to subsequent growth disturbance as a consequence

Endochondral ossification

Hypertrophic

FIGURE 7-16 Scheme of theoretic
fracture plane of Salter-Harris
type | fractures. Because the hyper
Proliferative zone trophic zone is the weakest zone
= structurally, separation should occur
Germinal at this level. Experimental and clini-

— Physis

_|_| zone cal studies have confirmed that

the fracture plane is more complex
than this concept and frequently
involves other physeal zones as
well.
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FIGURE 7-17 Fracture plane of Salter—Harris type Il fractures. The fracture extends from the physis

into the periphery of the metaphysis.

of direct physeal injury. However, the metaphyseal “spike” of
the diaphyseal/metaphyseal fragment may be driven into the
physis of the epiphyseal fragment, which can damage the phy-
sis (Fig. 7-18). Similar to type I injuries, the articular surface is
not affected and the general principles of fracture management
are effectively the same.

Type lll. Salter—Harris type III fractures begin in the epiph-

ysis (with only rare exception) as a fracture through the articular
surface and extend vertically toward the physis. The fracture

then courses peripherally through the physis (Fig. 7-19). There
are two fracture fragments: A small fragment consisting of a
portion of the epiphysis and physis, and a large fragment con-
sisting the remaining epiphysis and long bone. This fracture pat-
tern is important for two main reasons: The articular surface is
involved (Fig. 7-20) and the fracture line involves the germinal
and proliferative layers of the physis. In addition, type III inju-
ries are often associated with high-energy or compression mech-
anisms of injury, which imply greater potential disruption of the

'1
4

8+
1y Post injury

FIGURE 7-18 Potential mechanism of physeal arrest development after Salter—Harris type Il fracture
of the distal radius. A: Dorsally displaced type Il fracture of the distal radius. Note the evidence of
impaction of the epiphyseal fragment (with the physis) by the dorsal margin of the proximal fragment
metaphysis. B: One year later, there is radiographic evidence of physeal arrest formation in the distal

radial physis.
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FIGURE 7-19 Scheme of fracture plane in Salter—
Harris type Ill fractures. The fracture plane
extends from the physis into the epiphysis and
articular surface. "Extra-articular” type Il frac-
tures in which the articular surface is intact have
been reported but are quite rare.
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physis and higher risk of subsequent growth disturbance. Ana-
tomic reduction (usually open) and stabilization are required to
restore the articular surface and to minimize the potential for
growth disturbance.

On occasion, particularly in the distal femur and the distal
humerus, high-energy injuries produce either a T-condylar or
other complex pattern of injury, with at least three fragments,
resulting in a combination of physeal and epiphyseal injuries
(Fig. 7-21).

Type IV. Type IV fractures are effectively vertical shear
fractures, extending from the articular surface to the metaphy-
sis (Fig. 7-22A). These fractures are important because they
disrupt the articular surface, violate all the physeal layers in
crossing from the epiphysis to the metaphysis, and, with dis-
placement, may result in metaphyseal-epiphyseal cross union
(Fig. 7-22B).*"** The latter occurrence almost invariably results
in subsequent growth disturbance. This fracture pattern is fre-
quent around the medial malleolus, but may occur in other
epiphyses. Lateral condylar fractures of the distal humerus and

intra-articular two-part triplane fractures of the distal tibia may
be thought of as complex Salter—Harris type IV fractures.
General treatment principles include obtaining anatomic
reduction and adequate stabilization to restore the articular
surface and prevent metaphyseal—epiphyseal cross union.

Type V. The type V fracture described by Salter and Harris
was not described by Poland or Aitken. Salter and Harris postu-
lated that type V fractures represented unrecognized compres-
sion injuries with normal initial radiographs that later produced
premature physeal closure. The existence of true type V inju-
ries was questioned by Peterson'*® and subsequently became
a subject of debate MO # 77080157 We believe that delayed
physeal closure clearly occurs. The most common example of
such an injury is closure of the tibial tubercle, often with the
development of recurvatum deformity of the proximal tibia,
after fractures of the femur or distal femoral epiphysis (Fig.
7-23).277 Although the mechanism of such injuries may be
unclear (perhaps vascular rather than compression trauma), the
traditionally held view that such injuries occurred as a result

FIGURE 7-20 A: Salter—Harris type Ill fracture of the distal

B  femur. B: Fixation with cannulated screws.



CHAPTER 7 Physeal Injuries and Growth Disturbances 145

FIGURE 7-21 Complex fracture of the distal femur. There is a Salter—Harris type I
fracture of the distal femoral physis. In addition, there is an additional coronal plane
epiphyseal fracture of the major portion of the lateral femoral condyle, not involving
the physis, which was not recognized at the time of initial treatment. The type Il com-
ponent was treated by closed reduction and cross-pinning. The epiphyseal fracture
was treated separately and subsequently by open reduction and headless screw fixa-
tion. A: Initial anteroposterior radiograph showing what appears to be simple Salter—
Harris type Il fracture of the distal femur. B: Lateral radiograph after reduction appears
acceptable; however, careful review demonstrates the coronal plane, intra-articular
fracture of the lateral condyle. C: CT scan demonstrates the epiphyseal fracture of the
lateral femoral condyle. D, E: Radiograph appearance after healing of the fractures.
Patient was asymptomatic and recovered full knee motion. In follow-up, the patient
developed symmetric distal physeal closure not requiring further treatment.
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FIGURE 7-22 Scheme of the Salter—Harris type IV
fracture. A: The fracture line extends across the
physis from the epiphysis and articular surface
into the peripheral metaphysis. B: Displacement
of the fragments can lead to horizontal apposition
(and cross union) of the epiphyseal and metaphy-
seal bones.

FIGURE 7-23 Posttraumatic closure of the anterior proximal tibial physis after displaced Salter-Harris
type Il fracture of the distal femoral physis. A: Lateral radiographs after reduction. No injury to the
proximal tibia was noted at the time of treatment of the distal femoral injury. B: At follow-up, distal
femoral physeal growth disturbance with flexion deformity is apparent. C: At skeletal maturity, proxi-
mal tibial extension deformity with sclerosis of the tibial tubercle area is evident, suggestive of arrest
in this area. The patient has undergone a distal femoral extension osteotomy.
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Peterson Classification of Physeal Fractures

In an epidemiologic study of physeal injuries, Peterson et a
identified several deficiencies of the Salter—Harris classification
and subsequently developed a new classification of physeal
fractures (Fig. 7-25). They were not able to identify any Salter—
Harris type V injuries caused by compression in this epidemio-
logic study, challenged their existence, and excluded that type
from the classification. This classification retained Salter—Harris
types I to IV as Peterson types 1II, III, IV, and V and added two
new types.*®!*" It is important to be cognizant of the two new
patterns that Peterson et al. described, because they are clini-
cally relevant.

Peterson’s type I is a transverse metaphyseal fracture with a
longitudinal extension to the physis (Fig. 7-26). This pattern
of injury is subclassified into four types, based on the extent of
metaphyseal comminution and fracture pattern.

Peterson’s type V1 is a partial physeal loss (Fig. 7-27). Unfor-
tunately, this pattern of injury currently is common, largely as
a consequence of lawnmower or “road-drag/abrasion” injuries.
FIGURE 7-24 MRI of patient after injury with normal radiographs. Soft tissue loss, neurovascular injury, and partial physeal loss
MRI clearly documents the presence of a Salter-Harris type Il frac- (usually including the epiphysis so that articular impairment
ture of the distal femur. also results) further complicate this often devastating injury.

1]28

of inadvertent direct injury during the insertion of proximal AUTHOR’S PREFERRED TREATMENT
tibial skeletal traction pins has been unequivocally discounted

in some cases.”"*"® Other locations and case reports of late
physeal closure after extremity injury and apparently normal
initial radiographs exist in the literature."*!"'*157 By defi-
nition, this pattern of injury is unrecognized on initial radio-
graphs. Undoubtedly, more sophisticated imaging of injured
extremities (such as with MRI) will identify physeal injuries in
the presence of normal plain radiographs (Fig. 7-24). Although
the mechanism of injury in type V injuries may be in dispute,
in our opinion, the existence of such injuries is not.

We believe that the Salter—Harris classification remains an easily
recognized and recalled classification scheme embracing most
physeal injuries and continue to use it to describe most physeal
fracture patterns. It provides generally useful prognostic and
treatment guidelines. We encourage the continued recognition
of the Salter—Harris type V physeal injury as a delayed, indi-
rect, or occult injury—induced physeal closure, whose mecha-
nism may be compression, other unrecognized direct injury,

[ Il [ v V VI
Metaphysis Metaphysis Physis Epiphysis Metaphysis Physis
—> Physis and physis and physis and physis missing

and epiphysis

Poland Il Poland | Poland Ill and IV Aitken I
Aitken | Salter—Harris | Aitken Il Salter—Harris IV
Salter—Harris I Salter—Harris 111

FIGURE 7-25 Peterson classification of physeal fractures. Type | is a fracture of the metaphysis
extending to the physis. Types Il to V are the equivalents of Salter—Harris types |, II, lll, and IV, respec-
tively. Peterson type VI is epiphyseal (and usually articular surface) loss. Lawnmower injuries are a
frequent mechanism for type VI injuries (see text for further discussion).



148 SECTION ONE Basic Principles

FIGURE 7-26 Peterson type | injury of the distal radius. These injuries
typically have a benign course with respect to subsequent growth

disturbance.

or vascular insult. We also believe that Peterson types I and
VI physeal fractures are not classifiable by the Salter—Harris
scheme and refer to them as Peterson types I and VI fractures,
respectively.

Epidemiology of Physeal Fractures

In several population surveys reporting the frequency and
distribution of childhood fractures, including physeal inju-

A

FIGURE 7-27 Sequelae of a Peterson type VI physeal injury.
A: Anteroposterior radiograph of distal femur of a young girl who suf-
fered a Peterson type VI injury. This particular injury was the result of
direct abrasion of the distal femur when the unrestrained child was
ejected from a car. B: CT scan 1 year after injury demonstrates the

development of a peripheral physeal arrest with valgus deformity.

v —
-1 5W Frequency of Physeal Fracture

by Location
Skeletal Site Number Percent
Phalanges (fingers and toes) 411 43.4
Distal radius 170 17.9
Distal tibia 104 11
Distal fibula 68 7.2
Metacarpal 61 6.4
Distal humerus 37 3.9
Distal ulna 27 2.8
Proximal humerus 18 1.9
Distal femur 13 1.4
Metatarsal 13 1.4
Proximal tibia 8 0.8
Proximal radius 6 0.6
Clavicle (medial and lateral) 6 0.6
Proximal ulna 4 0.4
Proximal femur 1 0.1
Proximal fibula 1 0.1
Modified from Peterson HA, Madhok R, Benson JT, et al. Physeal fractures:
Part |. Epidemiology in Olmsted County, Minnesota, 1979-1988. J Pediatr
Orthop. 1994;14:423-430.

N J

ries,OLILI2216% 50095 o0 30% of all childhood fractures were
physeal injuries. The phalanges represent the most common
location of physeal injuries.

In our opinion, the most useful epidemiologic study of phy-
seal fractures is the Olmstead County Survey.'” This study of
the frequency of physeal fractures in a stable population base
was performed between 1979 and 1988, in Olmstead County,
Minnesota. The most relevant components are summarized
in Tables 7-2 and 7-3. During the study period, 951 physeal

Distribution of Physeal Fracture

Patterns by Salter-Harris
and Peterson Types | and VI

Classification?
Fracture Type Number Percent
Salter—Harris | 126 13.2
Salter—Harris |l 510 53.6
Salter—Harris llI 104 10.9
Salter—Harris IV 62 6.5
Peterson | 147 155
Peterson VI 2 0.2

“See text for description of physeal fracture classification.

Modified from Peterson HA, Madhok R, Benson JT, et al. Physeal fractures:
Part |. Epidemiology in Olmsted County, Minnesota, 1979-1988. J Pediatr

Orthop. 1994;14:423-430.
. J
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FIGURE 7-28 Relative frequency of physeal fractures by age and sex according to the Olmstead
County survey by Peterson et al. Peak incidence age 14 in boys, and 11 to 12 in girls. (From Poland J,
ed. Traumatic Separation of the Epiphysis. London: E. Smith and Company; 1898.)

fractures were identified: 37% of fractures occurred in the
finger phalanges, with the next most common site the distal
radius; 71% fractures occurred in the upper extremity; 28% in
the lower; and 1% in the axial skeleton. Other salient findings
of the Olmstead County survey included a 2:1 male-to-female
ratio and age-related incidence by gender (peak incidence at
age 14 in boys and 11 to 12 in girls) (Fig. 7-28). The Adelaide,
Australia, survey by Mizuta et al."'" had similar findings: 30% of
physeal fractures were phalangeal, males outnumbered females
approximately 2:1, and the prepubertal age groups had the
highest relative frequency of physeal fracture.

Evaluation of Physeal Fractures

Modalities available for the evaluation of physeal injuries
include plain radiographs, computed tomography (CT) scans,
and MRI Scans36,44,60,79,80,130,147 arthrography,6’47'67'105'166 and
ultrasound.**#2%7M0 Plain radiographs remain the preferred
initial modality for the assessment of most physeal injuries.
Radiographs should be taken in true orthogonal views and as
a default include the joint both above and below the fracture
unless clinical examination rules out areas of pathology, that
is, a very distal both bone fracture may not need radiographs
of the elbow if clinical examination of the elbow is normal. If

FIGURE 7-29 CT scans with or with-
out reconstructed images can be
helpful in the assessment of physeal
fractures. Coronal (A) and sagittal (B)
plane reconstructions of a triplane
fracture of the distal tibia.

a physeal injury is suspected, dedicated views centered over
the suspected physis should be obtained to decrease parallax
and increase detail. Oblique views may be of value in assessing
minimally displaced injuries.

Although plain radiographs provide adequate detail for the
assessment and treatment of most physeal injuries, occasionally
greater anatomic detail is necessary. CT scans provide excellent
definition of bony anatomy, particularly using reconstructed
images. They may be helpful in assessing complex or highly
comminuted fractures, as well as the articular congruency of
minimally displaced fractures (Fig. 7-29). MRI scans are excel-
lent for demonstrating soft tissue lesions and “bone bruises”
which may not be seen using standard radiation techniques.
Arthrography, MRI, and ultrasound have been used to assess
the congruency of articular surfaces. Arthrography and MRI
may help define the anatomy in young patients with small or
no secondary ossification centers in the epiphyses.®* 7102160
Ultrasonography is occasionally useful for diagnostic purposes
to identify epiphyseal separation in infants (Fig. 7-30).70%#820.7

Treatment

The general tenets of physeal fracture management are essen-
tially the same as those for injuries not involving the physis,
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FIGURE 7-30 Ultrasonography can be useful as a noninvasive investigation confirming intra-articular
effusion or epiphyseal separation, particularly in infants. A: Anteroposterior radiograph of a 2-month-
old infant with bilateral hip pain and generalized irritability. Septic arthritis is included in the differential
diagnosis. B: Ultrasonographic image of the right hip demonstrates a femoral head contained in the
acetabulum, without significant hip effusion. C: This ultrasonographic image demonstrates separation
of the proximal epiphysis from the femoral metaphysis. The diagnosis is nonaccidental trauma. D: One
month later, radiograph demonstrates extensive periosteal reaction bilaterally. E: At 18 months of age,
radiograph demonstrates remarkable remodeling, without evidence of physeal growth disturbance or
epiphyseal abnormality.



including radiographs of all areas with abnormal physical find-
ings. Physeal injuries involving neurovascular compromise or
impending compartment syndrome should be managed emer-
gently. In most cases, stabilization of the physeal fractures will
help facilitate management of the soft tissue injury.

General Principles of Treatment

In general, fractures in children, including physeal injuries,
heal more rapidly than in adults, and they are less likely to
experience morbidity or mortality from prolonged immobiliza-
tion. In addition, children are also often less compliant with
postoperative activity restrictions, making cast immobilization
a frequently necessary adjunct to therapy.

Physeal fractures, like all fractures, should be managed in
a consistent methodical manner that includes a general assess-
ment and stabilization of the polytraumatized patient, evalua-
tion of the neurovascular and soft tissue status of the traumatized
limb; what constitutes an “acceptable” reduction is dictated in
part by the fracture pattern and remodeling potential of the
fracture. Intra-articular fractures (such as Salter—Harris types
1T and IV) require anatomic reduction to restore the articu-
lar surface and prevent epiphyseal-metaphyseal cross union.
Salter—Harris types I and II fractures, particularly those that are
the result of low-energy injuries, have minimal risk of growth
disturbance (excepting injuries of the distal femur and proxi-
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mal tibia) and excellent remodeling potential in most patients;
in such patients, the surgeon must be cautious not to create
physeal injury by excessively forceful or invasive reductions.
When performing a closed reduction of physeal fractures the
aphorism “90% traction, 10% translation” is useful to minimize
iatrogenic injury to the physis which may occur as a physis
grinds against a sharp bony metaphysis.

Complications of Physeal Fractures

Except for the possibility of subsequent growth disturbance,
the potential complications of physeal injuries are no different
than other traumatic musculoskeletal injuries. Neurovascular
compromise and compartment syndrome represent the most
serious potential complications.*”'?* It is important to remem-
ber that, although a high degree of suspicion and diligence may
avoid some of these potentially devastating complications, they
can occur even with “ideal” management. Infection and soft tis-
sue loss can complicate physeal fracture management, just as
they can in other fractures. The one complication unique to
physeal injuries is growth disturbance. Most commonly, this
“disturbance” is the result of a tethering (physeal bar or arrest)
that may produce angular deformity or shortening. However,
growth disturbance may occur without an obvious tether or bar
and growth acceleration also occurs (Fig. 7-31). Finally, growth
disturbance may occur without recognized injury to the physis.

FIGURE 7-31 Growth deceleration in the absence of a true physeal arrest. This patient sustained
concurrent ipsilateral femoral shaft and Salter-Harris type IV distal femoral epiphyseal fractures.
A: Anteroposterior radiograph of the healed femur. Both fractures were treated with internal fixation.
B: The patient developed valgus deformity of the distal femur because of asymmetric growth of the
distal femoral physis. Note that the distance between the screws on either side of the physis has
increased asymmetrically, confirming asymmetric growth rather than cessation of growth laterally.
C: The angular deformity was treated with medial distal femoral epiphyseal stapling.
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PHYSEAL GROWTH DISTURBANCE

An uncommon but important complication of physeal fracture
is physeal growth disturbance.'®'>"** The potential conse-
quences of physeal growth disturbance include the develop-
ment of angular deformity, limb length inequality, epiphyseal
distortion, or various combinations of these. Development of
these abnormalities, if any, depends on the physis affected,
location within the affected physis, the duration of time pres-
ent, and the skeletal maturity of the patient. Frequently, further
surgery, often repeated and extensive, is required to correct

or prevent deformity caused by an established growth distur-
bance 27,31,69,84,89,93,139,162

Etiology

Disturbance of normal physeal growth may result from physical
loss of the physis (such as after Peterson type VI injuries), from
disruption of normal physeal architecture and function without
actual radiograph loss of the physis, or by the formation of a
physeal arrest, also called bony bridges or physeal bars."* Care-
ful identification of the nature of physeal growth disruption is
important, because treatment strategies may differ based on the
etiology of growth disturbance and the presence or absence of
a true growth arrest.

Growth disturbance as a result of physeal injury may result
from direct trauma (physeal fracture)'*'">!** or associated vas-

cular disruption.'® Infection,'*** destruction by a space-occu-
pying lesion such as unicameral bone cyst or enchondroma,"”
infantile Blount disease,'® other vascular disturbances (such
as purpura fulminans),"** %% irradiation,""*® and other rare
causes*?*? also may result in physeal growth disturbance or
physeal arrest.

Evaluation

Physeal growth disturbance may present as a radiographic
abnormality noted on serial radiographs in a patient known to
beat risk after fracture or infection, clinically with established
limb deformity (angular deformity, shortening, or both), or
occasionally incidentally on radiographs obtained for other
reasons. The hallmark of plain radiographic features of phy-
seal growth disturbance is the loss of normal physeal contour
and the sharply defined radiolucency between epiphyseal and
metaphyseal bones. Frank physeal arrests typically are charac-
terized by sclerosis in the region of the arrest. If asymmetric
growth has occurred, there may be tapering of a growth arrest
line to the area of arrest,”®''® angular deformity, epiphyseal dis-
tortion, or shortening (Fig. 7-32). Physeal growth disturbance
without frank arrest typically appears on plain radiographs as
a thinner or thicker physeal area with an indistinct metaphy-
seal border because of alteration in normal enchondral ossifica-
tion. There may be an asymmetric growth arrest line indicating
angular deformity, but the arrest line will not taper to the physis

FIGURE 7-32 Harris growth arrest line tapering to the physis
at the level of the growth arrest can serve as an excellent
radiograph confirmation of the presence of the true growth
arrest. Although most commonly noted on plain radiographs,
these arrest lines can be seen on CT scans and MRIs as well.
A: Anteroposterior radiograph of the distal tibia after Salter—
Harris type IV fracture demonstrates a Harris growth arrest
line (arrows) tapering to the medial distal tibial physis, where
a partial physeal arrest has formed. B: Harris growth arrest line
(arrows) as noted on CT. CT scans with coronal (C) and sagittal
(D) reconstructions corrected for bone distortion provide
D excellent images of the location and size of arrest.



FIGURE 7-33 Asymmetric growth arrest line that does not taper to
the physis is a strong indication of the presence of physeal growth
disturbance without frank physeal arrest. In this case, the asym-
metric growth arrest line is noted in the proximal tibial metaphysis
on CT scan.

itself (Fig. 7-33).""® This indicates altered physeal growth (either
asymmetric acceleration or deceleration) but not a complete
cessation of growth. This distinction is important, because the
consequences and treatment are different from those caused by
complete growth arrest.

If a growth arrest is suspected on plain radiographs in a skel-
etally immature child, further evaluation is often warranted. CT
scanning with sagittal and coronal reconstructions (orthogonal
to the area of interest) may demonstrate clearly an area of bone
bridging the physis between the epiphysis and the metaphy-
sis (Fig. 7-32C,D). MRI is also a sensitive method of assessing
normal physeal architecture (Fig. 7-34).”°"* Revealing images
of the physis and the region of physeal growth disturbance can
be obtained using three-dimensional spoiled recalled gradi-
ent echo images with fat saturation or fast spin echo proton
density images with fat saturation (Fig. 7-35). MRI has the

FIGURE 7-34 MRI scan of a patient with traumatic lateral distal
femoral partial growth arrest. Note Harris arrest line tapering to the
site of the arrest.
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FIGURE 7-35 MRI scan (three-dimensional spoiled recalled gradient
echo images with fat saturation) provides excellent visualization of
the affected area and some sense of the integrity of the residual
physis. This patient has infantile Blount disease.

additional advantage of the opportunity to assess the organiza-
tion of the residual physis that may indicate its relative “health.”
This assessment may be helpful in cases of infection, irradia-
tion, or tumor to determine if arrest resection is feasible based
on the integrity of the remaining physis. With either CT or
MRI, physeal arrests are characterized by an identifiable bridge
of bone between the epiphysis and the metaphysis, whereas
growth disruption without arrest demonstrates some degree of
loss of normal physeal contour and architecture without the
bony bridge or physeal bar.

Although definitive assessment of physeal growth distur-
bance or arrest may require advanced imaging, further evalua-
tion by plain radiographs is also beneficial. Radiographs of the
entire affected limb should be obtained to document the mag-
nitude of angular deformity. Existing limb length inequality
should be assessed by scanogram. An estimation of predicted
growth remaining in the contralateral unaffected physis should
be made based on a determination of the child’s skeletal age
and reference Lo an appropriate growth table,'"? 7172102

Physeal Arrests

Whenever a bridge of bone develops across a portion of physis,
tethering of the metaphyseal and epiphyseal bone together may
result (Table 7-4). Partial physeal arrests can result in angular
deformity, joint distortion, limb length inequality, or combina-
tions of these, depending on the location of the arrest, the rate
and extent of growth remaining in the physis involved, and the
health of the residual affected physis. Although these partial
arrests are not common, their presence usually requires preven-
tive or corrective surgical treatment to minimize the long-term
sequelae of the disturbance of normal growth they can create
(Fig. 7-36).
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FIGURE 7-36 Physeal arrests create variable amounts of limb short-
ening, angular deformity, and epiphyseal distortion, depending on
the duration of the arrest, the physis affected, and the size of the
arrest. A long, standing film of the lower extremities with the hip,
knee, and ankle joints included provides an overall assessment of
angular deformity and shortening.

Classification

Partial physeal arrests can be classified by etiology and by ana-
tomic pattern. Potential etiologies of physeal arrest are summa-
rized in Table 7-4 and include physeal fracture, Blount disease,
infection, tumor, frostbite, and irradiation. Physeal arrests also
can be classified based on the anatomic relationship of the arrest
to the residual “healthy” physis. Three basic patterns are recog-
nized (Fig. 7-37): Central, peripheral, and linear. A central arrest
is surrounded by a perimeter of normal physis, like an island
within the remaining physis. Central arrests are most likely to
cause tenting of the articular surface, but also may result in

O

Potential Causes of Physeal

Arrest Formation

Physeal fracture

Traumatic vascular disruption

Transphyseal infection

Vascular collapse associated with infection (purpura fulminans)
Infantile Blount disease

Irradiation

Unicameral bone cyst

Enchondroma

)

angular deformity, if eccentrically located, and limb length
inequality (Fig. 7-38). A peripheral arrest is located at the
perimeter of the affected physis. This type of arrest primarily
causes progressive angular deformity and variable shortening.
A linear arrest is a “through-and-through” lesion with ana-
tomic characteristics of both a central and peripheral arrest;
specifically, the affected area starts at the perimeter of the
physis and extends centrally with normal physis on either side
of the affected area. Linear arrests most commonly develop
after Salter—Harris type 11 or IV physeal fractures of the medial
malleolus.

Management

Several management alternatives are available. It is important to
be aware of these and to weigh carefully the appropriateness of
each for the individual situation.

Prevention of Arrest Formation. Ideally, the surgeon
should be proactive in the prevention of physeal arrest forma-
tion. Most commonly, this can be accomplished by adhering
to the general treatment principles of physeal fractures: Gen-
tle, anatomic, and secure reduction of the fracture, especially
Salter—Harris types 11l and 1V injuries. Damaged, exposed phy-
ses can be protected by immediate fat grafting,”” similar to the
principle of interposition material insertion for the resection of
established arrests (see following discussion). Although there is
little evidence to support the practice, the most common situa-
tion in which this technique is utilized during open reduction
of medial malleolar fractures, where comminution or partial
physeal damage is identified during reduction.

Some experimental work'> indicates that nonsteroidal anti-
inflammatory medications (specifically indomethacin) given

Central

Peripheral

Linear

FIGURE 7-37 Anatomic classification of physeal arrests. Central arrests are surrounded by a perim-
eter of normal physis. Peripheral arrests are located at the perimeter of the physis. Linear arrests are
“through-and-through” lesions with normal physis on either side of the arrest area.



FIGURE 7-38 Central arrests are characterized by tenting of the
articular surface. Variable shortening and angular deformity will
develop, depending on the size and location of the arrest.

for a period of time after physeal injury may prevent formation
of physeal arrest. There is, however, no clinical study support-
ing this experimental study, so the use of nonsteroidal anti-
inflammatory medications is empiric and not common clinical
practice.

Partial Physeal Arrest Resection. Conceptually, surgical
resection of a physeal arrest (sometimes referred to as physiolysis
or epiphysiolysis) restoring normal growth of the affected physis
is the ideal treatment for this condition **!/#>84899293,106. 121,161
The principle is to remove the bony tether between the metaph-
ysis and the physis and fill the physeal defect with a bone ref-
ormation retardant, anticipating that the residual healthy physis
will resume normal longitudinal growth.>">*%92%3121 However,
this procedure can be technically demanding, and results in our
practice are modest (see comment below). To determine if this
procedure is indicated, careful consideration must be given to
the location and extent of the arrest and the amount of longitu-
dinal growth to be potentially salvaged (see discussion below).

Physeal Distraction. Physeal arrests have been treated
with the application of an external fixator spanning the arrest
and gradual distraction until the arrest “separates.””* Angu-
lar deformity correction and lengthening can be accomplished
after separation as well. However, distraction injury usually
results in complete cessation of subsequent normal physeal
growth at the distracted level.”” Furthermore, the fixation
wires or half pins may have tenuous fixation in the epiphysis
or violate the articular space, risking septic arthritis. Thus, this
modality is rarely used.

Repeated Osteotomies During Growth. The simplest
method to correct angular deformity associated with physeal
arrests is corrective osteotomy in the adjacent metaphysis. Of
course, neither significant limb length inequality nor epiphy-
seal distortion that may result from the arrest is corrected by
this strategy. However, in young patients with a great deal
of growth remaining in whom previous physeal arrest resec-
tion has been unsuccessful or is technically not possible, this
treatment may be a reasonable interim alternative until more

CHAPTER 7 Physeal Injuries and Growth Disturbances 155

definitive completion of arrest and management of limb length
inequality is feasible.

Completion of Epiphysiodesis and Management
of Resulting Limb Length Discrepancy. An alternative
strategy for the management of physeal arrests is to complete
the epiphysiodesis to prevent recurrent angular deformity or
epiphyseal distortion and manage the existing or potential limb
length discrepancy appropriately. Management of the latter may
be by simultaneous or subsequent lengthening of the affected
limb segment or contralateral epiphysiodesis if the existing dis-
crepancy is tolerable and lengthening is not desired. We believe
that this course of management is specifically indicated if arrest
resection has failed to result in restoration of longitudinal growth
and in patients in whom the amount of growth remaining does
not warrant an attempt at arrest resection. In our opinion, this
treatment should be considered carefully in all patients with a
physeal arrest.

Physeal Arrest Resection

Based on our experience with the results of physeal arrest resec-
tion, the factors discussed in the following sections should be
considered before determining if physeal arrest resection is
indicated.

Etiology of the Arrest

Arrests caused by trauma or infantile Blount disease have a bet-
ter prognosis for resumption of normal growth, compared to
those secondary to infection, tumor or tumor-like conditions, or
irradiation are less likely to demonstrate growth after resection.

Anatomic Type of the Arrest

Central and linear arrests have been reported to be more likely
to demonstrate resumption of growth after resection,’ but our
experience has not supported this observation.

Physis Affected

Because proximal humeral and proximal femoral lesions are dif-
ficult to expose, a technically adequate resection is less likely in
these areas. In our institutional experience, (currently unpub-
lished) distal femoral bars have a poorer prognosis for growth
after resection, whereas those of the distal tibia have a more
favorable prognosis for the resumption of growth.

Extent of the Arrest

The potential for resumption of longitudinal growth after arrest
resection is influenced by the amount of physeal surface area
affected.””*"** Arrests alfecting more than 25% of the total sur-
face area are unlikely to grow, and, except in patients in whom
significant growth potential remains, alternative treatment strat-
egies should be used.

Amount of Growth Remaining

in the Physis Affected

Some authors®"##899293:12% have stated that 2 years of growth
remaining based on skeletal age determination is a prerequisite
for arrest resection to be considered. Based on our results with
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this procedure, we find that 2 years of growth remaining is an
inadequate indication for physeal arrest resection. We believe
that the decision to perform arrest resection should be made on
a combination of the calculated amount of growth remaining in
the affected physis and the likelihood of resumption of growth.
Scanogram (Fig. 7-39) will document the existing discrepancy,
determination of skeletal age and consultation with the growth

11-13,61,74,102

remaining tables for the affected physis will allow

calculation of the predicted discrepancy.

Preoperative Planning and
Surgical Principles

If physeal arrest resection is considered appropriate, some plan-
ning is required to maximize the opportunity for resumption of
longitudinal growth.

First, the extent and location of the arrest relative to the
rest of the physis must be carefully documented. The most
cost-effective method to accurately evaluate an arrest is with
reconstructed sagittal and coronal CT images to provide views
orthogonal to the affected physis. MRI may also be used and,
with recent advancements in the capability to identify and
quantify physeal arrests, may soon become the imaging study of
choice. We currently prefer three-dimensional spoiled recalled
gradient echo images with fat saturation or fast spin echo proton

FIGURE 7-39 Scanogram indicates the exist-
ing limb length inequality.

density images with fat saturation to visualize the physis. CT
images allow precise delineation of bony margins and, at the
current time, is cheaper than MRI. An estimation of the affected
surface area can be computed with the assistance of the radiolo-
gist using a modification of the method of Carlson and Wenger
(Fig. 7-40).”" The procedure should be planned with consider-
ation of the principles discussed in the following section.

Minimize Trauma. The arrest must be resected in a man-
ner that minimizes trauma to the residual physis. Central lesions
should be approached either through a metaphyseal window
(Fig. 7-41) or through the intramedullary canal after a metaph-
yseal osteotomy. Peripheral lesions are approached directly,
resecting the overlying periosteum to help prevent reformation
of the arrest. Intraoperative imaging (fluoroscopy) is needed
to keep the surgeon oriented properly to the arrest and the
residual healthy physis. Care to provide adequate visualization
of the surgical cavity is essential, because visualization is usu-
ally difficult even under “ideal” circumstances. A brilliant light
source, magnification, and a dry surgical field are very helpful.
An arthroscope can be inserted into a metaphyseal cavity to per-
mit a circumferential view of the resection area.'” A high-speed
burr worked in a gentle to-and-fro movement perpendicular to
the physis is usually the most effective way to gradually remove
the bone composing the arrest and expose the residual healthy



FIGURE 7-40 Reconstructed MRlIs allow estimation of the percent-
age of surface area of the physis affected by a growth arrest. This
workstation reconstruction delineates the perimeter of normal physis
(border 2) and that of the physeal arrest (border 1). Surface area
affected can be calculated from these reconstructions.

physis (Fig. 7-42). By the end of the resection, all of the bridg-
ing bone between the metaphysis and the epiphysis should be
removed, leaving a void in the physis where the arrest had been,
and the perimeter of the healthy residual physis should be vis-
ible circumferentially at the margins of the surgically created
cavity (Fig. 7-43). Recently, intraoperative CT has been reported
to be an effective adjuvant to guide bar resection.®

Prevent Reforming of Bridge Between Metaphysis
and Epiphysis. A bone-growth retardant or “spacer” material
should be placed in the cavity created by the arrest resection
to prevent reforming of the bony bridge between the metaph-
ysis and the epiphysis. Four compounds have been used for
this purpose either clinically or experimentally: Autogenous
fat,?"#+829292192 methyl methacrylate,”%'** silicone rubber,”
and autogenous cartilage.'***7*%% SGilicone rubber is no

FIGURE 7-41 A:Central arrests are approached
through a metaphyseal “window"” or the med-
ullary canal after metaphyseal osteotomy.
B: The arrest is removed, leaving in its place a
metaphyseal-epiphyseal cavity with intact phy-
sis surrounding the area of resection.
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FIGURE 7-42 After complete resection, the healthy physis should
be evident circumferentially within the cavity produced by the arrest
resection.

longer available and, to our knowledge, autogenous cartilage
has been used only experimentally as a press-fit plug or cultured
chondroblasts. Currently, only autogenous fat graft, harvested
either locally or from the buttock, and methyl methacrylate are
used clinically. Autogenous fat has at least a theoretic advantage
of the ability to hypertrophy and migrate with longitudinal and
interstitial growth (Fig. 7-44).”*” Methyl methacrylate is inert,
but provides some immediate structural stability.” This feature
may be important with large arrest resections in weight-bearing
areas, as in the proximal tibia in association with infantile Blount
disease (Fig. 7-45). However, embedded methyl methacrylate,
especially products without barium to clearly delineate its loca-
tion on radiograph, can be extremely difficult to remove and
can jeopardize bone fixation if subsequent surgery is required.
Pathologic fracture associated with methyl methacrylate migra-
tion from the metaphysis to diaphysis has also been reported.'*
A number of recent studies have looked at the possibility of
“grafting” the resected area of physis with chondrocytes or
stem cells. Although promising, these techniques have not yet
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become clinically available and remain predominantly a research
endeavor in laboratory animals, 729131123167

Marker Implantation. Metallic markers should be
implanted in the epiphysis and metaphysis at the time of arrest
resection to allow reasonably accurate estimation of the amount
of longitudinal growth that occurs across the operated physis,
as well as to identify the deceleration or cessation of that growth
(Fig. 7-46). We believe that precise monitoring of subsequent
longitudinal growth is an important aspect of the management
of patients after arrest resection. First, resumption of longitu-
dinal growth may not occur despite technically adequate arrest
resection in patients with good clinical indications. Perhaps
more importantly, resumption of normal or even accelerated
longitudinal growth may be followed by late deceleration or
cessation of that growth.” It is imperative that the treating sur-
geon be alert to those developments, so that proper interven-
tion can be instituted promptly. Embedded metallic markers
serve those purposes admirably.

FIGURE 7-43 A: After the bar is resected, metallic
markers are inserted in the epiphysis and metaph-
ysis. B: Following marker placement fat graft is
placed in the resection bed.

Author’s Observation. It has been our clinical obser-
vation that even patients who have significant resumption of
growth following arrest resection will experience premature
cessation of longitudinal growth of the affected physis relative
to the contralateral uninvolved physis. We believe that even
if growth resumes after bar resection, the previously injured
physis will cease growing before the contralateral physis. Thus,
the percent of predicted growth might be expected to decrease
over the length of follow-up.

Our experience with physeal arrest resection prompted sev-
eral conclusions and treatment recommendations.

¢ On average, approximately 60% of physeal arrests dem-
onstrate clear radiograph evidence of resumption of lon-
gitudinal growth of the affected physis after physeal arrest
resection.

* There is a correlation between the amount of surface area of
the physis affected and the prognosis for subsequent longi-
tudinal growth after arrest resection. Physeal arrests affecting

FIGURE 7-44 Fat used as an interposition material in partial physeal arrest resection can persist and
hypertrophy during longitudinal growth. A: Radiograph appearance after traumatic distal radial physeal
arrest resection. B: Appearance 5 years later. Longitudinal growth between the metallic markers is
obvious. The fat-filled cavity created at physeal arrest resection has persisted and elongated with
distal radial growth.
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FIGURE 7-45 Resection of substantial physeal arrests in weight-bearing areas may allow subsidence
of the articular surface. This is of particular concern in the proximal tibia of patients with infantile Blount
disease. A: Early postoperative radiograph after partial physeal arrest resection in an obese patient
with infantile Blount disease. B: One year later, the metallic markers are actually closer together, in
addition to demonstrating increased varus. Subsidence of the medial proximal tibial articular surface is
the likely explanation of this radiograph finding. Protected weight bearing or methyl methacrylate as
the interposition material may be indicated in such cases.

FIGURE 7-46 Intraosseous metallic markers in the epiphysis and metaphysis spanning the area of
arrest resection allow sensitive radiographic documentation of the presence and extent of growth
after arrest resection and permit early detection of the cessation of restored longitudinal growth. This
patient had a small central arrest of the lateral portion of the distal femoral physis after a Salter—Harris
type IV fracture. A: Injury films show a mildly displaced Salter—Harris type IV fracture of the lateral distal
femur. B: Several years later, a small central arrest has developed involving a portion of the lateral
distal femoral physis. A tapering growth arrest line is faintly visible.

(continues)
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FIGURE 7-46 (continued) C: The posterior location of the partial arrest can be seen on the sagittal
CT reconstructions. D: After arrest resection through a metaphyseal window, a cavity is evident in
the region of the original bar. Metallic markers have been placed in the metaphysis and epiphysis.
E: Three years after arrest resection, substantial growth has occurred, as documented by the increased
distance between the markers. However, on radiographs taken at 4 years postoperatively, no further
growth was documented. This event was treated by completion of the epiphysiodesis and contralateral
distal femoral epiphysiodesis to prevent the development of limb length discrepancy from developing.

less than 10% of the surface area of the physis have a better
prognosis than larger arrests.

* Langenskiold stage VI infantile Blount disease has results
comparable to posttraumatic physeal arrests.

 Etiologies other than posttraumatic and infantile Blount dis-
ease have poor prognoses for subsequent growth.

* Central and peripheral arrests have equivalent prognoses
with respect to resumption of growth.

 Early growth resumption may be followed by cessation of
longitudinal growth before skeletal maturity. As a conse-
quence, patients must be evaluated regularly until skeletal
maturity with some reliable method (such as metaphyseal
and epiphyseal radiograph markers) to detect such develop-
ment as promptly as possible.
We believe that physeal bar resection has a role to play in

patients with significant longitudinal growth remaining. How-

ever, the benefits of such surgery must be weighed against the

actual amount of growth remaining, and the etiology, location,
and extent of the physeal arrest must be considered. The appro-
priate time to add a corrective osteotomy to bony bar resec-
tion is controversial. Generally, when the angular deformity is
more than 10 to 15 degrees from normal, corrective osteotomy
should be considered.

Growth Disturbance Without Arrest
Recognition

Growth disturbance may also occur without physeal arrest. Both
growth deceleration and, less frequently, acceleration have been
reported. Growth deceleration without arrest is characterized
radiographically by the appearance of an injured physis (usu-
ally relative widening of the physis with indistinct metaphyseal
boundaries). There may be associated clinical or radiographic
deformity if the disturbance is severe and long standing. It is
important to make a distinction between growth deceleration
without complete cessation and true physeal arrest, because



management and outcome are typically different in these two dis-
orders. The concept of growth deceleration without arrest is most
readily appreciated in patients with adolescent Blount disease
and the milder stages of infantile Blount disease. Recently, growth
deceleration without physeal arrest has also been reported to
produce distal femoral valgus deformity in obese adolescents.'*
Growth deceleration may also occur after infection and physeal
fracture. In contrast to physeal arrests, there is no sclerotic area
of arrest on plain radiographs (Fig. 7-33). A growth arrest line,
if present, may be asymmetric but will not taper to the physis,
thereby suggesting growth asymmetry but not complete arrest.
Furthermore, in some cases, deformity will not be relentlessly
progressive and can actually improve over time.

Growth acceleration most classically occurs following
proximal tibial fracture in young patients resulting in valgus
deformity which usually spontaneously resolves,’"82120:143.146.169
Interestingly, it has also recently been reported to occur in
patients younger than 10 years who have had curettage of
benign lesions of the proximal tibial metaphysis.”

Management

The diagnosis of physeal growth disturbance is usually made
incidentally by noting physeal abnormality on radiographs dur-
ing physeal fracture follow-up or after a diagnosis of frank phy-
seal arrest has been excluded during the evaluation of a patient
with angular deformity and physeal abnormality on plain radio-
graphs. Once a growth disturbance has been identified in a
patient, its full impact should be assessed by determining the
presence and extent of limb length inequality and the calculated
amount of potential growth remaining for the affected physis.

In some cases, the radiographic abnormality is stable and only
longitudinal observation is required. This observation must be
regular and careful, because progressive deformity will require
treatment. If angular deformity is present or progressive, treat-
ment options include hemiepiphysiodesis or physeal “tethering”
with staples, screws, or tension plates”*>*3%108109.116, 144151160
and corrective osteotomy, with or without completion of
the epiphysiodesis. In the absence of frank arrest formation,
hemiepiphysiodesis or “tethering” the affected physis with sta-
ples, screws, or tension plates on the convex side may result
in gradual correction of the deformity. If correction occurs,
options include completion of the epiphysiodesis (with contra-
lateral epiphysiodesis if necessary to prevent the development
of significant leg length deformity) and removal of the tethering
device with careful longitudinal observation for recurrence or
overcorrection of deformity. Although there have been numer-
ous publications regarding the various techniques and implants
for physeal tethering, there is to date no solid evidence to sup-
port one technique. One pitfall to avoid is that a “tethering”
technique (staples, plate, screw) opposite a known partial phy-
seal arrest is unlikely to lead to correction of angular deformity,
and is likely to lead to a complete growth arrest.

Corrective osteotomy is the other option for the manage-
ment of growth disturbance with established angular deformity.
Angular deformity correction in the early stages of infantile
and adolescent Blount disease is known to result in resolution
of the physeal growth disturbance in some patients, both on
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radiographs and clinically. We are unaware of confirmation of
similar outcome when the etiology of growth disturbance is
infection or trauma, although it may occur. Thus, the treat-
ing surgeon must decide whether to perform epiphysiodesis of
the affected physis (with contralateral epiphysiodesis, if appro-
priate) to prevent recurrence or to ensure careful longitudinal
observation of the growth performance of the affected physis
until skeletal maturity.

SUMMARY

Physeal fractures are one of the unique aspects of pediatric ortho-
pedics. These injuries are common and usually have a favorable
outcome without long-term sequelae. Physeal fractures must
be treated gently and expertly to maximize restoration of nor-
mal limb function and longitudinal growth. Depending on the
severity and nature of physeal injury, longitudinal follow-up
to identify the development of physeal growth disturbance is
important.
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166 SECTION ONE Basic Principles

INTRODUCTION

In normal circumstances, children and adolescents are prone
to fractures caused by forces encountered during their high
level of activity. Whenever the structural characteristics and
strength of the bone are compromised, by a localized or gener-
alized process, the risk of fractures is increased. The definition
of a pathologic fracture is one that occurs through abnormal
bone. The combination of a previous bone abnormality and a
fracture poses special challenges in the decision-making and
management of these injuries. Pathologic fractures may result
from a localized or generalized bone weakness, resulting
from an intrinsic or extrinsic process. Examples of localized
bone weakness caused by an intrinsic process are tumors or
tumor-like lesions; generalized causes because of an extrin-
sic process include osteopenia or osteoporosis of different
etiologies.

The evaluation of a child with a pathologic fracture starts
with detailed history and physical examination. The past med-
ical history, use of medications, and prodromic symptoms may
lead to the diagnosis. Some key points include the patient’s
age, as some predisposing conditions are more common in
specific age groups (Table 8-1); and the presence of pain,
which can raise suspicion toward a bone lesion or localized
weakening process. Radiographic evaluation is the next step,
and helps differentiating between a localized (e.g., tumor) and
a generalized process (e.g., osteoporosis). If a bone lesion is
identified the five questions should be answered for a differ-
ential diagnosis.

1. Where is the lesion? Different bone lesions are seen more fre-
quently in specific areas of the body and the bone (Figs. 8-1
and 8-2).

2. What is the lesion’s size and extent? Aggressive lesions tend
to be larger and grow faster. Exceptions include fibrous
dysplasia (FD) that may involve not only the entire bone
but also several bones at the same time and nonetheless is
a benign condition. Multiple lesions or generalized bone
weakness may pose another challenge in the prevention and
management of pathologic fractures.

3. What is the lesion doing to the bone? The pattern of bone
involvement and/or destruction plays an important role in
the bone strength. For example, lytic lesions (e.g., unicam-
eral bone cyst [UBC]) put the bone at a much higher risk of
pathologic fracture than blastic lesions (e.g., osteoblastoma).

4. What is the bone’s response? If the bone has time to “com-
pensate” for its destruction caused by a lesional process, new
bone formation and cortical thickening may be observed
and will to some point prevent or delay apathologic fracture.

5. Soft tissue mass? The presence of an associated soft tissue
mass may be an indication of a more aggressive, perhaps
malignant process; furthermore, the cortical adjacent to the
associated soft tissue mass will often be severely weakened
or destructed.

One of the challenges dealing with a “weakened” bone is to
predict the likelihood of fracture. The combination of bending
and torsional rigidity measured noninvasively with quantitative

Common Predisposing Factors for Pathologic Fractures

Age (Years) Benign Lesions

0-5 Eosinophilic granuloma
Osteomyelitis

5-10 Unicameral bone cyst
Aneurysmal bone cyst
Nonossifying fibroma
Osteochondroma
Fibrous dysplasia
Enchondromatosis/Ollier
Neurofibromatosis/
Congenital pseudar-
throsis of the tibia

10-20 Unicameral bone cyst
Aneurysmal bone cyst
Nonossifying fibroma
Osteochondroma
Fibrous dysplasia
Chondroblastoma

Giant cell tumor

by Peak Age Incidence

Malignant Tumors

Metastatic tumors
(neuroblastoma,
Wilm)

Leukemia

Ewing sarcoma

Leukemia
Osteogenic sarcoma
Ewing sarcoma

Leukemia
Lymphoma
Osteogenic sarcoma
Ewing sarcoma

Generalized Causes

Neuromuscular diseases
(medications, disuse
osteopenia)

Osteogenesis imperfecta

Neuromuscular diseases
(medications, disuse
osteopenia)

Osteogenesis imperfecta

Other medications (e.qg.,
steroids)

Rickets

Dietary deficiencies

Osteopetrosis

Bone marrow diseases

Neuromuscular diseases
(medications, disuse
osteopenia)

Other medications (e.qg.,
steroids)

Stress fractures

Dietary deficiencies

Bone marrow diseases




Diaphyseal lesions:

Fibrous dysplasia
Adamantinoma/Osteofibrous
‘ dysplasia
| Histocytosis/eosinophilic
\ granuloma
| Ewing sarcoma
\ Lymphoma/leukemia

Metaphyseal lesions:
Anything/most tumors

Epiphyseal lesions:

Brodie’s abscess/infection
Chondrobastoma (physis open)
Giant cell tumor (physis closed)

FIGURE 8-1 Schematic distribution of the most common benign
and malignant bone lesions seen in the long bones in children.

CT was found to be more accurate for predicting pathologic
fracture through benign bone lesions in children than the stan-
dard radiographic criteria (42% to 61% accuracy).'***”’

An important consideration in the management of patho-
logic fracture is that the underlying cause often needs to be
addressed to achieve fracture healing; therefore, the treatment
plan must consider both the treatment of the fracture and its
underlying cause, at times deviating from the classic principles
of pediatric fractures.

Anterior elements:

Posterior elements:
Aneurysmal bone cyst

Osteoid osteoma/osteoblastoma
Osteochondroma

Eosinophilic granuloma/
Langerhans cell histiocytosis
Infection

Leukemia

Hemangioma

Giant cell tumor

Chordoma

FIGURE 8-2 Schematic distribution of the most common benign
and malignant bone tumors seen in the spine in children.

TABLE 8-2
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This chapter describes the clinical and radiographic features
of the most common causes of pediatric pathologic fractures,
including specific patterns of injury and special concerns of
treatment. The goals are to warn and prepare the orthopedic
surgeon for the correct diagnostic approach and management
of these lesions.

TumoRS OR TUMOR-LIKE PROCESSES

Benign tumors can be classified according to their aggressive-
ness (Table 8-2). Stage 1, or latent benign lesions, are usually
asymptomatic, discovered incidentally, and seldom associated
with pathologic fracture. Stage 2 lesions are intermediate in
behavior, and stage 3, or aggressive benign lesions, are usually
symptomatic, grow rapidly, and may be associated with patho-
logic fracture.

Unicameral Bone Cyst

Unicameral bone cyst (UBC), also known as simple bone cyst,
is a benign, active or latent, solitary cystic lesion that usually
involves the metaphysis or metadiaphysis of long bones. In the
order of decreasing frequency, UBCs are most commonly seen
in the proximal humerus, proximal femur, proximal tibia, distal
tibia, distal femur, calcaneous, distal humerus, radius, fibula,
ilium, ulna, and rib.”""** Although the etiology is unknown,
one of the most accepted theories is that UBC is caused by
obstruction of the drainage of interstitial fluid.”*’’

UBCs are classified based on their proximity to the adjacent
growth plate. Active cysts are close to the physeal line, and
inactive or latent cysts have “migrated” away from the growth
plate as longitudinal growth occurs and therefore are far from
the epiphysis **%

The vast majority of patients are younger than 20 years
old.”**” The male-to-female ratio is about 2:1.**%* UBCs are
often asymptomatic and, in approximately 80% of cases, the
initial presentation is with a pathologic fracture following minor
trauma.”*"®""*" The fractures are usually incomplete or mini-
mally displaced, and tend to heal uneventfully. In approximately
10% of the cases the cyst heals following the fracture.””” Lower

e
Classification of Benign Lesions
According to Their Aggressiveness

Stage 1, Latent Benign

Asymptomatic

Often discovered incidentally

Seldom associated with pathologic fracture

Stage 2, Active Benign
Majority

Tend to grow steadily
May be symptomatic

Stage 3, Aggressive Benign
Generally symptomatic
Discomfort, usually tender
May be associated with pathologic fracture
Growth rapid
S J
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FIGURE 8-3 A 10-yearold boy presented with arm pain after low-energy trauma,
5 days prior. Anteroposterior (A) and lateral (B) radiographs of the right humerus
show a nondisplaced pathologic fracture (A-arrow) through a lytic lesion in the proxi-
mal humerus. The lesion is difficult to visualize and the periosteal reaction is also of
concern (B-arrow). T2-weighted MRI images show a well-defined, fluid-filled cystic
lesion, with fluid—fluid levels (D-arrow) and no soft tissue mass or other worrisome
signs in the coronal (C) and axial (D) cuts. The diagnosis was consistent with uni-
cameral bone cyst and conservative treatment was recommended. (Figures repro-
duced with permission from The Childrens Orthopaedic Center, Los Angeles, CA.) D

extremity fractures, particularly around the hip, often need sur-
gical intervention.

Plain radiographs are usually diagnostic; UBC is a well-
defined, centrally located, radiolucent/lytic cystic lesion with
narrow zone of transition. Cortical thinning and mild expansion
are common. When a pathologic fracture occurs, there is perios-
teal reaction and occasionally the typical “fallen fragment” sign is
visualized (fragment of bone “floating” inside the fluid-filled cys-
tic cavity). CT is useful for lesions located in areas that are of dif-
ficult visualization on plain films (e.g., spine, pelvis) and to rule
out minimally displaced fractures. Magnetic resonance imag-
ing (MRD) is sometimes used for differential diagnosis of atypi-
cal UBCs. Although the characteristics are nonspecific, UBCs

usually present as low-to-intermediate signals on T1-weighted
images and a bright and homogeneous signals on T2-weighted
images (Fig. 8-3)."%

The differential diagnosis includes aneurysmal bone cyst
(ABC), nonossifying fibroma, FD (especially for diaphyseal
tumors), brown tumor of hyperparathyroidism, and osteomy-
elitis.

With time, UBCs tend to stabilize in size and “migrate” away
from the growth plate. Although some lesions heal or disappear
spontaneously at puberty,”"** the majority will persist into
adulthood (Table 8-3).

Lesions that have the typical radiographic appearance and
therefore do not warrant biopsy for diagnostic confirmation,
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Staging of Unicameral Bone Cysts

Active

Age of the patient <10-12 years

Pathology Thin shiny membrane, few  Thick membrane, frequent giant
osteocytes, little or no cells, cholesterol slits, hemosid-
hemosiderin, osteoclasts erin, osteoblasts

N\

Location Abutting the physis
Radiographic appearance Single cavity
Intralesional pressure >30 cm H,0

Inactive or “Latent”

>12 years

Separated from physis by a zone
of normal cancellous bone

Multiloculated cavity
6-10 cm H,0

_J

particularly those lesions in non—-weight-bearing bones, can be
followed with serial radiographs.

Large lesions that involve more than 50% to 80% of the
bone diameter and lesions that are associated with marked
cortical thinning are at high risk of fractures and may warrant
prophylactic treatment.'***** Lesions of weight-bearing bones,

especially around the hip, are best addressed before a fracture
(Fig. 8-4). Although several attempts have been made to pre-
dict the true risk of pathologic fracture associated with bone
cysts, most of the data are related to other lesions, particu-
larly among adults (Fig. 8-5). CT has been shown to be useful
for predicting the likelihood of fracture. This method uses a

A

Type 1A
+ Lat buttress
+ Bone in neck

Immature Mature

Type 1B Type IIA* Type 1IB* Type HIA
- Lat buttress + Lat buttress - Lat buttress + Lat buttress
+ Bone in neck - Bone in neck - Bone in neck

*Traction and cast or pins as shown

For all: Curettage (with biopsy) and bone grafting with stabilization (as shown above) and spica cast

FIGURE 8-4 Classification system for the treatment of pathologic fractures of the proximal femur
associated with bone cysts in children. A: In type A, a moderately sized cyst is present in the middle
of the femoral neck. There is enough bone in the femoral neck and lateral proximal femur (lateral
buttress) to allow fixation with cannulated screws, avoiding the physis, after curettage and bone
grafting. B: In type IB, a large cyst is present at the base of the femoral neck. There is enough bone
proximally in the femoral neck but there is loss of lateral buttress, so a pediatric hip screw and a side
plate should be considered rather than cannulated screws after curettage and bone grafting. C, D: In
type Il A-B, a large lesion is present in the femoral neck, so there is not enough bone beneath the
physis to accept screws. There are two options for treatment of these bone cysts: (i) after curettage
and bone grafting, parallel smooth pins across the physis can be used in combination with spica cast;
(ii) the patient can be treated in traction until the fracture heals (with subsequent spica cast) followed
by curettage and bone grafting. E, F: In type IlIA-B, the physis is closing or closed. The lateral buttress
is present in type IlIA hips, so cannulated screws can be used to stabilize the fracture after curettage
and bone grafting. In type IlIB hips, the loss of lateral buttress makes it necessary to use a pediatric
hip screw and a side plate following curettage and bone grafting. In all types, we recommend spica
cast immobilization after surgery.

Type 1lIB
- Lat buttress
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computerized regression system and may help deciding which
Cysts warrant intervention.
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FIGURE 8-5 Anterior—posterior (A) and lateral (B) radiographs of
a 10-year-old who came in with chronic hip pain of several weeks
duration. There is a well-defined, lytic lesion in the proximal femur,
presenting with cortical thinning and some periosteal reaction, sug-
gesting a healing stress pathologic fracture through a unicameral
bone cyst. The patient underwent biopsy to confirm the diagnosis,
followed by curettage and bone grafting, supplemented by internal
fixation to improve the lateral buttress (C and D). (Figures repro-
duced with permission from The Children’s Orthopaedic Center,
Los Angeles, CA.)

AUTHOR’'S PREFERRED MIETHOD

Although spontaneous resolution of UBCs following frac-
ture may occur in up to 15% of the cases (Fig. 8-6), pathologic
fractures associated with UBCs do not always heal uneventfully;
malunion, growth arrest, and avascular necrosis are some of the
reported complications.'*'%

We recommend treating the fracture conservatively prior to defin-
itive treatment of the cyst. The main reasons are to allow possible
spontaneous healing of the cyst and to make it easier to treat a



stable bone, rather than two moving parts. The exception is select
proximal femur fractures that may need rigid internal fixation.
Our preferred technique is a minimally invasive approach that
combines aspiration, cystogram, biopsy, curettage, intramedul-
lary decompression, and grafting with medical-grade calcium’.”>"®

Complete cyst healing is achieved in over 80% of the cases.

Surgical Technique

e Under fluoroscopic guidance, a Jamshidi trocared needle
(CardinalHalth, Dublin, OH) is percutaneously inserted into
the cyst cavity, preferably in the middle of the cyst.

 The cyst is aspirated to confirm the presence of straw-colored
fluid.

CHAPTER 8 Pathologic Fractures 171

FIGURE 8-6 A 6-year-old boy pre-
sented with shoulder pain after a
fall. Anteroposterior (A) and lateral
(B) radiographs of the right proximal
humerus show a pathologic fracture
through a well-defined, lytic lesion in
the proximal humeral metaphysis.
The fracture presented some com-
minution that gave the appearance
of fallen leaf sign (arrow). This lesion
was consistent with unicameral bone
cyst and conservative treatment with
a fracture brace and sling was initi-
ated. Six weeks after the injury, radio-
graphs (C, D) show consolidation of
the fracture and healing of the cyst.
The patient was symptom free and
returned to full physical activities. (Fig-
ures reproduced with permission from
The Childrens Orthopaedic Center,
B Los Angeles, CA)

Three to 10 mL of Renografin dye (E.R. Squibb, Princeton,
NJ) is injected to perform a cystogram and confirm the single
fluid-filled cavity.

A 0.5-cm longitudinal incision is then made over the site of
the aspiration and a 6-mm arthroscopy trocar is advanced
into the cyst cavity through the same cortical hole. The corti-
cal entry is then enlarged manually.

Under fluroscopic guidance, percutaneous removal of the cyst
lining is done with curved curettes and a pituitary rongeur.
An angled curette and/or flexible intramedullary nail is used
to perform the intramedullary decompression in one direc-
tion (toward diaphysis) or in both directions (if the growth
plate is far enough to avoid injury).
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* Bone grafting is done with medical-grade calcium sulfate pel-
lets (Osteoset, Wright Medical Technology, Arlington, TN)
inserted through the same cortical hole and deployed to
completely fill the cavity. The pellets do not offer structural
support but act as scaffolding for new bone formation and
cyst healing. Angled curettes can be used to advance pel-
lets into the medullary canal, which also confirms adequate
decompression. Tight packing of the cyst is preferred.

e The wound is closed in a layered fashion.

Aneurysmal Bone Cyst

ABCs are benign, locally aggressive bone tumors.*”” They are well-
defined, eccentric, expansile, osteolytic, blood-filled lesions usu-
ally seen in the metaphyseal region of long bones (65% of cases)
or in the posterior elements of the spine. ABCs have a tendency
to expand beyond the width of the epiphyseal plate. Approxi-
mately 75% of ABCs are seen in patients younger than 20 years
old, and 50% are seen in individuals between 10 and 20 years of
age.""” The estimated incidence is of approximately 1.4 cases per
100,000, representing 1.5% of all primary bone tumors.”

In the order of decreasing frequency, the most commonly
involved bones in the appendicular skeleton are the femur
(~=20%), tibia (~17%), spine (~15%), humerus (~13%), pelvis
(~8%), and fibula (~7%).%* The spine is involved in up to 27%
of the cases,”** with the posterior elements being the most com-
mon site with frequent extension into the vertebral body.”
The lumbar vertebrae are the most commonly affected.”

The etiology of ABCs is still unknown. The neoplastic basis
of primary ABCs has been in part demonstrated by the chromo-
somal translocation t(16; 17)(q22; p13) that places the ubiquitin

protease USP6 gene under the regulatory influence of the highly
active osteoblast cadherin 11 gene, which is strongly expressed
in bones.”'® There is a fairly high incidence of ABCs associated
with other benign and malignant tumors such as UBCs, nonos-
sifying fibromas, FD, and osteogenic sarcoma.”'™*'% The most
common presenting symptom is localized pain and/or swelling
of less than 6 months duration; spinal lesions may present with
radicular pain, 99810159

On plain radiographs, ABCs present as an eccentric lytic
lesion. Although usually the overlying cortex is intact, some-
times cortical disruption is identified. When that occurs, peri-
osteal reaction is seen.””"> Cystic septation is common, giving
rise to the so-called soap bubble or honeycomb appearance.
Lesions in the short tubular bones, such as the metacarpals
and metatarsals, are commonly more central. Lesions near the
growth plate tend to expand beyond the width of the adjacent
epiphysis (Fig. 8-7), which can be a useful way to differentiate
ABCs from UBCs which do not commonly expand as much
beyond the width of the epiphysis. MRI is often helpful in
obtaining better definition of axial lesions and in demonstrat-
ing the characteristic double density fluid level, septation, low
signal on T1 images, and high intensity on T2 images; however,
these findings are not pathognomonic for ABC.***

Campanacci et al.*® have classified ABCs into three groups.
An aggressive cyst has signs of reparative osteogenesis with
ill-defined margins and no periosteal shell. An active cyst has
an incomplete periosteal shell and a defined margin between
the lesion and the host bone. An inactive cyst has a complete
periosteal shell and a sclerotic margin between the cyst and the
long bone (Fig. 8-8).

FIGURE 8-7 Anterior—posterior (A) and lateral (B) radiographs of a 12-yearold who suffered a fall and
developed acute left hip pain and inability to ambulate. There is a pathologic fracture through a well-
defined, lytic and loculated lesion in the proximal femur, with cortical thinning, no soft tissue mass or

periosteal reaction.
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FIGURE 8-7 (continued) The patient underwent biopsy confirming the diagnosis of aneurysmal
bone cyst, followed by curettage and allografting, supplemented by internal fixation with a variable
hip screw and a cannulated antirotational screw (C, D). The 4 years follow-up, short after hardware
removal, shows no signs of recurrence or persistence of the lesion (E and F). (Figures reproduced with
permission from The Children’s Orthopaedic Center, Los Angeles, CA.)

Pathologic fractures occur in 11% to 35% of long bone
lesions.”*"” The humerus and femur are the most common sites
of pathologic fracture.”®'”® The incidence of pathologic fracture
associated with spinal lesions is approximately 209%.%%%1%*
Conservative treatment with immobilization is usually inap-
propriate as a definitive treatment for pathologic fractures of
ABCs. Although the pathologic fracture will heal, ABCs do not

spontaneously heal and may enlarge; furthermore, tissue sam-
pling is often needed for diagnosis confirmation.

Recurrence rates following intralesional curettage and bone
gralting are as high as 30%.”"'%°?% Several authors have shown
that the recurrence is higher among younger children.**%"*%
Freiberg et al.”® treated ABCs with curettage and bone graft-

ing in seven patients younger than 10 years of age and noted
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FIGURE 8-8 Classification of morphologic types of aneurysmal bone cyst. (From CampannaR, Bettelli G,
Biagini R, et al. Aneurysmal cysts of long bones. /tal J Orthop Traumatol. 1985;X1:421-429, with

permission.)

recurrence in five of the seven patients at an average of 8
months after the first procedure. Because of this high recur-
rence rate, several authors attempted the use of adjuvant, such
as cryosurgery and cementation.'*>**

AUTHOR’S PREFERRED METHOD

Four-Step Approach Resection

This technique has been previously described with reported
recurrence rate for appendicular lesions around 8%."*'** We
recommend the use of headlamps for enhanced illumination
and loupes for magnification. An image intensifier is available
for intraoperative confirmation of complete tumor excision and
appropriate bone grafting. Diagnostic tissue confirmation is an
essential part of this technique. For large spinal tumors, preop-
erative embolization is recommended (Fig. 8-9). If instrumen-
tation is needed after spine tumors resection, we recommend
titanium or cobalt chrome instrumentation that gives a much
better visualization of the spine on future MRIs (less artifact)
than stainless steel (Fig. 8-10).

Surgical Technique

 Under fluoroscopic guidance, a small longitudinal incision is
made over the cyst. No flaps are created, and the dissection is
carried down to the lesion level. The cyst wall is usually eas-
ily penetrated with curettes. Care should be taken to control
eventual significant bleeding at the time of cyst penetration.

* Lesional tissue is than retrieved and sent for frozen section for
diagnostic confirmation.

* Upon diagnostic confirmation, the cortical window is enlarged
using roungers or a high-speed burr to allow appropriate
visualization and excision. Using angled and straight curettes
of different sizes, the intralesional resection/curettage is per-
formed (Step 1).

* After the first step, the high-speed burr is used to extend the
intralesional margins as well to excise any residual tumoral
cells (Step 2).

e Step 3 entails the use of electrocautery. This has two goals:
First, it helps identify residual tumor pockets and second, has
the theoretical capability of killing residual tumor cells.

* Adjuvant in the form of phenol solution 5% is used for appen-
dicular lesions (Step 4).

e The lesion is now completely excised and bone grafting is per-
formed, usually using a combination of allograft cancellous cubes
and demineralized bone matrix paste. Tight packing of the cyst
is preferred. Alternatively a bone substitute, such as tricalcium
phosphate, may be used for immediate structural support.

e Internal fixation is done on case-by-case basis. Lesions of
weight-bearing bones, particularly of the proximal femur, and
some large vertebral lesions may warrant internal fixation/
instrumentation following the four-step approach.

* The wound is closed in a layered fashion. Drain is used as
needed and should exit the skin in line with the excision.

Fibrous Cortical Defects
and Nonossifying Fibromas

Fibrous cortical defects (FCDs) are the most common bone
tumor or tumor-like condition seen in the growing child. Both
FCDs and the larger variant known as nonossifying fibroma
(NOF) may be associated with pathologic fractures in children.
Pathologic fractures through these lesions occur more com-
monly in boys between 6 and 14 years old.*

FCDs are small, well-defined, intracortical, metaphyseal
lesions surrounded by a sclerotic rim with localized cortical
thinning, ranging from 1 to 2 ¢cm in diameter and most com-
monly found in the distal femur, proximal tibia, and fibula.
FCDs can be incidentally found on radiographic studies of the
lower extremity in approximately 25% of pediatric patients.**
In view of their usually asymptomatic nature, it is difficult to
estimate the true incidence. They usually require no treatment
other than observation.

NOFs present at a similar age as FCDs and follow a simi-
lar distribution of bone involvement; however, multiple
lesions are present in approximately one-third of patients.”
Radiographically, they present as a well-defined, eccentric
radiolucent cyst-like lesion of the metaphysis that may be
mostly intracortical or intramedullary and are usually larger
than 4 cm," sometimes extending across a substantial portion
of the width of the long bone.®* NOFs are also usually asymp-
tomatic unless a pathologic fracture is present.'”"*

Several authors have suggested that FCDs and NOFs may
regress spontaneously with time.””® Typically, this tumor
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FIGURE 8-9 A 9-year-old boy presented with low back
pain and abdominal discomfort. On plain radiographs
of the abdomen (A), an expansile lesion (arrow) involv-
ing the left posterior elements of L1 was visualized.
Axial T2-weighted MRI (B) and an axial CT scan image
(C) show the microfractures at the pedicle and lamina
level (arrow) and the fluid—fluid levels. The patient
underwent open biopsy that confirmed the diagnosis of
aneurysmal bone cyst, followed by a 4-step approach
excision and bone grafting. Limited instrumentation of
the spine was performed because of stability compro-
mise (D). Nowadays the authors preferred technique
is pedicle screw fixation and fusion one level above
and below the involved vertebra.
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FIGURE 8-10 When dealing with pathologic fractures secondary to tumors or tumor-like processes
of the spine, if instrumentation is needed, titanium instrumentation allows much better postoperative
visualization with both CT and MRI for the detection of tumor recurrence as compared with standard
stainless-steel instrumentation. A: Postoperative MRI of the spine with standard stainless-steel instru-
mentation showing a large degree of artifact that makes interpretation difficult. B: Preoperative CT

scan of a patient with an ABC of the spine.

(continues)
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FIGURE 8-10 (continued) C: Postoperative CT scan of the same patient showing an adequate view
of the surgical area. D: Postoperative MRI of a patient with a previous spinal tumor again adequately
showing the surgical site to monitor for recurrence or persistent tumor.

remains asymptomatic and is commonly an incidental radio-
graphic finding. However, lesions with extensive cortical
involvement can cause pain because of pathologic fractures.
Fractures through NOFs heal uneventfully but the lesion
persists, and refracture may occur, but the incidence is low
(Fig. 8-11),15647983

The size of the lesion seems to correlate directly to the risk
of pathologic fracture.”” Arata et al."”” noted that all pathologic
fractures associated with NOFs in the lower extremity occurred
through lesions involving more than 50% of the transverse cor-
tical diameter. These large lesions were defined as exhibiting
more than 50% cortical involvement on anteroposterior (AP)

A B

and lateral radiographic studies and a height measurement
of more than 33 mm." In their series, 43% of the pathologic
fractures through NOFs were in the distal tibia. Although the
authors recommended careful observation of these large NOFs,
they suggested that “prophylactic curettage and bone grafting
be considered if there is a reasonable chance of fracture.””
Their series does not include any large lesion meeting their size
criteria that did not fracture, and their hypothesis has never
been tested in any published series. Drennan et al.”® suggested
that large NOFs causing pain might predispose to fracture and
recommended prophylactic curettage and bone grafting for
select larger lesions.

FIGURE 8-11 A 13-year-old girl sustained a fall from her own height and developed pain and deformity
around the right shoulder. Anterior—posterior (A) and lateral (B) plain films show a pathologic fracture
through a well-defined, eccentric, cortical based lesion in the proximal humerus metaphysis. There is
sharp sclerotic rim and the lesion was clinically diagnosed as nonossifying fiboroma. After 4 weeks of
conservative treatment, the fractured healed (C, D) in a few degrees of varus and the lesion persisted.
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FIGURE 8-11 (continued)

Easley and Kneisel®’ reported that although absolute size
parameters were helpful in predicting pathologic fracture, they
did not imply a requirement for prophylactic curettage and bone
grafting. In their series, 13 (59%) large NOFs had not had patho-
logic fracture despite exceeding the previously established size
threshold. In the nine (41%) patients in whom pathologic frac-
ture occurred, healing was uneventful after closed reduction and
cast immobilization, and no refractures occurred. They suggested
that most patients with large NOFs can be monitored without
intervention, because previous studies support spontaneous res-
olution of most of these lesions."”**" All fractured NOFs in their
series healed with closed reduction and immobilization.
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Fractures are usually treated with immobilization until heal-
ing is obtained. Surgery is necessary only if the residual lesion
of significant size to predispose the patient to further pathologic
fractures, if there is chronic pain suggesting a stress fracture, or
if there is doubt about the nature of the lesion."”*?

AUTHOR’S PREFERRED IMIETHOD

Treatment is based on the size and location of the lesion and
the type of pathologic fracture. Small lesions without fracture
can be observed and may require 1 to 3 years to spontaneously
resolve. Large lesions of the lower extremity in active children,
even if they are assymptomatic, should either be followed care-
fully with serial radiographic studies or should undergo curet-
tage and bone grafting to avoid pathologic fracture. Although
absolute size parameters may be useful in predicting pathologic
fracture, they do not imply a requirement for prophylactic
curettage and bone grafting. Most patients with large NOFs
can be monitored without surgical intervention, and fractures
can be successfully managed with nonoperative treatment. Our
experience is that a considerable number of incidentally dis-
covered large NOFs do not fracture. Although we cannot read-
ily identify an accurate denominator, we infer that many large
NOFs remain unindentified and nonproblematic. Patient and
family wishes and the individual’s activity demands also influ-
ence the decision. Given the historic evidence for spontane-
ous resolution and favorable healing characteristics of NOFs,
patients with lesions larger than 50% of the width of the bone
should be approached individually, especially in the presence
of clinical symptoms (Fig. 8-12).

FIGURE 8-12 An 11-yearold boy fell while playing baseball and developed
acute pain over the right distal leg/ankle area. Anteroposterior (A) and lateral
(B) radiographs of the right ankle show a spiral fracture through a well-defined,
eccentric lesion in the lateral distal aspect of the tibia metaphysis. There is nar

row zone of transition and a sclerotic border.

(continues)
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Enchondroma

Enchondromas are latent or active benign cartilaginous tumors.
These lesions are often incidentally found, but the most com-
mon presenting symptom is pain associated at times with
swelling. The most common sites of involvement in decreasing
order of frequency are the phalanges, metacarpals, metatarsals,
humerus, and femur. Pathologic fracture is commonly the pre-
senting symptom for enchondromas located in the phalanges

FIGURE 8-12 (continued) The lesion was thought to be consis-
tent with a nonossifying fibroma, and the fracture was allowed
to heal for 5 weeks (C, D). The patient then underwent biopsy
confirming the diagnosis, followed by curettage and bone graft-
ing. Four months postoperatively (E, F) the lesion is completely
healed and the patient resumed normal physical activities. (Fig-
ures reproduced with permission from The Childrens Orthopae-
dic Center, Los Angeles, CA.)

of the hands or feet, but is rare for enchondromas in other

locations.'”

On plain radiographs, enchondromas are usually central
intramedullary lesions with stippled calcification of the cartilage
tumor matrix. Larger lesions may cause cortical thinning and
scalloping and predisposal to pathologic fractures (Fig. 8-13).

Children may present with multiple enchondromas or enchon-
dromatosis (Ollier disease), which is commonly seen between 2
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and 10 years of age. Although the lesion itself is similar to a
solitary enchondroma, deformity and shortening of the extremity
because of growth disturbance may occur (Fig. 8-14).”” A typi-
cal radiographic finding of enchondromatosis is the presence of
linear radiolucencies extending from the metaphysis down the
shaft of the long bone, frequently seen in the hands.

When enchondromatosis is associated with multiple heman-
giomas, it is known as Maffucci syndrome.'” In this syndrome,
30% of patients have one or more pathologic fractures.'”
Approximately half of these fractures go on to delayed union
or nonunion. Skeletal deformities tend to stabilize at maturity
(Fig. 8-15). Sarcomatous degeneration has been reported in
approximately 15% of patients.'”

Asymptomatic lesions can be observed. Biopsy may be nec-
essary when the identity of the lesion is uncertain. Symptomatic

A B lesions respond well to curettage and bone grafting.'**” Treat-

FIGURE 8-13 A 17-year-old girl with developmental delays sustained ment should be individualized for displaced fractures.

a fall and developed pain and deformity around the right proximal
humerus. Radiographs of the proximal humerus (A, B) demonstrated
a pathologic fracture through a right proximal humerus metaphyseal
lesion. There is some matrix formation with speckled calcification,
some cortical thinning/ scalloping, but no soft tissue mass, gross cor-
tical disruption, or other worrisome signs. The lesion was clinically
consistent with enchondroma. (Figures reproduced with permission
from The Childrens Orthopaedic Center, Los Angeles, CA.)

AUTHOR’'S PREFERRED IMIETHOD

For asymptomatic patients with small lesions with classic radio-
graphic findings, biopsy is not necessary. Curettage and bone
grafting are necessary for those lesions with acute or impend-
ing pathologic fracture, or in cases of continued pain. Fixation

FIGURE 8-14 An 8-year-old boy presented with pain and swelling of the ulnar border of his right hand.
A: Radiographic studies showed an expansile, lucent lesion of the diaphysis of the patient’s right fifth
metacarpal with microfractures. The patient had an open incisional biopsy with frozen section, which
was consistent with enchondroma with subsequent curettage and bone grafting. B: Gross appearance
of material removed at the time of surgery, which is consistent with enchondroma. C: At 6-month
follow-up, the fracture is well healed, and there is no sign of recurrent tumor.
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C,D

FIGURE 8-15 Multiple enchondromatosis. A: A 10-year-old girl with multiple enchondromas

sustained a spontaneous pathologic fracture of the femur while running. The lateral radiograph

shows overriding of the fracture. B: At 3-year follow-up, the fracture is well healed. C: The

anteroposterior radiograph of the hand in this patient demonstrated multiple expansile enchon-

dromas of the small bones. D: A radiograph of the humerus shows the streaked-mud appear-
B ance of the lateral humerus (arrow).

is not necessary for lesions of the short tubular bones but may
be necessary for lesions of the proximal femur or long bone of
the lower extremity. Standard fracture care is adequate to treat
most pathologic fractures, but the bone quality may be compro-
mised by the tumor and it may be difficult fixation.

Osteochondroma

Osteochondromas are one of the most common tumors of bone
in children, and clinical symptoms are usually related to irrita-

tion of the surrounding soft-tissue structures. The radiographic
appearance is pathognomonic, with a continuity of the host
bone cortex with the outer cortex of the lesion and intramed-
ullary cavities, in the same fashion. Although fractures associ-
ated with osteochondromas are rare, they may occur through
the base or stalk of a pedunculated tumor (Fig. 8-16).”" Frac-
tures through osteochondromas should be treated conserva-
tively; however, excision in the acute phase may be considered
because the fragment is “floating free” in the soft tissues. The
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FIGURE 8-16 A 13-year-old girl presented with right knee pain following direct trauma to that area
10 days prior. On anteroposterior (A) and lateral (B) radiographs, there was a pathologic fracture
through the base of a pedunculated osteochondroma (arrow). The patient was very tender around that
area and elected surgical excision. Immediately after excision (C, D), there was improvement of the
symptoms. Four weeks later, she returned to full activities. (Figures reproduced with permission from

The Childrens Orthopaedic Center, Los Angeles, CA.)

cartilage cap surrounding the lesion should always be removed
to avoid the risk of recurrence.
Langerhans Cell Histiocytosis

Langerhans cell histiocytosis (LCH) is a rare group of disor-
ders with a wide spectrum of clinical presentation, where the

constant pathologic finding is the “Langerhans cell.” The pres-
ent nomenclature defines solitary osseous lesion as eosinophilic
granuloma (EG). The annual incidence of LCH is at 6 per mil-
lion children per year.’! Males are affected to a slightly higher
degree than females.*'* It is predominantly a disease of child-
hood, with more than 50% of cases diagnosed between the ages
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of 1 and 15, and peak in incidence between the ages of 1 and
4% The clinical course of the disease is quite variable, with
some forms undergoing seemingly spontaneous remission. The
disease can be localized to a bone or single system, or multifocal
involving multiple bones and/or systems.

Bone pain is the initial symptom in 50% to 90% of the
patients with osseous lesion.” Other reported symptoms in
osseous LCH include swelling, tenderness, pathologic fractures,
diminished hearing, and otitis media (mastoid lesions) or loose
teeth (mandible lesions). Vertebral collapse may produce pain
and spasm, torticollis may be seen with cervical spine lesions,
and kyphosis might develop with thoracic lesions but neuro-
logic symptoms are uncommon.’”!"#2*

The radiographic appearance is highly variable, but often
lesions are radiolucent with well-defined margins, with or without
surrounding sclerosis. Skeletal lesions may be solitary or multiple.
Most long bone lesions involve the diaphysis or metaphysis, with
destructive osteolysis and overlying expansion by periosteal layer-
ing.* Epiphyseal involvement is rare but may occur.

Vertebral destruction with complete collapse of the verte-
bral body is classically referred to as “vertebra plana.” Adjacent

FIGURE 8-17 A b5-year-old boy presented with a
history of several months of intermittent back pain
and recent development of right inguinal pain. On
pelvic radiographs (A) a lytic lesion of the right
superior pubic rami is visualized (arrow). There is
no soft tissue mass, periosteal reaction, or other
worrisome signs. The lumbar spine radiographs (B,
C) show a classic “vertebra plana” of L3 (arrow).
(D) Sagittal T1-weighted MRI shows no soft tissue
mass or other associated lesions, no compromise
of the spinal canal and no extension to the poste-
rior elements. The pelvic lesion was biopsied and
a diagnosis of polyostotis Langerhans cell histio-
cytosis was made. (Figures reproduced with per-
mission from The Childrens Orthopaedic Center,
D Los Angeles, CA.)

intervertebral disc height is usually maintained (Fig. 8-17).
Spinal lesions can be classified based on the amount and pat-
tern of maximal vertebral collapse'®: Grade 1 (0% to 50% of
collapse), grade I (51% to 100%), or grade III (limited to the
posterior elements); and A (symmetric collapse) or B (asym-
metric collapse).

Biopsy is usually necessary to confirm the diagnosis and also
to differentiate LCH from malignancies that may present with
similar radiographic appearance. Biopsy can usually be done
minimally invasively through the pedicle. One should not vio-
late posterior ligaments or progressive kyphosis will result. If
nonspine sites are biopsy-proven LCH, and the spine involve-
ment is classic for vertebra plana, a biopsy of the spine may not
be needed. Once the diagnosis is established, treatment options
include observation or curettage and bone grafting. *'%'%> Surgi-
cal intervention is uncommon. Localized kyphosis is present, but
can usually be treated with a brace (TLSO) for approximately 3
months. Chemotherapy with prednisone and vinblastine is indi-
cated for cases of multiple bone involvement or visceral disease.'
Pathologic fracture is uncommon in patients with LCH. Standard
fracture care is usually sufficient for pathologic fractures.



Malignant Bone Tumors and Metastasis

Pathologic fractures can sometimes be the presenting symptom
of a malignant bone tumor (Fig. 8-18). The two most common
primary bone malignancies in children are osteosarcoma and
Ewing sarcoma. Destructive bone lesions can also be caused by
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metastasis, being more common than primary tumors in cer-
tain age groups. Careful staging and biopsy**** are critical in
the approach to children with bone tumors. However, biopsy
is not done without risks. One of the main complications fol-
lowing biopsies is pathologic fracture caused by a decrease in

D

FIGURE 8-18 A 13-year-old boy presented with several months history of right arm pain and recent
increase in pain following minor trauma. Anteroposterior (A) and lateral (B) radiographs show a mini-
mally displaced midshaft humeral pathologic fracture (arrow) through a poorly defined, permeative,
aggressive-looking diaphyseal lesion. C: T2-weighted axial MRI shows a huge soft tissue mass asso-
ciated with the bone lesion and involvement of the neurovascular bundle. The patient was diag-
nosed with Ewing sarcoma, received neoadjuvant chemotherapy, and had a shoulder disarticulation
(D), followed by postoperative chemotherapy. (Figures reproduced with permission from The Child-

rens Orthopaedic Center, Los Angeles, CA.)
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FIGURE 8-19 An 8-year-old girl sustained a pathologic fracture of the femur after falling off her bicy-
cle. She denied symptoms previous to this injury. The radiographs (A, B) showed a grossly displaced
fracture through a poorly defined, mixed lesion in the midshaft of the femur (arrow); there is disor-
ganized periosteal reaction with sunburst sign. T2-weighted coronal (C), and axial (D) MRI showed
extensive soft tissue mass; the neurovascular bundle (arrow) does not seem do be involved by the
tumor mass. The patient underwent biopsy that confirmed osteogenic sarcoma and fracture stabiliza-
tion with an external fixator at a referring institute. Note that the external fixator pins were inappropri-
ately placed too far from the tumor and fracture site (E) postoperative appearance following Van Ness
rotationplasty. The patient is continuously free of disease, 5 years after surgery.

the torsional strength of the bone following cortical drilling. To
prevent a pathologic fracture, an oval hole with smooth edges
should be used, preferably in areas of less stress for weight-
bearing bones. Sometimes, the biopsy hole can be filled with
bone cement or other grafting material. Because most bone
sarcomas are associated to a large soft-tissue mass that can be
sampled, drilling of the bone may be avoided.

One of the major advances in the care of children with
extremity sarcoma has been the development of limb-sparing
surgical techniques for local control of the tumor. Pathologic
fracture has previously been cited as a contraindication to limb
salvage because of concerns about tumor dissemination by frac-
ture hematoma, and inability in obtaining free margins following
resection. Several studies, however, have shown that patho-
logic fractures eventually heal during neoadjuvant chemother-
apy and may not preclude limb salvage, or affect survival rates

(Fig. 8-19).%%" Abudu et al.' reviewed the surgical treatment
and outcome of pathologic fractures in 40 patients with localized
osteosarcoma and found that limb-sparing surgery with adequate
margins could be achieved in many patients but that there was
a 19% recurrence rate, without compromising overall survival.
Scully et al.**! reviewed the surgical treatment of 18 patients with
osteosarcoma and pathologic fractures. Of the 10 patients who
had limb-sparing surgery, three had local recurrences and six
had distant recurrences. Although the distant recurrence rate for
patients undergoing amputation was no different from the rate
for those undergoing limb salvage, the difference in local tumor
control approached statistical significance. All patients who
developed local recurrence died. The authors stated that surgical
treatment should be individualized. Bacci et al.*' compared the
disease-free survival and overall survival of 46 patients with non-
metastatic osteogenic sarcoma of the extremity and pathologic
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FIGURE 8-19 (continued) Flexion and extension of the ankle, now used as a knee (F and G). (Figures
reproduced with permission from The Childrens Orthopaedic Center, Los Angeles, CA.)

fracture to a cohort of 689 patients without pathologic fracture
and found no significant difference. Limb-sparing surgery was
possible and appropriate in carefully selected patients as long as
wide margins could be safely achieved.

Pathologic fracture after limb-sparing surgery is another
major complication, occurring most commonly after allograft
reconstruction but also after limb salvage with endoprosthetic
reconstruction.”®””* Berrey et al.”® reviewed 43 patients with
fractures through a massive allograft used for limb recon-
struction after resection of tumors. Four fractures healed with
immobilization alone, and the remainder of patients attained
satisfactory results with open reduction and grafting, replace-
ment of the internal fixation device, or total joint replacement.
San-Julian and Canadell**® reported on 12 patients with 14 frac-
tures (10.2% of 137 patients with allograft for limb-sparing sur-
gery in their series). They recommended intramedullary fixation
whenever possible to reduce the incidence of allograft fracture.

Pathologic fractures can also occur in children with met-
astatic disease but are less common than in adults. Further-
more, most are microfractures and can be successfully managed
conservatively.

AUTHOR’'S PREFERRED IMIETHOD

For all suspicious lesions, careful staging and biopsy are the
appropriate initial approach. Experience in the management
of children with musculoskeletal sarcomas, and access to spe-
cial diagnostic modalities, such as immunohistochemistry and
cytogenetics, will decrease the chances of mismanagement and
misdiagnosis. The decision for or against limb-sparing surgery
in patients with pathologic fracture associated with a bone sar-
coma should be individualized based on factors such as the frac-
ture displacement, fracture stability, histologic and radiographic
response to chemotherapy, and, most important, the ability to
achieve wide margins for local tumor control. Pathologic frac-

tures that occur after reconstruction through allograft or endo-
prosthetic reconstruction often can be successfully treated with
bone grafting or exchange of allograft or endoprosthesis.

Fibrous Dysplasia

FD is a benign bone abnormality characterized by replacement
of normal bone and marrow by fibrous—osseous tissue (woven
bone formed by metaplasia with poorly oriented bone trabecu-
lae) resulting in decrease of strength, deformity, and pathologic
fracture. The disease may involve a single bone (monostotic
FD) or several (poliostotic FD). When bone disease is associ-
ated with café-au-lait skin hyperpigmentation and endocrine
dysfunction, it is referred as McCune—Albright syndrome.”*
The diagnosis of FD is usually made between 5 and 15
years of age. Often, the lesions are asymptomatic and a patho-
logic fracture may be the presenting symptom. Fractures of
long bones are generally minimally displaced or incomplete,
many being microfractures and presenting with pain and swell-
ing.'”" The bones most commonly affected are the femur, tibia,
humerus, radius, facial bones, pelvis, ribs, and phalanges. The
sites of fracture in decreasing order of frequency are the proxi-
mal femur, tibia, ribs, and bones of the face. The age of first
fracture, number of fractures, and fracture rate are related to the
severity of the metabolic derangement. The endocrinopathies
are often associated with phosphaturia that causes a rickets-
type effect on the normal skeleton and is related to increased
incidence of fractures.'”" Although the fractures heal rapidly,
endosteal callus is poorly formed and periosteal callus is nor-
mal. With mild deformity, the cortex thickens on the concave
side of the long bone. Nonunion is rare in monostotic FD, but
can occur in polyostotic disease. Spine involvement occurs with
polyostotic FD, and limb-length discrepancy is common.'”' In
one series of 37 patients with polyostotic FD, nearly 85% had at
least one fracture and 40% had an average of three fractures.'”!
On plain radiographs, FD is seen as well-defined, mostly
lytic and central lesion, located in the metaphysis or diaph-
ysis of long bones. The borders are commonly sclerotic and
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FIGURE 8-20 A 6-year-old girl presented with right arm acute pain after hitting the elbow in the bathtub.
Radiographs of the humerus (A, B) show a nondisplaced pathologic fracture through a humeral diaphy-
seal lesion (arrow). The lesion is well defined, mostly lytic but with definite matrix, cortical thinning, no
periosteal reaction. MRIT1-(C) and T2-weighted (D) coronal images demonstrate absence of soft tissue
mass or other aggressiveness signs. Bone scan shows increased activity at the lesion and fracture site
(arrow) E: The patient underwent open incisional biopsy that confirmed the diagnostic of fibrous dys-
plasia. (Figures reproduced with permission from The Childrens Orthopaedic Center, Los Angeles, CA.)

the metaplastic woven bone comprising the lesion creates the
classic “ground-glass” appearance (Fig. 8-20). Bowing and/or
angular deformity of tibia and femur are often seen. In distin-
guishing polyostotic from monostotic FD, skeletal surveys and
sometimes technetium bone scans are recommended.

Conservative treatment with immobilization is indicated for
most fractures that occur in conjunction with monostotic FD.
Surgery is indicated for fractures through severely deformed
long bones (especially in the lower extremities), and those
through large cystic areas. Fractures in polyostotic disease often
require more aggressive treatment.

Fractures of the femur can be treated conservatively in
young patients, but after adolescence, recurrent deformity after

surgery is less common, and curettage and grafting with inter-
nal fixation should be considered, especially for large lesions
through deformed bones.'”! Stephenson et al.”>® found that
in patients younger than 18 years of age, closed treatment or
curettage and bone grafting alone of lower extremity fractures
gave unsatisfactory results, but internal fixation produced more
satisfactory outcomes.

Proximal femoral pathologic fractures are especially trouble-
some because of the propensity for malunion with coxa vara
resembling a shepherd’s crook.” For fractures through small
lesions, either cast immobilization or curettage with grafting can
be used'”; for larger lesions, internal fixation is necessary. For
severe shepherd’s crook deformity, medial displacement valgus



osteotomies with internal fixation may be needed to restore the
biomechanical stability of the hip. Both painful lesions without
fracture and impending pathologic fractures can be treated with
internal fixation. Spine fractures are rare but can be treated with
bed rest followed by immobilization with an orthosis.'*

The main challenge in bone grafting FD is the potential for
resorption and transformation into FD. Autogenous cancel-
lous graft has the higher likelihood to become FD, and corti-
cal allograft is the least likely to be transformed.” The use of
bisphosphonates, primarily pamidronate, may offer hope for a
medical treatment for patients with severe FD. Pamidronate is
a second-generation bisphosphonate that has had documented
success in selected patients with the disease. It is a potent inhibi-
tor of bone resorption and has a lasting effect on bone turnover.
The major effect is decreased bone pain. Improved bone density
with pamidronate therapy has also been demonstrated.*”

AUTHOR’'S PREFERRED METHOD OF TREATMENT

Conservative treatment with immobilization is indicated for
most fractures in children with monostotic FD, especially in the
upper extremities. Because fractures in patients with polyostotic
FD usually occur through very abnormal bone and can result in
marked deformity, internal fixation is often needed.

Curettage and grafting are indicated for fractures through
severely deformed long bones and those through large cystic
areas, with appropriate internal fixation for the location and
age. Bone graft is often reabsorbed and transformed into FD,
allograft has a lower likelihood to be reabsorbed than autograft.
Recently, the use of coral as bone substitute has been shown to
be an alternative.”!

For proximal femur pathologic fractures one must be vigi-
lant and ready to intervene at any sign of varus deformity. Fem-
oral neck fractures can be stabilized in situ with a cannulated
screw or compression screw and side plate. Varus deformity
is best treated with valgus osteotomy of the subtrochanteric
region and internal fixation early in the course of the disease
to restore the normal neck shaft angle and mechanical axis.
Intramedullary load-sharing fixation is preferred for juvenile
patients with femoral shaft fractures, total bone fixation is the
ideal and second-generation intramedullary nails should be
used when possible.

Osteofibrous Dysplasia

Osteofibrous dysplasia (OD) is a rare developmental tumor-like
fibro-osseous condition. Most patients present before the age
of 5 years, ranging from 0 to 15 years of age.*’*'® Clinically,
there is usually a painless enlargement of the tibia with slight to
moderate anterior or anterolateral bowing. The disease process
is almost always confined to one tibia, but the ipsilateral fibula
can also be involved. Although distal and proximal lesions can
occur, midshaft involvement is the most frequent. Pathologic
fractures occur in approximately one-third of patients; but
are usually incomplete (e.g., stress fractures, microfractures)
or minimally displaced and heal well with conservative treat-
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ment.” Pseudarthrosis is rare but sometimes delayed union
may be a problem.

OD presents as a well-defined, eccentric, intracortical, lytic
lesion usually located in the middle third of the tibia, extend-
ing proximally or distally.*'® The cortex overlying the lesion is
expanded and thinned, and in the medullary canal, a dense band
of sclerosis borders the lesion with narrowing of the medullary
canal. Single areas of radiolucency may be present and have a
ground-glass appearance, but often there are several areas of
involvement with a bubble-like appearance (Fig. 8-21). Intrale-
sional curettage and grafting lead to local recurrence in over 60%
of the cases.”” Wide extraperiosteal resection can be performed
for aggressive lesions and present with lower rate of recurrence.'*®

Some authors®!”

recommend bracing until skeletal maturity.
Pathologic fractures heal conservatively. In cases of recur-
rent fracture or rapid progression, wide extraperiosteal resec-
tion and grafting may be indicated.”” Open reduction with
bone grafting and internal fixation may be recommended for
fractures with angular deformity. Bracing is recommended to

prevent fractures and angular deformity.

Neurofibromatosis

Neurofibromatosis (NF), also known as von Recklinghausen
disease (NF type-1), is an autosomal dominant condition with
variable penetrance that occurs in one in 2,500 to 3,000 live
births.®® It affects neural tissue, vascular structures, skin, and
the skeleton. The clinical diagnosis is based on the presence of at
least two of these signs: Multiple café-au-lait spots (six or more
>5 mm); family history of NF (first degree relative); biopsy-
proven neurofibroma (two or more neurofibromas or one plexi-
form neurofibroma); skeletal deformity (e.g., pseudarthrosis of
the tibia, hemihypertrophy, or a short, angular scoliosis); Lisch
nodules (two or more); axillary or inguinal freckling.®’

Approximately 20% of normal children have one or two
café-au-lait spots with a diameter of more than 0.5 cm, there-
fore five or more café-au-lait spots are needed to suggest the
diagnosis of NF.% Café-au-lait spots are not usually seen until
5 or 6 years of age.”” The presence of a biopsy-proven neu-
rofibroma is a valuable criterion for diagnosis, but tends not
to be clinically apparent until the child is 12 years or older.”
Approximately 5% of NF patients develop pseudarthrosis of
long bones; the tibia is the most commonly affected. On the
other hand, 55% of the cases of congenital pseudarthroses of
the tibia are thought to be associated with NF.® The appear-
ance of pseudarthroses and their resistance to treatment may
be associated to a deficiency of bone formation secondary to
mesodermal dysplasia. Anterior bowing of the leg develops at
an average age of 8 months and fracture and pseudarthrosis at
an average of 1 year. Therefore, the term congenital pseudar-
throsis is misleading because the majority of patients do not
have pseudarthrosis at birth.'” Pseudarthroses may also occur
in the radius, ulna, femur, clavicle, and humerus.?”**'%°

Children with NF-type 1 have a general tendency toward
osteopenia and osteoporosis, suggesting an abnormal under-
lying bone phenotype. This may be a reason as why there is
a high incidence of pseudarthrosis, nonunion, and poor bone
healing associated with NF.#*
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The radiographic presentation of tibial involvement is with
anterolateral bowing and loss of the medullary canal, or cys-
tic lesion, followed by fracture.** Patients with established
pseudarthroses present with narrowing or obliteration of the
medullary, sclerosis, and anterolateral angulation. Pseudarthro-
sis of the fibula may also be present and leads to valgus defor-
mity of the ankle.

FIGURE 8-21 Anterior—posterior and lateral radio-
graphs (A and B) of a 10 year-old female who sus-
tained a ground level fall at school and developed
acute pain in the midshaft tibia. Note the eccen-
tric, well-defined nature of this mostly lytic lesion
in the diaphysis. There is an incomplete trans-
verse fracture and the posterior cortex is spared.
The lesion was consistent with osteofibrous dys-
plasia and the child did well with conservative
treatment as seen in the images 3 months and
12 months after the pathologic fracture (C and D).
(Figures reproduced with permission from The
p Children’s Orthopaedic Center, Los Angeles, CA.)

Tibia bowing in an infant or child tends to eventually frac-
ture; however, simple osteotomy to correct angular deformity
accelerates the progression to pseudarthrosis and is usually not
indicated as a stand-alone treatment. Bracing may be helpful
in preventing fracture and angular deformity, but is ineffec-
tive in the treatment of an established pseudarthrosis. Once
pathologic fracture occurs, casting will likely fail but may



be attempted. Surgical treatment of pseudarthrosis includes
excision of the hypotrophic bone ends followed by grafting and
internal and/or external fixation. Grafting alternatives include
auto (e.g., vascularized fibula, iliac crest) or allografting and
periosteal grafting. Fixation is done through intramedullary
nailing, or external fixation for compression of the pseudar-
throsis and concurrent callotastic lengthening. All of these
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methods may be complicated by further pathologic fracture
and nonunion. The rate of success ranges from 7% to 90%. A
prophylactic bypass grafting of the prepseudarthrotic tibia in

NF has been performed with some success (Fig. 8-22).%°' More
recently, authors have been reporting on the use of recom-
binant human bone morphogenetic protein with promising
results.

92,166

FIGURE 8-22 A: A 2-year-old boy with neurofibromatosis presented with anterolateral bowing, sclero-
sis, and partial obliteration of the medullary canal of the tibia without fracture. B: A modified McFarland
technique for prophylactic bypass grafting was performed as shown. C: Immediate postsurgical radio-
graphs of the tibia after prophylactic bypass grafting. D: Three years later, radiographs show continued
growth of the tibia without fracture but some absorption of the allograft and relative loss of structural
support by the allograft related to continued growth. (From Dormans JP. Modified sequential McFarland
bypass procedure for prepseudarthrosis of the tibia. J Orthop Tech. 1995;3:176-180, with permission.)
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Amputation should be considered and discussed with the
family early when previous operative interventions have been
unsuccessful. Amputation is usually Syme’s, with prosthetic fit-
ting around the pseudarthrosis. In a gait analysis study, Karol
et al.'** compared 12 patients with previously operated and
healed congenital pseudarthroses of the tibia with four children
with amputations for final treatment of congenital pseudarthro-
ses of the tibia. They found marked disturbance of gait and
muscle strength in patients with healed congenital pseudarthro-
ses of the tibia. They concluded that patients with early onset of
disease, early surgery, and trans-ankle fixation had more inef-
ficient gaits than amputees.

Patients with forearm pseudarthroses can be pain free and
function may be satisfactory with observation or splinting.
However, persistence of an ulnar pseudarthrosis in a growing
child may lead to bowing of the radius and posterior lateral
subluxation or dislocation of the radial head. Union after
conventional bone grafting and fixation has been reported
in only a small number of patients with congenital pseudar-
throsis of the forearm.”” Many of these patients require mul-
tiple conventional bone grafting procedures and often years
of immobilization. The results of treatment of congenital
pseudarthrosis of the forearm in NF by free vascularized fibu-
lar grafts are encouraging.'® Other surgical options include
excision of the ulnar pseudarthrosis to avoid a later tethering
effect on the growing radius and fusion of the distal radius
and ulnar joint.”

Extreme care should be taken in the surgical treatment of
children with NE as complications are common. Hypertension
is present in up to 16% of children with NE*"* The periosteum
is less adherent to the bone, and extensive subperiosteal hemor-
rhage may result from a trauma, an osteotomy, or other surgical
procedure.*”

AUTHOR’S PREFERRED MIETHOD OF TREATMENT

The treatment of congenital pseudarthrosis of the tibia remains
controversial. When a child presents with prepseudarthrosis
(angulation without fracture), either bypass grafting with fibular
allograft or bracing are reasonable options. Once pseudarthro-
sis has developed, our preference is inserting an intramedullary
rod and bone grafting of both the tibia and fibula when pos-
sible (Fig. 8-23). If these procedures fail, free vascularized fib-
ula transfer or resection and bone transport with circular frame
techniques can be considered. Amputation and prosthetic fit-
ting should be considered early in patients with failure of the
techniques mentioned above and severe shortening and a stiff
ankle and foot. Conservative options, such as bracing or obser-
vation, for upper extremity pseudarthroses may be justified in
a patient with a nonprogressive deformity and a satisfactory
functional use of the extremity. Conventional bone grafting and
fixation procedures for treatment of pseudarthrosis of the upper
extremity have very limited success, and other approaches
should be considered.

Congenital Insensitivity to Pain

Congenital insensitivity to pain is a rare hereditary sensory neu-
ropathy disorder characterized by the absence of normal sub-
jective and objective responses to noxious stimuli in patients
with intact central and peripheral nervous systems. The cause
is unknown, but sporadic reports have appeared in the ortho-
pedic literature 710!

The orthopedic manifestations of congenital insensitivity
to pain include recurrent fractures, osteomyelitis, and neuro-
pathic joints. Although the lower extremities are most com-
monly affected, the spine may also be involved with gross and
unstable spondylolisthesis. Limb-length discrepancy may occur
from chronic physeal damage. Lack of pain perception is associ-
ated with the development of Charcot joints, which may lead to
later neuropathic arthropathy, especially around the knees and
ankles. Although fracture healing usually occurs, the arthropa-
thy is progressive, eventually resulting in gross deformity and
instability. In addition to the absence of deep pain, the patients
have impaired temperature sensation.

The differential diagnosis includes a spectrum of closely
related sensory disorders including congenital sensory neu-
ropathy, hereditary sensory radicular neuropathy, familial sen-
sory neuropathy with anhidrosis, and familial dysautonomia
(Riley—Day syndrome). Acquired conditions with pain insen-
sitivity include syringomyelia, diabetes mellitus, tabes dorsalis,
alcoholism, and leprosy. Loss of protective sensation promotes
self-mutilation, burns, bruises, and fractures. The disease often
comes to light when the child develops teeth and then bites his
or her tongue, lips, and fingers.

Management should aim at education and prevention of
injury. Prevention of joint disease is the best early option.**!""
Joint injury should be recognized and treated early to prevent
progression to gross arthropathy. Early diagnosis and treatment
of fractures is important, usually by conservative manners.'' "' In
a severely unstable, degenerated joint, arthrodesis may eventually
be appropriate; however, poor healing, nonunion, and pseudar-
throsis are common in neuropathic joints (Fig. 8-24). Infection
rate is also increased, and it is important to make the differentia-
tion between fracture and infection.”” The condition appears to
improve with time with the gradual recovery of pain sensation.

DiSeaseES OF THE BONE MIARROW
Gaucher Disease

Gaucher disease is a hereditary disorder of lipid metabolism.
It is the most common lysosomal storage disease and is caused
by deficient production and activity of the lysosomal enzyme
beta-glucosidase (glucocerebrosidase), resulting in progres-
sive accumulation of glucosylceramide (glucocerebroside) in
macrophages of the reticuloendothelial system in the spleen,
liver, and bone marrow. The most common sphingolipidosis,
is inherited as an autosomal recessive trait,"*® with most cases
noted in Ashkenazic Jews of eastern European origin. There
are three types of Gaucher disease: Type I represents more
than 90% of all cases and is the most common type seen by
orthopedic surgeons—it presents as a chronic nonneuropathic
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FIGURE 8-23 A 19-month-old girl presented with right leg bowing and recent inability to bear weight
on that extremity. The patient has neurofibromatosis type 1 with associated café-au-lait spots (A).
Anteroposterior (B) and lateral (C) radiographs of the tibia and fibula show pseudarthrosis of the tibia
diaphysis associated with intramedullary obliteration and bone thinning at the pseudarthrosis level.
The fibula presents anterior-lateral deformity and partial obliteration of the medullary canal without
fracture. Postoperative images (D, E) following excision of the pseudarthrosis, fibular osteotomy, iliac
bone graft and periosteum grafting, and fixation with a William rod. (Figures reproduced with permis-
sion from The Childrens Orthopaedic Center, Los Angeles, CA.)
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FIGURE 8-24 This 6-year-old child with anhidrosis, congenital insensitivity to pain, and
attention deficit disorder presented with a history of swollen ankles and knees. Antero-
posterior (A) and lateral (B) radiographs show Charcot changes in the subtalar joint with
calcaneal and distal fibular fractures. Anteroposterior (C) and lateral (D) radiographs of
the right knee show large, loose osteochondral fragments, medial subluxation of the
femur on the tibia, and extensive periosteal new bone formation in the distal femur. Soft
tissue shadows are consistent with her huge knee hemarthrosis. More than 100 mL of
sterile serosan guineous fluid was aspirated from the knee at her initial visit. The effu-
sion quickly returned in the days following the aspiration. Because management with
casts at another hospital resulted in significant skin breakdown, we stabilized the knees
with removable hinged braces. The effusions improved but did not resolve.



disease with visceral (spleen and liver) and osseous involvement,
also known as the adult form, although patients present during
childhood'*; Type 11 is an acute, neuropathic disease with cen-
tral nervous system involvement and early infantile death; and
Type 11l is a subacute nonneuropathic type with chronic central
nervous system involvement. Types Il and III are both charac-
terized as either infantile or juvenile, and are notable for severe
progressive neurologic disease, usually being fatal.

Osseous lesions are a result of marrow accumulation and
present with Erlenmeyer flask appearance of the metaphyseal
bone, osteonecrosis (ON) (particularly of the femoral head), and
pathologic fractures, especially of the spine and femoral neck.
Bone lesions are most common in the femur, but they also occur
in the pelvis, vertebra, humerus, and other locations. Infiltration
of bone by Gaucher cells leads to vessel thrombosis, compro-
mising the medullary vascular supply and leading to localized
ON of the long bones. ON of the femoral head occurs in most
patients in whom the disease is diagnosed in childhood.

Pathologic fractures, especially of the femoral neck or shaft
after biopsy, and of the spine, are usually best managed con-
servatively. Katz et al.'*® reported 23 pathologic fractures in
nine children with Gaucher disease; seven had multiple frac-
tures. In decreasing order of frequency, the site of involvement
included the distal femur, basilar neck of the femur, spine, and
proximal tibia. Fractures of the long bones were transverse and
usually in the metaphysis. Fractures of the spine were either
wedge-shaped or centrally depressed at the end plate. The fac-
tors predisposing these children to fracture included significant
medullary space infiltration, cortical bone erosion, ON, and
associated disuse osteoporosis.'*

In another report of 53 patients with Gaucher disease aged
9 to 18 years,"* 11 children had vertebral fractures, usually at
two or three sites in each patient, with either anterior wedging,
central vertebral collapse, or total rectangular collapse. Most
patients had relief of their pain after 1 to 4 months of conser-
vative treatment; two required decompression laminectomies,
and one had a posterior lateral fusion to stabilize the spine.

Katz et al.'*” found that fractures of the upper extremities
in Gaucher disease were prone to occur in areas of prior cri-
sis. Although external callus formed in 6 to 8 weeks in most
patients, complete healing with internal callus took almost
2 years in some. Both delayed union and nonunion*” have
been reported in older patients with Gaucher disease.

Pathologic femoral neck fractures with minimal associated
trauma in children with Gaucher disease often heal with a varus
malunion and minimal subsequent remodeling; ON of the fem-
oral head also can be associated with femoral neck fractures.''
Goldman and Jacobs'"? described the presence of a mixed den-
sity of the femoral neck on radiograph with narrowing of the
medial cortex as a risk factor for fracture.

AUTHOR’'S PREFERRED METHOD OF TREATMENT

Conservative immobilization with nonweight bearing is sug-
gested for long bone fractures when appropriate. Stable frac-
tures of the femoral neck should be treated by immobilization
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with frequent follow-up radiographs; internal fixation should
be used in unstable femoral neck fractures. Preoperative plan-
ning is important, and the anesthesiologist must recognize that
patients with Gaucher disease may be prone to upper airway
obstruction because of infiltration of the upper airway with
glycolipids and abnormal clotting function, even when clotting
tests are normal.”*

Sickle Cell Disease

The term sickle cell disease (SCD) characterizes conditions
caused by the presence of sickle cell hemoglobin (HbS). The
most common type of SCD, HbS-S, is a homozygous recessive
condition in which individuals inherit the HbS globin gene from
each parent. SCD has systemic effects particularly on splenic
function and on the central nervous, renal, hepatic, and muscu-
loskeletal systems. SCD affects approximately one in 400 Afri-
can Americans. Sickle cell trait affects 8% to 10% of the African
American population and other groups less frequently. With
sickle cell trait, each individual has inherited a beta-S globin
gene and a beta-A globin gene. Clinical manifestations of sickle
cell trait usually are not apparent. The presence of this abnor-
mal hemoglobin in red blood cells causes them to be mechani-
cally fragile, and when they are deoxygenated, the cells assume
a sickle shape, which makes them prone to clumping with
blockage of the small vessels of the spleen, kidneys, and bones.
Chronic hemolytic anemia is present in most severely affected
patients, and marrow hyperplasia is found in both the long
bones and the short tubular bones. The prevalence of osteope-
nia and osteoporosis in young adults with SCD is extremely high
and that can be related or predisposed to pathologic fractures.'®
These disorders are diagnosed by hemoglobin electrophoresis.
Pathologic fractures of the long bones in SCD occur fre-
quently*®®
Children with SCD often have undiagnosed osteopenia or

and may be the first symptom of the disorder.

osteoporosis (Fig. 8-25).'% Pathologic fractures are often seen in
association with osteomyelitis.*’ In a series of 81 patients with
198 long bone infarcts with occasional concurrent osteomyelitis,
Bohrer® found a 25% incidence of fractures associated to femo-
ral lesions, and 20% with humeral lesions. Ebong® reported
pathologic fractures in 20% of patients with SCD and osteomy-
elitis. The most common site was the femur. The fractures are
transverse and commonly located in the shaft of the long bone,
and although minimal trauma is needed to cause them, they
often have significant displacement.’® The exact mechanism for
pathologic fracture in these patients is unclear; and although
it is often associated with bone infarct, the fracture is seldom
through the infracted area. Marrow hyperplasia may be a major
contributing factor; not only does the hypercellular bone mar-
row expand the medullary canal with thinning of both trabecu-
lar and cortical bone, but it also extends into widened Haversian
and Volkmann canals. This process may weaken the bone lead-
ing to fractures. Finally, children with SCD have significant defi-
cits in the whole body bone mineral content that persist despite
adjustment for poor growth and decreased lean mass; therefore,
these children maybe at increased risk for fragility fractures and
suboptimal peak bone mass.* The healing process seems unaf-
fected, and union usually occurs at the usual rate.
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FIGURE 8-25 A 4-year-old boy with sickle cell disease presented with acute onset of right arm pain,
swelling, increased warmth, and low grade fever. The initial radiographs (A, B) show a poorly defined
area of lucency in the proximal humeral metaphysis (arrow). T2-weighted sagittal (C) and axial (D)
MRI show intramedullary changes (enhancement) and periosteal reaction/abscess with no soft tis-
sue mass. The clinical diagnosis of osteomyelitis was initially made and the patient was started on
intravenous antibiotics. Three weeks later, there was little clinical improvement and new radiographs
showed pathologic fracture/ insufficiency fracture through the proximal humeral metaphysis (E, F)
(arrow). The patient underwent a biopsy that showed that this was an infarct with no superimposed
infection. After clinical treatment, the patient’'s symptoms improved. At 6-months follow-up, he was

G completely asymptomatic and the radiographs showed remodeling and continued growth (G).

AUTHOR’S PREFERRED MIETHOD OF TREATMENT

Pathologic fractures in patients with SCD usually heal with con-
servative treatment. Furthermore, operative management may be
hazardous. Extreme care must be taken to oxygenate the patient’s
tissues adequately during the procedure, and ideally, elective
procedures should be preceded by transfusion regimen to raise
hemoglobin levels to 10 g/dL and prevent perioperative compli-
cations. Intravenous hydration is very important, with one and a
half to two times the daily fluid requirements needed in addition
to routine replacement of fluid losses. The use of a tourniquet in
surgery for patients with SCD is somewhat controversial.

ON of the femoral head is an especially difficult problem in
patients with SCD. Treatment options range from conservative
measures such as physical therapy and rest, to surgery such

as core decompression, although some have shown no differ-
ence in the final outcome.””* Patients with total head involve-
ment may require femoral or pelvic osteotomies, and total joint
replacement is occasionally needed in young adults.

Leukemia

Leukemia accounts for over 30% of cases of childhood cancer.
Acute lymphocytic leukemia is one of the most common malig-
nant diseases in childhood and accounts for 80% of pediatric
leukemias. There is an increased occurrence of lymphoid leuke-
mias in patients with Down syndrome, immunodeficiencies, and
ataxic telangiectasia. The peak incidence occurs at 4 years of age.

Leukemic involvement of bones and joints is common.
Skeletal lesions occur more frequently in leukemic children
than in adults because leukemic cells can quickly replace the
smaller marrow reserves in children. Approximately 50% to



FIGURE 8-26 This 8-year-old girl presented with back pain,
fever, malaise, and weight loss. Lateral radiographs (A) of
the spine showed diffuse osteopenia and compression/insuf-
ficiency fractures of the vertebral body (arrows). T1-weighted
sagittal MRI (B) confirms disease process within the vertebral
body (arrow) and no soft tissue mass or intraspinal involve-
ment. She was diagnosed with acute lymphoblastic leuke-
mia. (Figures reproduced with permission from The Childrens

Orthopaedic Center, Los Angeles, CA.) A

75% of children with acute leukemia develop radiographic
skeletal manifestations during the course of their disease;
however, there are no pathognomonic osseous manifesta-
tions.””>**® Pathologic fractures can be seen in up to a third
of the patients.****#*° Diffuse osteopenia is the most frequent
radiographic finding (Fig. 8-26).”° Nonspecific juxtaepiphyseal
lucent lines are often seen and are a result of generalized meta-
bolic dysfunction. Sclerotic bands of bone trabeculae are more
typical in older children. Lucencies and periostitis may mimic
osteomyelitis. A characteristic lesion seen within a month of
onset of symptoms is a radiolucent metaphyseal band adjacent
to the physis®****; these are usually bilateral and vary from 2 to
15 mm in width. Osteolytic lesions with punctate areas of
radiolucency are found in the metaphysis and can either appear
moth-eaten or as a confluent radiolucency. Periosteal reaction
often is present with osteolytic lesions and is most common in
the posterior cortex of the distal femoral metaphysis, the medial
neck of the femur, and the diaphysis of the tibia and fibula.”
Most bone lesions in leukemia improve after treatment and
tend to progress with worsening of the disease.

The risk of pathologic fractures usually decreases with treat-
ment. Fracture is most commonly associated with osteoporosis
of the spine, resulting in vertebral collapse (compression frac-
ture). The thoracic vertebrae are the most commonly involved.
Fractures occasionally occur at other locations and usually after
minor trauma.'”>** A bone scan may aid in identifying clini-
cally silent areas but may not correlate with areas of obvious
destruction on radiographs.

AUTHOR’'S PREFERRED MIETHOD OF TREATMENT

Prompt diagnosis and initiation of chemotherapy is the main
step in the treatment of pathologic fractures associated to leuke-
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mia. Most fractures are stable microfractures and can be treated
with conservative immobilization with emphasis on early
ambulation to avoid further osteopenia. For vertebral fractures,
a back brace or thoracolumbosacral orthosis is often used to
alleviate symptoms.

Hemophilia

Hemophilia is a sex-linked recessive disorder of the clotting
mechanism that presents most commonly as a functional defi-
ciency of either factor VIII (hemophilia A) or factor IX (hemo-
philia B). Classic hemophilia, or hemophilia A, has an incidence
of 1 per 10,000 live male births in the United States.* Christmas
disease, or hemophilia B, occurs in 1 per 40,000 live births.

When hemophilia is suspected, screening tests should be
performed, including platelet count, bleeding time, prothrombin
time, and partial thromboplastin time. Deficiency of factor VIII,
the most common form of hemophilia, causes a marked prolonga-
tion in the partial thromboplastin time. Specific factor assays can
document the type of hemophilia. The severity of the deficiency
correlates with the circulating levels of factors VIII and/or IX. The
disease is classified as severe when clotting activity is less than
1%, moderate when clotting activity is 1% to 5%, and mild when
clotting activity is more than 5% (Table 8-4). Early diagnosis and
aggressive management are the keys to lessening complications.

Musculoskeletal involvement includes acute hemarthroses
(knee, elbow, and ankle, in decreasing order of frequency), soft
tissue and muscle bleeds, acute compartment syndrome, carpal
tunnel syndrome, femoral nerve neuropraxia, early degenera-
tive arthritis, and fractures (Table 8-5).

Should a child with hemophilia require operative manage-
ment, the orthopedist and the hematologist should work closely
together. Preoperatively, the patient should be tested for the pres-
ence of inhibitor and a test dose of factor replacement should
be given to determine the biologic half-life of that factor for that
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Severity of Hemophilia Correlated
with Plasma Factor Activity Levels

Degree of Percentage

Hemophilia of Factor Clinical Characteristics

Mild 20-60% Usually clinically occult, exces-
sive bleeding after major
trauma or surgery

Moderate 5-20% Excessive bleeding during sur-
gery and after minor trauma

Moderately 1-5% Excessive bleeding with mild

severe injury and infrequent sponta-
neous hemarthrosis

Severe >1% Frequent excessive bleeding
with trauma and spontane-
ous bleeding into the soft
tissue and joints

. J

particular patient.” Elective surgery is usually contraindicated in
the presence of inhibitor. Most authors recommend a level of
factor activity during surgery ranging from 70% to 100%,**'
although others believe that 50% is adequate.”'” Tourniquets are
recommended for extremity surgery. The use of routine drains
is not advised, but 24 hours of suction drainage is favored by
some. ™! Factor levels are checked immediately after surgery
and then at least daily. Factor VIII is given every 6 hours, and
factor IX is given every 8 hours. In the immediate postopera-
tive period, factor levels are maintained at 30% to 40%, and
maintained at that level until sutures are removed. During the
rehabilitative period, maintenance levels should range from 20%
to 50% immediately before sessions of physical therapy.**'"**!
Intramuscular injections should be avoided, as should aspi-
rin compounds and nonsteroidal anti-inflammatory medica-
tions that affect platelet function. Acetaminophen, celecoxib,
and codeine are safe oral analgesics.'* In the past, hemophil-
iac patients had an increased risk of operative infections and
delayed wound healing, but aggressive replacement therapy has
minimized those problems.**!

Fracture risk does not seem to be increased in patients with
hemophilia,”**' but decreased bone density is frequent. Most
authors have noted that healing of fractures proceeds primar-
ily with endosteal callus and very little periosteal callus.” Joint

/:IIX X Grades of Articular Involvement

Grade 1 Transitory synovitis; no bleeding sequelae
and with no more than three episodes in
3 months

Grade 2 Permanent synovitis with increased joint
size, synovial thickening, and limitation of
movement

Grade 3 Chronic arthropathy with axial deformity
and muscular atrophy

Grade 4 Ankylosis

o _/

dislocations are rare in hemophiliac patients. Most fractures are
treated conservatively with immobilization.'® Factor replace-
ment is important especially during the first week, and recom-
mended levels vary from 20% to 50%.>*?>°*** Circumferential
casting is associated with the risk of swelling from bleeding, lead-
ing to subsequent compartment syndrome and skin necrosis. A
splint, or well-padded, soft dressing may be preferable immedi-
ately after injury, and a cast should be applied once active swell-
ing has stopped.'” Fractures of the femur can be treated with
traction and subsequent spica casting.”'® Nonetheless, some
authors consider skeletal traction hazardous because of the risk
of infection or bleeding.*'** Replacement therapy is advisable
whereas fractures are manipulated and casts are changed. Most
authors think that open reduction and internal fixation should
be performed in hemophiliac patients for fractures that would
customarily be treated with such methods.** External fixators
are not commonly used for patients with hemophilia; how-
ever, Lee et al.'"® described the use of external fixators for nine
patients undergoing arthrodesis of infected joints, or treatment
of open fractures. One major complication occurred in a patient
who developed inhibitors. They concluded that external fixators
can be used safely in hemophilic patients without inhibitors and
prolonged factor replacement is not required.'”

AUTHOR’S PREFERRED MIEETHOD OF TREATMENT

Collaboration between the orthopedist and the hematologist
is important in providing care for children with hemophilia.
Most fractures in children with hemophilia can be treated with
either traction or cast techniques. Care must be taken to avoid
complications related to compression in these patients, and a
mono- or bivalved, well-padded cast is safe. Operative treat-
ment should be reserved for fractures that normally require
surgery, and the usual pre- and perioperative precautions for
hemophiliac patients are observed.

Osteomyelitis

The pattern of pediatric osteomyelitis in North America has
changed during the past several decades. Although the typical
clinical picture of acute onset of pain, associated with fever and
inability, or refusal to bear weight is still seen, subtle presenta-
tions and more aggressive ones have become frequent. Among the
potential reasons for these changes are the increased use of empiric
antibiotics, and the increased number of aggressive community-
acquired pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA). Osteomyelitis can be classified according to the
age of onset (neonatal, childhood, and adult osteomyelitis); caus-
ative organism (pyogenic and granulomatous infections); onset
(acute, subacute, and chronic); and routes of infection (hematog-
enous and direct inoculation). Although the acute form is still
the most common, subacute osteomyelitis, or Brodie abscess,
and chronic recurrent multifocal osteomyelitis are seen more fre-
quently"*! Chronic osteomyelitis is defined as symptoms present
for longer than 1 month (Fig. 8-27 and Table 8-6).
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FIGURE 8-27 Classification of subacute osteomyelitis. Type 1A, punched-out radiolucency suggestive
of eosinophilic granuloma. Type 1B, similar but with sclerotic margin; classic Brodie abscess. Type I,
metaphyseal lesion with loss of cortical bone. Type lll, diaphyseal lesion with excessive cortical reac-
tion. Type 1V, lesion with onionskin layering of subperiosteal bone. Type V, concentric epiphyseal
radiolucency. Type VI, osteomyelitic lesion of vertebral body. (From Dormans JP, Drummond DS.
Pediatric hematogenous osteomyelitis: new trends in presentation, diagnosis, and treatment. J Am
Acad Orthop Surg. 1994;2:333-341, with permission.)

Comparison of Acute and Subacute Hematogenous
Osteomyelitis
Presentation Subacute Acute
Pain Mild Severe
Fever Few patients Majority
Loss of function Minimal Marked
Prior antibiotics Often (30-40%) Occasional
Elevated white blood cell count Few Majority
Elevated erythrocyte sedimentation rate Majority Majority
Blood cultures Few positive 50% positive
Bone cultures 60% positive 85% positive
Initial x-ray study Frequently abnormal Often normal
Site Any location (may cross Usually metaphysis
physis)
From Dormans JP, Drummond DS. Pediatric hematogenous osteomyelitis: new trends in presentation, diagnosis, and
treatment. J Am Acad Ortho Surg. 1994;2:333-341.

o _/
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Changes in plain radiographs are only present in 20% of
patients in the first 2 weeks of disease; the earliest finding is
soft-tissue swelling/loss of defined deep soft tissue planes.
Because of this early insensitivity of plain radiographic studies,
isotope-scanning techniques have been used to aid in diagnosis
with varying rates of success. MRI has up to 98% sensitivity
and 100% specificity for early detection of osteomyelitis.'*® MRI
detects increased intramedullary water and decreased fat con-
tent, which occurs when there is inflammatory exudate, edema,
hyperemia, and ischemia, all of which are present in infection.'®
In proven osteomyelitis, abnormal technetium scans are seen in
63% to 90% of patients."*

In 1932, Capener and Pierce™ reviewed 1,068 patients with
osteomyelitis and found only 18 pathologic fractures (~1.7%
incidence), 13 of which occurred in the femur. They thought
these fractures were because of delayed recognition of the
infection or inadequate treatment. Other factors include dis-
use osteopenia, presence of a weak involucrum, and excessive
surgical removal of involved bone. In that preantibiotic era,
most of the fractures were sustained after surgical treatment of
the osteomyelitis, and the authors believed that conservation
of the involucrum and proper immobilization could have pre-
vented these injuries. Daoud and Saighi Bouaouina®” reported
on 34 patients with hematogenous osteomyelitis complicated
by pathologic fracture, pseudarthrosis, or significant segmental
bone loss. The tibia was affected in 24 cases, the femur was
affected in 8 cases, and the humerus was affected in 2 cases.
Pathologic fracture of the proximal femoral has been reported
in neonatal osteomyelitis.”® Although rare, hematogenous
osteomyelitis has also been reported at the site of a closed frac-
ture.*** Canale et al.* reported three children with osteomy-

elitis after closed fracture. They pointed out that progressive
pain and swelling at a fracture site during healing are suggestive

of possible osteomyelitis. Daoud et al.®®

reported 35 children
with proximal femur osteomyelitis with associated septic arthri-
tis. The incidence of ON of the femoral head was approximately
50% both in the group that was treated with arthroscopy and in
the group in which no surgery had been done. They postulated
that ON of the femoral head may be because of compression by
abscess of the vessels lying on the posterior superior femoral
neck. The complications of fracture, dislocation, and displace-
ment of the capital femoral epiphysis occurred in two-thirds of
their patients, and these usually were patients who presented
long after an acute phase of the disease. They recommended
surgical drainage of septic hips, and reduction and stabilization
of hips with ON using skin traction and plaster immobilization
for 40 to 60 days. Atypical osteomyelitis associated with bone
lesion and risk of fracture has been described in rubella and
cytomegalic inclusion disease.””

Pathologic fractures associated with osteomyelitis are usu-
ally associated with neglected or chronic osteomyelitis, neona-
tal osteomyelitis, or septic arthritis. They may be difficult to
treat and be associated with complications, such as malunion
and growth disturbance (Fig. 8-28). Tudisco et al.**" reported
on 26 patients with chronic osteomyelitis with average follow-
up of 23 years. Approximately 15% had shortening and angu-
lar deformity of the affected limb. In children with chronic
osteomyelitis, the purulent material elevates the periosteum
and a supportive involucrum develops. Sequestrectomy of a
portion of the necrotic diaphysis while leaving the support-
ive involucrum is often needed to bring the infection under
control. Daoud and Saighi-Bouaouina®” recommended early

FIGURE 8-28 A 7-year-old boy presented with classic
B picture of septic arthritis of the right hip. He underwent
promptly irrigation and débridement of the hip. On fol-
low-up just a few weeks later, plain radiographs dem-
onstrated a lytic area in the femoral neck (A, B) (arrow)
and blood work showed increased creative protein and
sedimentation rate. The patient underwent repeated irri-
gation of the hip and drilling of the lytic area (osteomyeli-
tis) in the femoral neck. Two months later, he developed
collapse (pathologic fracture) of the femoral head with
gross deformity of the proximal femur (C, D), especially
in the lateral views (D) with decreased range of motion.
(Figures reproduced with permission from The Childrens
D Orthopaedic Center, Los Angeles, CA.)



debridement followed by antibiotic therapy for up to 6 months.
Prolonged cast immobilization was necessary. They obtained
healing in 33 of 34 patients with pathologic fractures or pseud-
arthroses caused by osteomyelitis. The mean healing time of
fractures was 5 months in patients with involucrum. Patients
with active infection and without involucrum required debride-
ment, antibiotics, and subsequent treatment with corticocancel-
lous iliac graft, for a mean healing time of 8.7 months; whereas
patients without active infection and without involucrum were
treated with prolonged immobilization, cancellous bone graft,
and supplemented by fixation.

AUTHOR’'S PREFERRED METHOD OF TREATMENT

With early recognition and appropriate treatment, acute osteo-
myelitis rarely leads to a pathologic fracture. When pathologic
fracture occurs (Fig. 8-29), it is usually associated to a neglected
chronic osteomyelitis or, rarely, neonatal osteomyelitis or septic
arthritis. The most important step in the treatment of fracture
associated with osteomyelitis is to control the underlying infec-
tion. This requires biopsy for culture and sensitivities, drainage
and debridement of the infection with appropriate immobiliza-
tion and antibiotic therapy (Table 8-7). In advanced infections,
sequestrectomy may be necessary. MRI is useful in identifying
the sequestrum; an attempt should be made to leave as much
supporting involucrum as possible at the time of sequestrec-
tomy. Bone transport and lengthening may be valuable in cer-
tain cases. Prolonged immobilization with either plaster casts or
external fixation devices may be needed, and segmental bone
loss can be treated with bone transport or grafting.

PATHOLOGIC FRACTURES AFTER
LimB LENGTHENING

Limb lengthening has evolved dramatically over the past several
decades. Surgeons experienced with lengthening techniques
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FIGURE 8-29 This lateral radiograph of the humeral shaft of a
17-year-old boy shows a pathologic fracture through chronic osteo-
myelitis of the humerus. (Case courtesy of B. David Horn, MD.)

can now correct problems that previously had no satisfactory
solution. Complications with the Wagner method, popular 20
to 30 years ago, were as high as 92%."”"'%' Newer techniques,
using gradual lengthening with either monolateral fixators or
fine wire fixators, such as the Ilizarov fixator, have decreased
the complication rate.

Fractures that occur in association with limb lengthening
fall into three general categories: (1) fractures through pin
tracks, (2) fractures through regenerated bone, or (3) fractures
through bone weakened by disuse osteoporosis. Fractures that
occur through holes left after removal of screws or fine wires
generally occur a few weeks after device removal. The inci-
dence of these fractures can be minimized by protective weight
bearing after removal of the device and using the smallest pos-
sible screw diameter that is appropriate for the fixation device

Initial Antibiotic Therapy for Osteomyelitis

Patient Type

Neonate

(H. influenza)
Infants and children

Sickle cell disease

*Overall 80% because of S. aureus.

Probable Organism

Group B Streptocuccus, S.
aureus, Gram-negative rods

S. aureus (90%) if allergic to
penicillin* if allergic to peni-
cillin and cephalosporins*

S. aureus or Salmonella

Initial Antibiotic

Cefotaxime (100-120 mg/kg/ 24 h) or
oxacillin and gentamicin (5-7.5 mg/
kg/24 h)

Oxacillin (150 mg/kg/24 h) Cefazolin
(100 mg/kg/24 h) Clindamycin
(25-40 mg/kg/24 h) or Vancomycin
(40 mg/kg/24 h)

Oxacillin and ampicillin or

chloramphenicol or cefotaxime
(100-120 mg/kg/24 h)
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needed. Fractures through regenerated bone are true pathologic
fractures. The bone that is formed by distraction callotasis must
be subjected to normal weight-bearing forces over a period of
time before normal bony architecture is established. Fractures
that occur through the lengthening gap can occur either soon
after removal of the fixator or years later (Fig. 8-30). Various
reports describe fractures through regenerative bone occurring
as late as 2 to 8 years after lengthening.'®"*® The incidence of
fractures has been reported to be as high as 50% for Wagner
lengthening, but only 3% for newer techniques.®®1?%179:200.212.223

At present, most lengthenings are performed through the
metaphysis, which has a larger bone diameter and better blood
supply than the diaphysis (where Wagner lengthening was
done).'”??"* When fractures occur in regenerated bone, they can
be treated with simple cast immobilization. However, because
this method further promotes osteopenia, many surgeons reap-
ply a fixator, correct any malalignment caused by the fracture,
and compress at the fracture site until healing. To ensure that
the regenerated bone can bear the forces of normal activity, a
variety of imaging methods have been used.”> When the regen-

FIGURE 8-30 Radiograph of a 15-year-old
boy with achondroplasia (A) who underwent
femoral lengthening with a monolateral
external fixator for limb-length discrepancy
(B). The procedure and the lengthening were
uneventful and the device was removed
after four cortices were visualized on radio-
graphs (C, D). Less than 2 months after
external fixator removal, the patient fell and
had a pathologic femoral fracture through
E the regenerated bone (E).
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FIGURE 8-30 (continued) He underwent open reduction and inter-
nal fixation with an intramedullary device and the fracture healed in
approximately 3 months (F, G). (Figures reproduced with permis-
sion from The Childrens Orthopaedic Center, Los Angeles, CA.)

erated bone attains the density and ultrastructural appearance
(development of the cortex and the medullary canal) of the
adjacent bone, fixator removal is generally safe. Some authors
have reported on decreased incidence of fractures combining
lengthening with internal fixation (intramedullary nail or sub-
muscular plating)."***'*

Pathologic fracture can also be caused by osteopenia and
joint contractures that can occur after months in an external
fixation device. Some children, because of pain or anxiety, are
reluctant to bear sufficient weight on their fixator devices, put-
ting them at risk for disuse osteoporosis. Joint contractures can
be related to either the lengthening or insufficient rehabilitation
during and after lengthening. Many of the fractures caused by
these causes are avoidable; when they do occur, appropriate
immobilization or internal fixation is used.

FRACTURES IN CONDITIONS THAT WEAKEN BONE
Osteogenesis Imperfecta

Osteogenesis imperfecta (OI) are a heterogeneous group of
inherited disorders in which the structure and function of type
I collagen is altered. The fragile bone is susceptible to frequent
fractures and progressive deformity. OI is identifiable in 1 in
20,000 total births, with an overall prevalence of approximately
16 cases per million index patients.”” The wide spectrum of
clinical severity—from perinatal lethal forms to clinically silent
forms—reflects the tremendous genotypic heterogeneity (more
than 150 different mutations of the type I procollagen genes
COL1Al and COL1A2 have been described). Most forms of
OI are the result of mutations in the genes that encode the pro
alphal and pro alpha2 polypeptide chains of type I collagen.**®
Histologic findings reveal a predominance of woven bone, an
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absence of lamellar bone, and thinning of the cortical bone with
osteopenia. As the molecular basis of this continuum of severity
is further elucidated, the phenotypic groupings of the various
classifications and subclassifications may seem arbitrary. From
a practical viewpoint of orthopedic care, patients with OI can
be divided into two groups. One group of patients with severe
disease who develop long-bone deformity through repetitive
fractures often needing surgical treatment, and another group
of patients with mild disease with frequent fractures, but most
injuries responding well to closed treatment.

Children with severe OI may present with a short trunk,
marked deformity of lower extremities, prominence of the
sternum, triangular faces, thin skin, muscle atrophy, and lig-
amentous laxity, some develop kyphoscoliosis,''*!'*® basilar
impression,”® and deafness (caused by otosclerosis).'*® Chil-
dren with OI usually have normal intelligence. Blue sclera, a
classic finding in certain forms of OI, can also be present in
normal infants, as well as in children with hypophosphatasia,
osteopetrosis, Marfan syndrome, and Ehlers—Danlos syndrome.
Children with OI also have a greater incidence of airway anom-
alies, thoracic anatomy abnormalities, coagulation dysfunction,
hyperthyroidism, and an increased tendency to develop peri-
operative malignant hyperthermia.”® Pathologic fractures may
present with swelling of the extremity, pain, low-grade fever,
and a radiograph showing exuberant, hyperplastic, callus for-
mation. The callus may occur without obvious fracture and can
have a distinct butterfly shape, as opposed to the usual fusiform
callus of most healing fractures. The femur is the most common
site of pathologic fractures.”*®

The radiographic findings vary (Fig. 8-31). In severe OI, there
is marked osteoporosis, thin cortical bone, and evidence of past
fracture with angular malunion. Both anterior and lateral bowing
of the femur and anterior bowing of the tibia are common. Spinal
radiographs may show compression of the vertebrae between the
cartilaginous disc spaces (so-called codfish vertebra).

The diagnosis of Ol is based on clinical and radiographic
findings. There is no specific laboratory diagnostic test,
although fibroblast cell culture can detect the collagen abnor-
mality in 85% of OI patients.” In the absence of multiple frac-
tures, the initial radiographic diagnosis can be difficult. It is
crucial, but often difficult, to distinguish OI from nonacciden-
tal injury.”*'*” Unexplained fractures in mild, undiagnosed OI
can drag a family through unnecessary legal proceedings; con-
versely, a child with Ol may be abused but not exhibit classic
fracture patterns (e.g., corner fractures) owing to the fragility
of their bones.

Fractures tend to occur before skeletal maturity. Most patho-
logic fractures are transverse, diaphyseal, minimally displaced,
and heal at a relatively normal rate.** Moorefield and Miller'*®
reported on 951 fractures in a series of 31 patients, 91% of
which occurred before skeletal maturity. Fractures of the femur
and tibia predominated, followed by the humerus. Recurrent
fractures may result in coxa vara, genu valgum, and leg-length
discrepancy. Olecranon sleeve (apophysis) avulsion fractures
are essentially pathognomonic of OI (Fig. 8-32).**° Zionts and
Moon*®' reviewed 17 fractures of the olecranon apophysis in 10
children with mild OI; 15 of these were treated operatively. The
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FIGURE 8-31 This 10-month-old boy with a history
of osteogenesis imperfecta presented with a right
thigh pain and swelling and refusal to bear weight.
Anteroposterior (A) and lateral (B) radiographs of
the right femur show the extraordinarily abundant,
hyperplastic callus—with the characteristic butterfly
shape—that can occur in osteogenesis imperfecta.
This appearance may be mistaken for an infection or
A B a neoplastic process.

FIGURE 8-32 A 13-year-old boy with mild osteogenesis imperfecta presented after a fall on an out-
stretched arm, with inability to move his elbow, pain, and swelling. Radiographs showed a displaced
olecranon fracture (A). This fracture pattern is commonly seen in children with osteogenesis imper-
fecta and is quite uncommon in healthy children. The patient underwent open reduction and internal
fixation. The fracture healed after 6 weeks (B). (Figures reproduced with permission from The Child-
rens Orthopaedic Center, Los Angeles, CA.)



same injury presented in the opposite extremity 1 to 70 months
after the initial fracture in seven of the 10 patients. All fractures
had healed by the time of cast removal; however, two refrac-
tured. The authors concluded that with careful follow-up, cast
immobilization can be used for minimally displaced fractures,
but operative management is suggested for displaced fractures.
The high rate of bilaterality suggests that children who sustain
this fracture should be counseled about the possible risks of
injury to the opposite extremity.”®" Displaced fractures of the
apophysis of the olecranon should be treated with open reduc-
tion and internal fixation using tension band technique or com-
pression screw fixation.*”

Although nonunion may occur, callus formation is usually
adequate in Ol and most nonunions seem to be associated with
inadequate fixation after osteotomies and fractures.” Gamble
et al.'"! emphasized the problem with a report of 12 nonunions
in 10 patients. Sub-optimal treatment of the initial fracture was
identified in half of the patients.

The role of medical therapy in the prevention of fractures
associated to OI has been well established. Bisphosphonates are
a potent inhibitor of bone resorption and have been used with
good results. Among the advantages of using bisphosphonates
are good short-term safety (particularly with regard to renal
function), significant reduction in chronic bone pain, decrease
in the rate of fractures, gain in muscle force, increase in density
and size of vertebral bodies, thickening of bone cortex, and
increase growth rate."!''®'"'** Some of the reported nega-
tive effects, include decrease in bone remodeling rate, growth
plate abnormalities, and delay in the healing of osteotomy.'
Glorieux et al.'"! and Zeitlin et al.**® showed that administering
cyclical intravenous pamidronate to children with OI reduces
bone pain and fracture incidence and increase bone density
and level of ambulation, with minimal side effects. Falk et al.”*
concurred with most of these findings, but concluded that
long-term follow-up is required to prove whether bisphospho-
nate therapy will decrease fracture rates and increase mobil-
ity in children with moderate-to-severe O1.”* Sakkers et al.**
reported a reduction of long bones fracture risk using oral treat-
ment with olpadronate at a daily dose of 10 mg.

Gene therapy for OI has been attempted; however, because
most of the mutations in OI are dominant negative, supply-
ing the normal gene without silencing the abnormal gene may
not be beneficial.*®® Nonetheless, potential new therapies for
OI have been tested in cell culture systems, animal models,
and patients and may offer hope for the future development of
successful therapies.

The orthopedist caring for children with Ol must balance
standard fracture care with the goal of minimizing immobiliza-
tion to avoid a vicious circle: Immobilization, weakness, and
osteopenia, then refracture.®'*® Plaster splints and casts, braces,
and air splint have all been used.”*!'*'* Protected weight bear-
ing with customized splints and/or braces can add support to
limbs weakened by fragile and deformed bone, and is thought
to reduce the incidence of lower extremity fractures.

Load-sharing devices (such as intramedullary rods) are
used for internal fixation of long bone fractures or osteotomies
in children with OI. Plates and screws should be avoided. In
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patients with severe Ol and angular deformities and/or recur-
rent fractures, osteotomy and internal fixation may improve
function and reduce the incidence of fractures in weight-
bearing bones (Fig. 8-33). Porat et al.”*" reported an increased
number of ambulatory patients (from 45% to 75%) after intra-
medullary rodding. The amount of bowing that requires oste-
otomy has not been defined. Traditionally, multiple osteotomy
and rodding procedures (Sofield technique) involved extensive
incisions with significant soft-tissue stripping and blood loss.
Sijbrandij**’ reported a percutaneous technique in which the
deformity is straightened by closed osteoclasis and Rush pins
are inserted along the proximal axis of the long bones, partially
transfixing them to stabilize them in a new alignment. Most
centers now use limited incisions, thus minimizing blood loss
and periosteal stripping, while ensuring optimally placed oste-
otomies and efficient, controlled instrumentation. The choice
of fixation device should be based on the age of the patient and
the width of the medullary canal of the bone. Both fixed-length
rods**®** and extensible or telescoping rods**!%*2%22% are used.
Skeletally mature patients and patients with very small medul-
lary canals are best treated with nonelongating rods, whereas
skeletally immature patients with adequate width of the med-
ullary canal are best treated with extensible rods."" Compli-
cations after osteotomies and intramedullary fixation include
fracture at the rod tip, migration of the fixation device, joint
penetration, loosening of components of extensible rods, and
fractures through the area of uncoupled rods.

Postoperative bracing is suggested for lower extremity frac-
tures. Upper extremity fractures may also undergo prolonged
splinting after removal of fracture fixation. Immobilization also
may be adequate to treat stable, minimally displaced fractures
just distal or proximal to the intramedullary rods.'™*

AUTHOR’'S PREFERRED METHOD OF TREATMENT

Protected weight bearing is the goal for patients with severe
Ol. Close follow-up is necessary in the first few years of life,
with protective splinting or soft cast for fractures. Orthoses are
constructed for bracing of the lower extremities to aid in both
standing and ambulation. Standing frames are also used. Once
ambulatory, the child is advanced to the use of a walker or
independent ambulation. Bisphosphonates should be consid-
ered at an early age, prior to fractures and deformity. The length
of treatment is still debatable. Severe bowing of the extremities
especially after recurrent fractures is an indication for osteot-
omy and intramedullary rodding. Whenever possible, surgery
is delayed until 6 or 7 years of age to allow for better fixation
and decrease the chance of recurrence. We recommend exten-
sible rods in skeletally immature patients and nonelongating
rods in older patients.

Osteopetrosis

Osteopetrosis is a condition in which excessive density of bone

occurs as a result of abnormal function of osteoclasts.'”*"

The resultant bone of these children is dense, brittle, and highly



204 SECTION ONE Basic Principles

FIGURE 8-33 This 8-year-old girl presented with pain and deformity around the right hip after minor
trauma. The patient had a known history of osteogenesis perfecta. Initial radiographs (A, B) showed
grossly displaced fracture of the proximal femur in the subtrochanteric area. The patient underwent
closed reduction and internal fixation with titanium elastic nails, and the fracture healed after 5 weeks,
with good alignment in both anteroposterior (C) and lateral (D) views. The nails were slightly promi-
nent and the family elected removal of the hardware (E, F).



susceptible to pathologic fracture. The incidence of osteopetrosis
is approximately 1 per 200,000 births. The inherent problem
is a failure of bone resorption with continuing bone formation
and persistent primary spongiosa. Osteopetrosis is classified into
three main forms: Malignant autosomal recessive, intermediate
autosomal recessive, and benign autosomal dominant; and basi-
cally presents as a severe infantile type or a milder form that
presents later in life. Although the number of osteoclasts present
in the affected bone is variable, in the severe form of this disease,
the osteoclasts may be increased but function poorly.**’
Radiographically, the bones have a dense, chalk-like appear-
ance (Fig. 8-34). The spinal column may have a sandwich or
“rugger jersey” appearance because of dense, sclerotic bone at
each end plate of the vertebrae and less involvement of the cen-
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FIGURE 8-33 (continued) Three months after removal
of the hardware, the patient presented with new trauma
to that region followed by pain. Radiographs showed a
minimally displaced transverse fracture in the subtro-
chanteric region (arrow) associated with varus and ante-
rior angulation of the proximal femur (G, H). The patient
underwent a Sofield procedure with Rush rods as the
internal fixation. Ten weeks after the procedure, there
was complete healing at the osteotomy/fracture site
and adequate femoral alignment (I, J). (Figures repro-
duced with permission from The Childrens Orthopaedic
Center, Los Angeles, CA.)
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tral portion. The long bones tend to have a dense, marble-like
appearance and may have an Erlenmeyer flask shape at their
ends owing to deficient cutback remodeling. Radiolucent trans-
verse bands may be present in the metaphysis of the long bones,
and these may represent a variable improvement in the resorp-
tion defect during growth of the child. There may be bowing of
the bones because of multiple fractures, spondylolysis, or coxa
vara.'”?' The small bones of the hands and feet may show
a bone-within-bone appearance with increased density around
the periphery. The unusual radiographic appearance may ini-
tially obscure occult nondisplaced fractures.

Pathologic fractures are quite common in patients with
osteopetrosis (Fig. 8-35).°%!*:21°2® Patients with a severe form
of the disease have more fractures than those with presentation
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FIGURE 8-34 Anteroposterior radiograph of the pelvis of an 8-year-
old boy with osteopetrosis. Note the typical increased bone density
and obliteration of the medullary canal. (Figures reproduced with per-
mission from The Childrens Orthopaedic Center, Los Angeles, CA.)

FIGURE 8-35 This 2-year-old with osteopetrosis presented with
forearm pain. An anteroposterior radiograph shows the charac-
teristic increased bone density and absence of a medullary canal,
especially in the distal radius and ulna. There is a typical transverse,
nondisplaced fracture (arrow) in the distal ulnar diaphysis.

later in childhood. Patients with autosomal dominant osteo-
petrosis with rugger jersey spine and endobones of the pelvis
(type II) are six times more likely to have fractures than patients
with only sclerosis of the cranial vault (type 1).*

Patients with the severe, congenital disease have transverse
or short oblique fractures of the diaphysis, particularly the
femur. Distal physeal fractures with exuberant callus may be
confused with osteomyelitis.'®> Common locations for fractures
include the inferior neck of the femur, the proximal third of
the femoral shaft, and the proximal tibia.'"'®” Upper extremity
fractures are also frequent.'” The onset of callus formation after
fracture in osteopetrosis is variable."” Although some believe
that fractures in osteopetrosis heal at a normal rate’'
report delayed union and nonunion.'” Hasenhuttl'*?
that in one patient with recurrent fractures of the forearm, each

others
observed

succeeding fracture took longer to heal, with the last fracture
taking nearly 5 months to unite.

The orthopedist treating fractures in children with osteope-
trosis should follow the principles of standard pediatric fracture
care, with additional vigilance for possible delayed union (Fig.
8-36).'”** Immobilization is prolonged when delayed union is
recognized. Armstrong et al.'” surveyed the membership of the
Pediatric Orthopaedic Society of North America and compiled
the combined experience of 58 pediatric orthopedic surgeons
with experience treating pathologic fractures in osteopetrosis.
In this comprehensive review, they concluded that nonoperative
treatment should be strongly considered for most diaphyseal
fractures of the upper and lower limbs in children, but surgical
management is recommended for femoral neck fractures and
coxa vara. Open treatment of osteopetrotic fractures with fixa-
tion is technically difficult because of bone rigidity/density, and
absence of intramedullary canal/ sclerosis. Armstrong et al.'’
cautioned, “the surgeon should expect to use several drill bits
and possibly more than one power driver.”

In addition to these technical difficulties, patients with
osteopetrosis are at risk for excessive bleeding and infection,
related to the hematopoietic dysfunction caused by obliteration
of the marrow cavity.** Procedures should be avoided if the
platelet count is less than 50,000 mm, and preoperative platelet
transfusions may be necessary.”*’ Prophylactic antibiotic cover-
age is advised. Minor procedures should be performed percu-
taneously whenever possible.**

In the past, primary medical treatment for osteopetrosis
included transfusions, splenectomy, calcitriol, and adrenal cor-
ticosteroids, but these techniques have proved ineffectual ?*"*%
Stimulation of host osteoclasts has been attempted with calcium
restriction, calcitriol, steroids, parathyroid hormone, and inter-
feron. Bone marrow transplantation for severe infantile osteo-
petrosis has proved to be an effective means of treatment for
some patients; however, it does not guarantee survival, and it
may be complicated by hypercalcaemia.”*”*!"

Pyknodysostosis

Pyknodysostosis, also known as Maroteaux-Lamy syndrome,
is a rare syndrome of short stature and generalized sclero-
sis of the entire skeleton. The dense brittle bones of affected
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FIGURE 8-36 A: This 9-year-old with osteopetrosis sustained similar bilateral subtrochanteric fractures
of the femur over a 2-year period. Anteroposterior (A) and lateral (B) femoral radiographs show a heal-
ing transverse subtrochanteric fracture of the left femoral. C: One year later, at age 10, she sustained
a similar right transverse minimally displaced subtrochanteric femur fracture, which was treated with
reduction and a spica cast. D: This anteroposterior radiograph taken at age 14 years shows that both
proximal femoral fractures have healed and there is mild residual coxa vara, especially on the right side.

children are highly susceptible to pathologic fractures. Pyk-
nodysostosis is inherited as an autosomal recessive trait, with
an incidence estimated as 1.7 per 1 million births. Mutations
in the gene encoding cathepsin K, a lysosomal cysteine prote-
ase localized exclusively in osteoclasts is responsible for this
disease.”” The long bones are sclerotic with poorly formed
medullary canals; histologic sections show attenuated Haver-
sian canal systems. Patients with pyknodysostosis have short
stature, a hypoplastic face, a nose with a parrot-like appear-
ance, and both frontal and occipital bossing. Bulbous distal
phalanges of the fingers and toes with spooning of the nails
are common. Coxa vara, coxa valgum, genu valgum, kypho-

sis, and scoliosis may be present. Results of laboratory studies
usually are normal.

Radiographs show a sclerotic pattern very similar to that
of osteopetrosis. In pyknodysostosis, however, the medullary
canal is present but poorly formed, and a faint trabecular pat-
tern is seen. Such sclerotic bone is also seen in Engelmann’s dis-
ease, but clinically those patients are tall and eventually develop
muscle weakness. The distal femur in a patient with pyknodys-
ostosis usually has an Erlenmeyer flask deformity similar to that
found in patients with Gaucher disease.”

Although pathologic fractures are thought to be less com-
mon in pyknodysostosis than in OI, almost all patients with
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pyknodysostosis reported in the literature have had pathologic
fractures.” Edelson et al.* reported 14 new cases of pyknodys-
ostosis from a small Arab village. They described a hangman
fracture of C2 in a 2-year-old child that went on to asymptom-
atic nonunion. There was 100% incidence of spondylolysis in
their patients aged 9 years or older, with most located at L4
to L5. Lower extremity fractures are the most common, and
clinical deformity of both the femur and tibia is frequent. The
fractures are usually transverse and diaphyseal, and heal with
scanty callus.””* The fracture line can persist for nearly 3 years
after clinical union, with an appearance similar to a Looser line.
Overall, fractures tend to heal readily in childhood, but non-
union can be a problem in adulthood.

Rickets

Rickets is a disease of growing children caused by either a defi-
ciency of vitamin D or an abnormality of its metabolism. The
osteoid of the bone is not mineralized, and broad unossified
osteoid seams form on the trabeculae. With failure of physeal
mineralization, the zone of provisional calcification widens and
the ingrowth of blood vessels into the zone is disrupted. In
the rickets of renal failure, the effects of secondary hyperpara-
thyroidism (bone erosion and cyst formation) are also present.
Before widespread fortification of common foods, vitamin D
deficiency was a common cause of rickets, but other diseases
affecting the metabolism of vitamin D have become a more
common cause. Regardless of the underlying cause, the various
types of rickets share similar clinical and radiographic features
(Fig. 8-37). Although many of the metabolic findings are the
same, there are some differences.

Both pathologic fractures*”** and epiphyseal displace-
' can occur in rickets. The treatment of rickets depends
on identification of the underlying cause. In addition to

ment

nutritional rickets, many other diseases can affect vitamin D
metabolism, and their treatment is necessary before the clinical
rickets can be resolved (Table 8-8).

Nutritional Rickets Inadequate dietary vitamin D and lack
of exposure to sunlight can lead to a vitamin D deficiency.
Pathologic fractures from vitamin D deficiency rickets also

FIGURE 8-37 Lower extremity radiograph of an 18-month-old boy
with rickets. Note the severe bowing, physeal irregularities and wid-
ening with flaring of distal tibial metaphysis. (Figures reproduced with
permission from The Childrens Orthopaedic Center, Los Angeles, CA.)

occur in children on certain diets: Unsupplemented breast milk,
diets restricted by religious beliefs, and fat diets.*”'® Fractures
are treated with both cast immobilization and correction of the
vitamin deficiency by oral vitamin D supplementation. Oral cal-
cium supplements also may be necessary, and patients should
consume a vitamin D-fortified milk source.

Rickets in Malabsorption Celiac disease caused by gluten-
sensitive enteropathy affects intestinal absorption of fat-soluble
vitamins (such as vitamin D), resulting in rickets. Biopsy of the
small intestine shows characteristic atrophy of the villi. Treat-
ment is oral vitamin D and a gluten-free diet. Infants with short
gut syndrome may have vitamin D-deficiency rickets. This

- EER Rickets: Metabolic Abnormalities
1,25(0H), Parathyroid Alkaline

Disorder Cause Vitamin D Hormone Calcium P Phosphate
Vitamin D deficiency rickets  Lack of vitamin D in the diet l ) lor— d T
Gastrointestinal rickets Decreased gastrointestinal absorption of lor— ) J l T

vitamin D or calcium
Vitamin D-dependent rickets  Reduced 1,25(0OH), vitamin D production NS T N 1 T
Vitamin D-resistant rickets—  Intestinal cell insensitivity to vitamin D Tor— T d l T

end-organ insensitivity causing decreased calcium absorption

Renal osteodystrophy Renal failure causing decreased vitamin L ™ d T T

D synthesis, phosphate retention,

hypocalcemia, and secondary hyper-

parathyroidism




syndrome may develop after intestinal resection in infancy for
volvulus or necrotizing enterocolitis, in intestinal atresia, or
after resection of the terminal ileum and the ileocecal valve.**’
Pathologic fractures have been reported, and treatment is
immobilization and administration of vitamin D, with supple-
mental calcium gluconate.

Hepatobiliary disease is also associated with rickets.
With congenital biliary atresia, the bile acids, essential for the
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intestinal absorption of vitamin D, are inadequate. By the age
of 3 months, nearly 60% of patients with biliary atresia may
have rickets."”” Intravenous vitamin D is often needed for effec-
tive treatment of these patients. After appropriate surgical cor-
rection of the hepatic syndrome, the bone disease gradually
improves (Fig. 8-38). The pathologic fractures that develop in
these disorders'” can be treated with immobilization.

Epilepsy may affect bone in a number of ways such as
restriction of physical activity, cerebral palsy, or other coex-
isting morbidities. Also, the use of anticonvulsant therapy can
interfere with the hepatic metabolism of vitamin D and result
in rickets and pathologic fractures.””” Fewer fractures occur in
institutionalized patients receiving vitamin D prophylaxis.***

Ifosfamide, a chemotherapeutic agent used for treatment
of different sarcomas, can cause hypophosphatemic rickets in
children. The onset of rickets may occur anywhere from 2 to
14 months after chemotherapy and can be corrected with the
administration of oral phosphates.”® Other mineral deficiencies
such as magnesium (a cofactor for parathyroid hormone) can
cause rare forms of rickets.

A B
FIGURE 8-38 This 18-year-old boy with sclerosing cholangitis and
a history of steroid use presented with several months of worsen-
ing low back pain. A: Lateral radiograph of his lumbar spine shows
marked osteopenia, collapsed codfish vertebrae with sclerotic end
plates and widened disc spaces and Schmorl nodes. B: This MRI
shows flattened concave vertebrae that are smaller in most loca-
tions than the adjacent intervertebral discs. He was successfully
treated with 3 months in a thoraco-lumbar-sacral-orthosis brace, fol-
lowed by weaning from the brace and conditioning exercises.
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Rickets and Very-Low-Birth-Weight Infants Very-low—
birth-weight infants (1,500 g or less) can have pathologic frac-
tures. In one study of 12 very-low-birth-weight infants, the
incidence of pathologic fracture was 2.1%, nearly twice the
rate of other premature infants with a birth weight of more
than 1,500 g.° The fractures are likely caused by a nutritional
osteomalacia that may evolve into frank rickets in nearly 30%
of very-low—birth-weight infants.”"* Eighty percent of both cal-
cium and phosphorus is acquired during the last trimester of
pregnancy, when the intrauterine growth rate is exponential,
and almost two-thirds of the birth weight is gained.'**** Bone
loss can be graded by either loss of cortical bone of the humerus
or loss of bone of the distal radius."”® Other than craniotabes
(thinning and softening of the skull bone with widening of the
sutures and fontanelles), the clinical signs of rickets are gen-
erally lacking in these patients. The risk factors predisposing
these patients to both rickets and fractures include hepatobili-
ary disease,””’*® prolonged total parenteral nutrition, chronic
lung disease,” necrotizing enterocolitis, patent ductus arterio-
sus, and physical therapy with passive range-of-motion exer-
cises.””® In a prospective study of 78 low-birth-weight infants,
Koo et al."”® observed a 73% incidence of rickets with associ-
ated pathologic fractures in patients with a birth weight of 800
g or less and only a 15% incidence of rickets with fractures
in patients with a birth weight ranging from 1,000 to 1,500
g. In most cases, pathologic fractures in very-low—birth-weight
infants are found incidentally on chest radiograph or gastroin-
testinal studies. The fractures may be suspected when physical
examination reveals swelling and decreased movement of an
extremity. The differential diagnosis of these fractures is limited
but important: OI, copper deficiency syndrome, child abuse,
and pathologic fracture from overzealous physical therapy.

In the series reported by Amir et al.,*® (1.2%) of 973 pre-
term infants had fractures; 11 of 12 had more than one fracture.
Radiographically, osteopenia is first seen at the fourth week of
life. Typically, rib fractures are next seen at 6 to 8 weeks of life,
then fractures of the long bones at 11 to 12 weeks.”” In one
study, 54% of fractures were in the upper extremities, 18% in
the lower extremities, 22% in the ribs, and approximately 6%
in either the scapula or the clavicle.”®® Most long bone frac-
tures are metaphyseal and may be transverse or green-stick with
either angulation or complete displacement.” Callus is seen at
the fracture site in less than a week, and complete remodeling
occurs in 6 to 12 months.”" Passive range-of-motion exer-
cises for these infants, by both physical therapists and parents
should be avoided. Rib fractures have been associated with vig-
orous chest physiotherapy. Care also should be taken even with
routine manipulation of the extremities during nursing care,
and special care should be taken in restraining the extremities
during surgical procedures.”” Splinting and soft dressing are
choices for pathologic fractures of the long bones in very-low—
birth-weight infants. The prognosis is excellent for most of these
fractures because they go on to complete remodeling within
12 months. Preventive measures are important to minimize the
risk of fracture in low-birth-weight infants. Their nutritional
need for high levels of calcium, phosphorus, and vitamin D



210 SECTION ONE Basic Principles

should be recognized. Alternating high levels of calcium with
low levels of phosphorus in hyperalimentation solutions can
help meet these needs. Because growth arrest is possible after
fractures, follow-up over the first 2 to 3 years of life is advised.

Rickets and Renal Osteodystrophy Renal osteodystro-
phy is common in patients with end-stage renal failure, typi-
cally developing 1 to 2 years after the diagnosis of kidney
disease."” The clinical syndrome is a combination of rickets
and secondary hyperparathyroidism with marked osteoporosis.
Affected children develop renal rickets as a result of chronic
nephritis, pyelonephritis, congenitally small kidneys, or cys-
tinosis.”” They present with short stature, bone pain, muscle
weakness, delayed sexual development, and bowing of the long
bones. Identification of the renal disorder is important because
patients presenting with rickets caused by obstructive uropathy
may respond to surgical treatment of the renal disease.

Specific deformities include genu valgum (most common),
genu varum, coxa vara, and varus deformities of the ankle.'*%
These deformities are most common in patients diagnosed
before 3 years of age. Davids et al.®® showed that periods of
metabolic instability, characterized as an alkaline phosphatase
of 500 U for at least 10 months, were associated with progres-
sion of deformity. With the adolescent growth spurt, osseous
deformities can accelerate rapidly over a matter of weeks.®

Radiographs show rickets and osteopenia with osteitis
fibrosa cystica.'"* Osteoclastic cysts (brown tumors) may form.
Metaphyseal cortical erosions occur in the lateral clavicle, dis-
tal ulna and radius, neck of the humerus, medial femoral neck,
medial proximal tibia, and middle phalanges of the second and
third fingers."” In renal osteodystrophy, the Looser zone may
represent a true stress fracture and, with minor trauma, may
extend across the full thickness of the bone with development
of a true fracture (Fig. 8-39). Callus may be scanty in patients
with fractures who have untreated renal disease, but in patients
on hemodialysis, abundant callus may form at the fracture site.'*
Phalangeal quantitative ultrasound may be a useful method to
assess bone quality and fracture risk in children and adolescents
with bone and mineral disorders.

In renal osteodystrophy, pathologic fractures of the long
bones, rib fractures, vertebral compression fractures, and epiph-
yseal displacement of the epiphyses occur frequently. Fractures
occur in areas of metaphyseal erosion or through cysts. Immobi-
lization is used to treat pathologic fractures through both gener-
alized weakened bone and brown tumors. Once the underlying
bone disease is under control, open procedures such as curet-
tage of cysts with bone grafting and open reduction of fractures
may be considered when appropriate. Internal fixation is pref-
erable to external fixation. Preoperative tests needed for these
patients include electrolytes, calcium, phosphorus, and alkaline
phosphatase. Before surgery they may need dialysis, phosphate
adjustment, either medical correction of hyperparathyroidism,
or chelation therapy for aluminium toxicity. Postoperative infec-
tion may be more common in patients who are on corticosteroid
therapy after renal transplantation.*”

The incidence of epiphyseal displacement in children
with renal osteodystrophy ranges from 20% to 30%."* Sites

A B
FIGURE 8-39 This 12-year-old girl with rickets associated with
chronic kidney disease presented with complaints of knocked knees
and wrist pain. Hip to ankle radiographs (A) showed typical rick-
ets changes with valgus deformity at the knee level. Looser lines
around the distal femur, and physeal widening. Wrist images (B, C)
demonstrated marked physeal widening and metaphyseal flare of
the distal radius and ulna. (Figures reproduced with permission from
The Childrens Orthopaedic Center, Los Angeles, CA.)

of involvement include the distal femur, proximal femur, and
proximal humerus, the heads of both the metatarsals and meta-
carpals, and the distal radial and ulnar epiphyses."”” In the
proximal femur, both femoral neck fractures and slipped capital
femoral epiphysis occur.'” Possible explanations for displace-
ment of the proximal femoral epiphysis include metaphyseal
erosion with subsequent fracture,"*"* and a layer of fibrous
tissue that forms between the physis and the metaphysis
because of the destructive effects of the renal osteodystrophy.
The warning signs and risk factors for slipped capital femoral
epiphysis in renal osteodystrophy include subperiosteal ero-
sion of the medial femoral neck, increasing width of the physis,
bilateral coxa vara, male gender, and an age between 10 and
20 years (Fig. 8-40).""” With erosion of the cortex of the inferior
medial femoral neck, the femoral head collapses, decreasing the
neck shaft angle, and subjecting the physis to shear forces as it
assumes a vertical orientation. The slip is bilateral in up to 95%
of the patients and it is usually stable.!"%*1°

The aggressive medical treatment of renal osteodystrophy,
including administration of vitamin D, calcitriol, hemodialysis,
renal transplantation, and parathyroidectomy, has improved the
long-term survival and quality of life for these patients. Tem-
porary limitation of weight bearing is recommended if there is
little metaphyseal erosion, minimal coxa vara, and if fusion of
the physis is expected within 1 to 2 years. Continuing displace-
ment of the proximal femoral epiphysis may occur even after
pinning, because the fixation holds poorly, possibly because the
wide radiolucent zone of the femoral neck in this disorder is
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FIGURE 8-40 This 13-year-old boy with renal osteodystrophy presented with bilateral hip and thigh
pain. A: Anteroposterior pelvic radiograph shows widening of the proximal femoral physes with sclero-
sis. Slipped capital femoral epiphyses were diagnosed. B: This anteroposterior pelvic radiograph taken
9 months after surgery shows narrowing of the physis and no evidence of further displacement of
the capital femoral epiphyses. (Figures reproduced with permission from The Children’s Orthopaedic

Center, Los Angeles, CA.)

not true physis, but rather poorly mineralized woven bone and
fibrous tissue.

Smooth pins can be used to stabilize the epiphysis temporar-
ily until medical treatment resolves the underlying bone disease
and avoids definitive physeal closure.'” For patients younger

122 recommended treatment of

than 5 years, Hartjen and Koman
slipped capital femoral epiphysis with reduction through Buck
traction and fixation with a single specially fabricated 4.5-mm
cortical screw. The distal threads of the screw were machined
off so that only the smooth shank of the screw extended across
the physis. Subtrochanteric osteotomy with fixation or total hip
arthroplasty may be necessary in older patients with severe coxa
vara after slipped capital femoral epiphysis.'"”

Renal Osteodystrophy Complicated by Aluminium
Toxicity Oppenheim et al >
ium toxicity to the development of fractures in renal osteodystro-
phy. Because phosphorus restriction is important in children with

noted the contribution of alumin-

renal disease, aluminium hydroxide has been commonly used as
a phosphate binder."" Aluminium intoxication causes defective
mineralization. Multiple pathologic fractures may occur with poor
healing. Serum aluminium levels are not diagnostic, but the use of
deferoxamine, a chelation agent, in an infusion test may provide
the diagnosis. A bone biopsy is often necessary. After treatment
of the renal disease with correction of the aluminium toxicity by
chelation agents, acute fractures will heal. Severe bowing of the
long bones caused by fractures can be treated with multiple oste-
otomies with intramedullary Rush rod or plate fixation.*'' Recur-
rence of the syndrome is prevented by use of aluminium-free

phosphate-binding agents such as calcium carbonate.*’

AUTHOR’'S PREFERRED IMETHOD OF TREATMENT

Recognition of the underlying metabolic abnormalities is the
most important aspect in the care of all of these injuries. Most
fractures of the long bones respond readily to cast or splint
immobilization, with concurrent aggressive medical treatment
of the underlying metabolic disease. Slipped capital femoral
epiphysis may be the first presenting sign of renal failure.'”’
A slipped capital femoral epiphysis should be stabilized with
in situ screw fixation in older children, and multiple screws
should be considered because the underlying metaphyseal
bone is quite soft. For treatment of progressive slipped capi-
tal fe