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We dedicate this edition of Fractures in Children to Charles Rockwood and Kaye Wilkins who began this extraordinary text
almost 20 years ago. The addition to the legendary Rockwood and Green’s Fractures in Adulss of a volume focusing specifically on
children’s fractures expanded the scope of information and provided a much needed compendium on the treatment of fractures
involving the immature skeleton. Had these two men not had the foresight and fortitude to embark on that first edition and the
dedication to produce subsequent editions, those who treat musculoskeletal injuries in children would not have had this valuable
resource. We have been inspired by their example and hope to help continue the tradition they began. In honor of their tremendous
contributions, this volume, and all subsequent editions, will be titled Rockwood and Wilkins’ Fractures in Children.
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The amount of published information about fractures in skel-
etally immature patients has grown exponentially over the past
5 years, and a number of areas of controversy have been further
defined by advocates on both sides of the issues. We have tried
to ensure that this edition reflects the current consensus and
presents all relevant information so that readers can make in-
formed decisions about fracture management. One of our goals
in this edition of Fractures in Children was to decrease the overall
size of the book, while increasing the amount of information
on the critical areas of operative techniques and management
of complications while retaining pertinent information about
anatomy, etiology, diagnosis, and treatment options. The

format of the book, including layout and illustrations, has been
updated to be more “user-friendly,” and a number of new con-
tributors have been added, each of whom brings their own exper-
tise and experience to the text. As with earlier editions, our
purpose is to provide a text that will be useful to medical stu-
dents, residents, and practicing orthopaedists and will ultimately
help ensure that children with musculoskeletal injuries receive
the best possible treatment.

James H. Beaty, M.D.
James R. Kasser, M.D.
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THE PRESENT STATUS OF
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In the past generation there have been many changes in how
fractures in children are handled. This has been che result of
many factors. First, there has been a drastic change in the dissem-
ination of information regarding the management of children’s
fractures. Second, there has been a change in the philosophy
of how fractures are treated, with more emphasis on operative
management. Third, there has been a change in the incidence
of fractures in the United States and Europe. Fourth, and finally,
in a modern North American environment, there have been
changes in the etiology of fractures in children. Each of these
factors will be discussed as a separate section in this chapter.
The first two factors will be discussed briefly. The third and
fourth facrors will be discussed in more detail.

The whole goal in studying the incidence of children’s frac-
tures is to develop preventartive strategies. The experience of
others in this aspect will be discussed in the fifth section of this
chapter.

Kaye E. Wilkins: Children’s Hospiral, Santa Rosa Medical Center, San
Antonio, Texas.

Alaric J. Aroojis: Deparument of Orthopaedics, King Edward VII Memorial
Hospital, Bombay, India.

At the turn of the century the major fracture texts were authored
by single individuals who used their own personal experience as
their major reference source. In the more popular single-auch-
ored texts by Stimson (10}, Scudder (9), and Cotton (3), the
trend was to discuss both adule and children’s fractures in the
same sections on a geographical basis; for example, fractures
about the elbow. This single-authored text concept continued
into the late 1950s and early 1960s, with the most popular texts
of that period being those by Bohler (2), Key and Conwell (4),
and Watson-Jones (11).

With che explosion of orthopaedic knowledge and the develop-
ment of regional anaromic orthopaedic specialization, it became
impossible for one author to produce a fracture text that was
all-encompassing. Thus began the trend toward mulciauthored
fracture texts with two to three editors. The first to start this
trend in fracture texts in North America were Charles Rockwood
and David Green, who produced the first edition of their multi-
authored textbook Fractures in 1975 (7). A year later, Wilson



had revised Warson-Jones text with some multiple authors (12).
In this text, Chaprer 17, authored by Anchony Catrerall, focused
on children’s fractures. The first edition of Fractures by Rock-
wood and Green did not include children’s fractures.

In North America, one of the pioneers in fracture treatment in
children was Walter P. Blount, who in 1955 was the first to
author a textbook devoted exclusively to children (1). His philos-
ophy of nonoperative management set the standard for treating
children’s fractures for more than a generation. Almost 20 years
later, Mercer Rang authored another textbook devoted exclu-
sively to children’s fraccures (6). His book has served as a stan-
dard reference for the trearment of children’s fractures to this
day.

Again, it soon became impossible for one person to author a
textbook on children’s fractures that covered each fracture type
and its treacment in sufficient derail to satisfy the demands of
the present-day orthopaedic surgeon. Thus evolved the muli-
authored text on children’s fractures. The first edition of a rext-
book of this type was added as volume 111 to the two volumes
of Fractures in Adults, edited by Rockwood and Green in 1984
(8). This multiauthored concept of textbooks on children’s frac-
tures has been followed by many other excellent texts. These
multiauthored textbooks have been well received; they are now
in subsequent edicions. These present-day textbooks now serve
as a single encompassing reference source for the physician who
treats children’s fractures.

Consolidation of Information
Pediatric Orthopaedic Journals

In the past, information regarding the management of children’s
fractures was interspersed in journals and meetings dealing with
general orthopaedics. In 1981, The Journal of Pediatric Orthoped-
ics was established by Lynn Staheli and Robert Hensinger, and it
contained articles devoted exclusively to orthopaedic conditions
seen in pediatric patients. It is interesting to note that the first
article in their first volume was related to trauma, “The Surgical
Treatment of Partial Closure of the Growth Plate” by Anders
Langenskiold (5). Part B of The Journal of Pediatric Orthopedics
was cstablished in 1992 to allow the expansion of the number
of articles from non—North American authors.

Pediatric Fracture Courses

The recognition of the uniqueness of children’s fractures has
stimulated the production of a number of courses organized
world-wide devoted exclusively to the management of children’s
trauma (see Appendix A). Thus, there has been a concentration
of both spoken and written information regarding children’s
fractures in the modern orthopaedic community.

Dr. Walter Blount, in his textbook Fractures in Children, empha-
sized that because of growth, children’s fractures have a great
potential to remodel (1). In fact, he outlined the rules of remod-
eling as to what amount of angulation would be accepted in
children’s fractures. However, he was very opposed to operative
intervention. This was especially true in his opinion of intramed-
ullary fixation of femoral shaft fractures in children:

“The operation is unnecessary, however and as such must be
condemned. It introduces the hazard of an unnecessary anes-
thetic, unnecessary exposure of bone ends, and trauma to the
entire marrow cavity of the femur. There is no reason for doing

i’ ().

It was his experience that nonunions often followed open reduc-
tions in children. He went on to delineate the serious other
complications that he had scen with open reduction, including
death from sepsis. His comment was, “One postoperative osteo-
myelitis in a lifedme is enough to cure a surgeon of a casual
actitude roward open reduction.”

This aversion to operative management of children’s fractures
set the tone for a generation of orthopaedic surgeons.

Cerrainly, prior to the mid-1950s, when Blount published his
textbook (1), operative procedures usually required large inci-
sions and extensive dissection. In the 45 years since the publica-
tion of his book, there has been a trend roward more operative
intervention with good results. However, the surgery performed
is minimally invasive, and fixation is often only temporary.

This tend toward more operative intervention has been the
result of four factors: (a) improvement in technology; (b) rapid
healing allowing minimal and temporary fixation; (c) the finan-
cial and social pressures to limic the hospitalization of children;
and (d) the expectation by the public for a perfect outcome in
every case.

Improvement in Technology

The use of the image intensifier has greatly improved the ease
with which fractures can be reduced and stabilized internally
with percutaneous methods. Other technical advances such as
computed tomography (CT), magnetic resonance imaging
(MRI), and sonographic imaging have expanded the ability to
better define the fracture pacterns. The use of powered insrru-
ments and cannulated screws has improved the accuracy of ap-
plying fixation devices via percutaneous techniques.



Rapid Healing

Because children heal and remodel rapidly, in many cases the
fixation devices need to be utilized for only a short period of
time. Children tolerate all types of casts well for short periods
of time, which allows a minimally stabilized fracture to be immo-
bilized until there is sufficient incernal callous to supplement
the limited internal fixation.

Minimal Hospitalization

The rising costs of hospitalization have created a trend to mobi-
lize children to an outpatient setting as soon as possible. This
has been reinforced by the fact that in ewo thirds of the families
in the United States both parents are wage earners.

Cox and Clarke, in evaluating the fracture management in
their hospital in Southampton, England, found a high incidence
of secondary hospital treatment for fractures initially managed
nonoperatively (15). There was a 12% readmission rate to cor-
rect late displacement of fractures of the radius and distal hume-
rus. In addition, 24% of cheir internal fixation procedures were
to saJvage unacceptable results of nonoperative management. [t
was their conclusion that more selective initial operative inter-
vention in radial and distal humeral fractures could decreasc the
incidence of costly readmissions to the hospirtal.

There are both social and financial pressures to mobilize the
child early. The trend now is to temporarily surgically stabilize
these fractures so that the patient can be discharged early.

The Perfect Result

Modern parents have become very sophisticated and now expect
a perfect outcome for their child. They inspecrt the x-rays, ques-
tion the alignment, and expect the alignment t be perfect or
anatomic.

A common statement made by the patient’s father is, “He
has tremendous potential to be a great athlete.” These pressures
often direct the treating physician toward operative intervention
to obrain a perfect alignment.

The trend toward the establishment of surgical intervention can
be seen in the changes in the previous editions of this textbook.
In the first edition (19), very little mention was made regarding
intramedullary fixation of either femoral or radial and ulnar shaft
fractures. There was an extensive discussion of methods of trac-
tion for femoral shaft fractures and supracondylar fractures. Tn
the fourth edition (20), the reverse was true. There was consider-
able discussion of intramedullary fixation and very little mention
regarding traction techniques.

Often, a new procedure is proposed and becomes widely used.
Initially, there is a wave of enthusiasm for the benefits of the
procedure. However, with more widespread use of a procedure,

problems become more apparent and thus there often are modi-
fications of the original technique. Thus, it takes a period of
time before the technique becomes relatively complication free.

Some of the specific problems that have occurred over the years
are listed as follows:

1. Ulnar nerve injury with mediolateral pin fixation of supra-
condylar fractures (16)

2. High refracture rare with external fixation of femoral shaft
fractures (18)

3. Avascular necrosis of the femoral head following use of inter-
locking intramedullary nails (13,17)

As will be mentioned in the following chapters of this text-
book dealing with the specific fractures, there have been recent
changes in the operative technique or postoperative management
to minimize the development of these problems.

Unfortunately, with this emphasis on operative management,
the fact that most children’s fractures can be managed by nonop-
erative techniques becomes obscured. As a result, many of the
recent orthopaedic trainees are not developing good nonopera-
tive technical skills.

Two recent articles have demonstrated improved results of
treating children’s fractures by focusing on improvements of
prior nonoperative methods. Chess and co-workers (14) have
shown that when properly applied, a well-molded short arm cast
provides just as good a result as a long arm cast in treating
displaced fractures of the distal radial metaphysis. The key to
sticcess in using a short arm cast is in a careful molding of the
cast at the fractures site so there is a proper cast index of 0.7 or
less. Walker and Rang (21) recently revised the concept of treat-
ing unstable fractures of the shafts of the radius and ulna wich
a long arm cast with the elbow in extension. This has resulted
in a lower remanipulation rate.

Continued focus on developing and maincaining nonopera-
tive skills such as appropriate cast application and proper
moulding rechniques needs to be constantly reemphasized as the
mainstay of treating children’s fractures.

The incidence of children’s fractures is extremely variable. It can
vary with the child’s age, the season of the year, cultural and
environmental climates, and the hour of the day, to name just
a few factors. As a culture changes from a primarily rural to
an urban setting, the injury patterns may change as well. It is
important to develop a general picture of how, when, and why
fractures occur in children.



Healing Processes

Early reviews primarily developed a knowledge base of fracture
healing in children. Walkling’s 1934 review demonstrated that
children’s fractures heal differently and included such concepts
as the overgrowth of Jong bones after fracture and the ability of
children’s fractures to remodel significant angular deformities
(56). In 1941, Beekman and Sullivan published an extensive
review of the incidence of children’s fractures (24). Their pi-
oneering work—still quoted today—included a study of 2,094
long bone fractures seen over a 10-year period at Bellevue Hospi-
tal in New York City. The major purpose of their study was to
develop basic principles for treating children’s fractures.

In 1954, two major reports, one by Hanlon and Estes (36)
and the other by Lichtenberg (47), 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 fractures.
In 1965, Wong explored the effect of cultural factors on the
incidence of fractures by comparing Indian, Malay, and Swedish
children (58). In the 1970s, two other studies, one by Igbal (34)
and another by Reed (50), added more stacistics regarding the
incidence of the various long bone fractures.

Preventive Programs

Landin’s 1983 report on 8,682 fractures established a trend in
reviewing the incidence of children’s fractures (41). 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. His study remains a landmark
on this subject. By studying two populations, 30 years apart, he
evaluated whether fracture partterns were changing, and if so,
the reasons for such changes. His initial goal was to establish
data for preventive programs, so he focused on fractures thac
produced clean, concise, concrete data.

In 1997 Landin updated his work, reemphasizing the statis-
tics from his previous publication (40). He felt that the twofold
increase in fracture rate during the 30 years from 1950 to 1979
in Malmo was due mainly to an increased participation in sports.
In 1999, in cooperation with Tiderius and Duppe, Landin (55)
studied the incidence in the same age group again in Malmo
and found that the incident rate had actually declined by 9%
in the years 1993 to 1994. The only exception was an increase
of distal forearm fractures in girls, which he attributed to their
increased participation in sporting events.

Cheng and Shen, in their 1993 study from Hong Kong, also
set out to define the problems of children’s fractures by separat-
ing the incidences into age groups (28). They tried to gather
epidemiologic data on which 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 (27). The
fracture patterns changed littdle over those 10 years. Whar did
change was the increased incidence of closed reduction and per-
cutancous pin fixation of fractures, with a corresponding de-
crease in open reductions. There was also a marked decrease in
the hospital stay of their patients.

In short, the goals for studying children’s fracrures have
changed over the past 60 years. Originally, the goal was to iden-
tify the most common bones fractured and how they heal. The
goals of present studies are to gather data in an attemprt to de-
crease the incidence of fractures by establishing preventive pro-
grams.

Variations
Cultural Differences

When one looks at the incidence of specific fractures within
a well-defined group of children, the data are usually concise.
However, when trying to obtain the global or general incidence
of injury or fracture patterns for all types of children, there may
be problems. For instance, Cheng and Shen studied children in
Hong Kong who lived in confined high-rise apartments (28).
Their risk of exposure to injury differed from the study by Reed
of children living in the rural environment of Winnipeg, Canada
(50). Two separate reviews by Laffoy (39) and Westfelt (57)
have found that children in a poor social environment (as defined
by a lower social class or by dependence on public assistance)
had an increased incidence of accidents. In England, children
from single-parent families have been found to have higher acci-
dent and infection rates (31).

Thus, in domestic settings where many people are on public
assistance or where there is a higher incidence of disruption of
family structure, social rather than physical factors may be more
of an influence on the incidence of injuries.

Climatic Differences

The climate may be a strong factor as well. Children in colder
climaces, wich ice and snow, are exposed to risks different from
those of children living in warmer climates. The exposure time
to outdoor activities may be greater for children who live in
warmer climates. For example, the incidence of chronic overuse
elbow injuries in young baseball players (lictle league elbow) is
far greater in the southern United States than in more northern
communities. This is simply because there is greater playing or
exposure time.

Defining Age Groups

Another problem with comparing studies is the definition of
pediatric age groups. Some use 12 years as a cutoff age; others
extend it to 16 or 20.

Inpatient Versus Outpatient Studies

Some studies report only fracture victims admirtted to a hospital,
which loads them toward the more serious injuries.

Anatomic Location

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. More recent series have emphasized
a more specific location, separating the radius, for example, into
physeal, distal, shaft, and proximal fracture types.

Thus, in trying to define the exact incidence of fractures, it
is difficulc to compare series because of cultural, environmental,
and age diffcrences. In this section, these differences were consid-
ered in grouping the results and producing average figures. These
data are presented in an attempt to provide a reasonable and
accurate reflection of the overall incidence of injuries and frac-
tures in all children.

'

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 (41). 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 fracrure 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 (59).

The chance of a child sustaining a fracture severe enough to
require inpatient treatment during the firse 16 years of life is
6.8% (28). Thus, on an annual basis, 0.43% of the children in
an average community will be admicted for a fracture-related
problem during the year.

In a series of 23,915 patients seen at four major hospitals for
injury-related complaints, 4,265 (17.8%) had fractures (26,32,
33,57). Thus, close to 20% of the patients who present to hospi-
tals with injuries have a fracture.

It is interesting to note thar in a follow-up study by Tiderius,
Landin, and Duppe (55) in the years 1993 and 1994, 13 years
after the termination of the original 30-year study by Landin
(41), there was almost a 10% decrease in the incidence of frac-
tures in the 0- to 16-year age group. They atcributed this to less
physical activicy 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). The
overall incidence of children’s fractures is summarized in Table
1-1.

Percentage of children sustaining at least one fracture from 0
to 16 years of age: boys, 42%; girls, 27%

Percentage of children sustaining a fracture in 1 vyear:
1.6%-2.1%

Percentage of children who are hospitalized because of a frac-
ture: during entire childhood (0-16 years), 6.8%; each year,
0.43%

Percentage of patients with injuries (all types) who have frac-
tures: 17.8%

Data from references 26, 28, 32, 33, 42, 57, and 59.
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Incidence of fractures by age. Boys peak at 15 years. Girls
peak earlier, at 12 years and then decline. [Reprinted from Landin LA.
Fracture patterns in children. Acta Orthop Scand 1983;54(suppl 202):
13, with permission.]

Age Groups

Correlation With Incidence of Injuries
Starting with birth and extending to age 12, all the major series
chat segregated patients by age group have demonstrated a linear
increase in the annual incidence of fractures with age (Fig. 1-1)
(27,28,34,41,59). There seems to be a peak at 12 years, with
some decrease until age 16, probably related to a significant
decrease in the incidence of fractures in girls over age 12. The
percentage of injured boys as compared with girls continues to
increase in the older age groups.

These fracture statstics differ slightly from the incidence of
overall injuries: the incidence of injuries peaks early, at ages 1

to 2 years (Fig. 1-2) (39). Although there is a high incidence of
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Injuries per 100,000 children per year. Estimated U.S. in-
jury rates in children by age and sex, 1978. (Reprinted from Rivara FP,
Bergman AB, LoGerfo JP, et al. Epidemiology of childhood injuries. Am
J Dis Child 1982;136:503; with permission.)



injuries in children ages 1 to 2, the incidence of fractures is low.
Most injuries in children of this age are nonorthopaedic entities
such as head injuries, lacerations, and abrasions. In fact, the
incidence of lacerations in both sexes peaks at this age (51).

Trauma

In 1962, Kempe and associates (37) called attention to the high
incidence of fractures and other injuries in young children that
were due to nonaccidental trauma. They termed these injuries
part of the battered child syndrome. Akbarnia and colleagues
later defined the specific fracture patterns seen in victims of
child abuse (22). Not all fractures in the first year of life can be
attributed to abuse, however, In a review of fractures occurring
in the first year of life, McClelland and Heiple found that fully
44% were from documented accidental and nonabusive etiolo-
gies (47). They also noted that 23% of these patients had a
generalized condition that predisposed them to fractures. Thus,
although nonaccidental trauma remains the leading cause of frac-
tures during the first year of life, other constitutional conditions
may predispose children to fractures from accidental causes. The
high incidence of fractures from nonaccidental trauma extends

to age 3 (38).

Gender

The male predominance of injury and fracture victims has been
discussed (Figs. 1-1 and 1-2, Table 1-1). For all age groups, the
overall ratio of boys to girls who sustain a single fracture is 2.7: 1
(28). In girls, fracture incidence peaks just before adolescence
and then decreases during adolescence (28,41,50). In Cheng
and co-workers’ 10-year study from Hong Kong (27), the male
incidence in the 12- to 16-year age group was 83%. The inci-
dence of fractures in girls steadily declined from their peak in
the 0- 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 incidence of inju-
ries in boys (27,51).

The injury incidence may not be due to the rate of exposure
alone; behavior may be a major factor. For example, one study
found that the incidence of auto/pedestrian childhood injuries
peaks in both sexes at ages 5 to 8 (53). When the total number
of street crossings per day was studied, both sexes did so equally,
but despite this equal exposure, boys had a higher number of
injuries. Thus, che difference in che rate between the scxes begins
to develop a male predominance 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 (27,51).

Right Versus Left Frequency

In most series, the left upper extremity demonstrates a slight
but significant predominance (27,28,32,34,41,51). The ratio of

left to right overall averages 1.3:1. In some fractures, however,
especially 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 extremirty, the
incidence of injury on the right side is slightly increased (32,
41).

The reasons for the predominance of the left upper extremity
have been studied, but no definite answers have been found.
Rohl (52) 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 predomi-
nance in the upper extremity, Mortensson and Thonell (49)
questioned patients and their parents on arrival to the emergency
department about which arm was used for protection and the
position 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
crauma, the left arm was more likely to be fractured. The cause
for this latter increased incidence in the left side was thought
to be due to either che increased fragility or immature neuromus-
cular coordination of the nondominant extremiry.

Frequency by Season and Time of Day

Fractures are more common during the summer, when children
are out of school and exposed to more vigorous physical activi-
ties. Four studies from the northern hemisphere have confirmed
this summertime increase (Fig. 1-3) (27,28,52,59).

The most consistent climatic factor appears to be the number
of hours of sunshine. Masterson and co-workers (46), in an
eloquent study from Ireland, found a strong positive correlation
between monthly sunshine hours and monthly fracture admis-
sions. There was also a weak negative correlation with monthly
rainfall. Overall, the average number of fractures in the summer
was 2.5 times that in the winter. In days with more sunshine
hours than average, the average fracture admission rate was 2.31
per day; on days with fewer sunshine hours than average, the
admission rate was 1.07 per day.
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In Sweden, the incidence of fractures in the summer had a
bimodal pattern that seemed to be influenced by cultural tradi-
tions. In two large series of both accidents and fractures in Swe-
den by Westfelt (57) and Landin (41), the researchers nociced
increases in May and September and significant decreases in
June, July, and August. Both writers attributed this to the face
that children in their region left the cities to spend the summer
in the countryside. Thus, the decrease in the overall fracture rate
probably was due to a decrease in the number of children at risk
remaining in the city.

Masterson and co-workers (46) speculated that because the
rate of growth increases during the summer, the number of phy-
seal fractures should also increase, because the physes would be
weaker during this time. For example, the incidence of a slipped
capital femoral epiphysis, which is related to physeal weakness,
increases during the summer (23). However, Landin, in his study
of more than 8,000 fractures of all types, found the overall sea-
sonal incidence of physeal injuries to be exactly the same as
nonphyseal injuries (41).

Age may affect the seasonal variation of fractures. In children
ages 0 to 3, no seasonal variations are seen. The number of
fractures in this age group was consistent throughout the year
(38).

Thus, it appears that climate, especially in areas where there
are definite seasonal variacions, influences the incidence of frac-
tures in all children, especially in che older children. However,
in small children and infants, whose activities are not seasonally
dependent, there appears to be no significant seasonal influence.

The tme of day in which children are most active seems ro
correlate with the peak time for fracture occurrence. In Sweden,
the incidence peaked berween 2 and 3 p.m. (37). In a well-
documented study from Texas by Shank and co-workers (54),
the hourly incidence of fractures formed a well-defined bell curve
peaking at about 6 p.m. (Fig. 1-4).
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.. Incidence of children’s fractures per time of day. There is
an almost bell-shaped curve with a peak at around 6 r.m. (Reprinted
from Shank LP, Bagg RS, Wagnon J. Etiology of pediatric fractures: the
fatigue factorsin children’s fractures. Presented at the National Confer-
ence on Pediatric Trauma, Indianapolis, 1992; with permission.)

Long-Term Trends

Increase in Minor Trauma

Landin’s study is the only one that has compared the changes
over a significant time span: his data were collected over 30 years
(41). He classified the degree of trauma as slight, moderate, or
severe. The incidence of all trauma in both boys and gitls in-
creased significantdy over the 30-year study period, but the inci-
dence of severe trauma increased only slightly. The greatest in-
crease was seen in the “slight’” category. Landin attributed the
increase in this category to the introduction of subsidized medi-
cal care. Because expense was not a factor, parents were more
inclined in the later years of the study to seek medical attention
for relatively minor complaints. Physicians, likewise, were more
inclined to order x-rays. Thus, many of the minor injuries, such
as torus fractures, which were often ignored in the catlier years,
were seen more often at medical facilities during the later years.

Likewise, the overall incidence of fractures in Malmo, Swe-
den, {the same city as Landin’s original study) (41) significantly
decreased (10%) in the more recent years (55).

The one fracture type that exhibited a true increase over this
period was that of the femoral shaft. This increase was thought
to be influenced by new types of play activities and increased
participation in sports.

Increase in Child Abuse

The number of fractures due to nonaccidental causes (child
abuse) has risen consistencly in the past decades. In Kowal-Vern
and associates’ study of fractures in children ages 0 to 3 (38),
the number of fractures due to abuse increased almost 150 times
from 1984 to 1989. This increase was attributed to a combina-
tion of improved recognition, better social resources, and an
increase in the number of cases of child abuse.

Age Factors

The anatomic areas most often fractured seem to be the same
in the major series, but these rates change with age. For example,
the supracondylar fracture of the humerus is most common in
the first decade, with a peak at age 7. Fractures of the femur are
most common in children ages 0 to 3. Fracwres of the physis
are more common just before skeletal maturity. This variation
is best illustrated in Cheng and Shen’s data (Fig. 1-5) (28).

Landin found a similar age variability and divided it into
six distinct patterns (Fig. 1-6) (41). When he compared these
variability patterns with the common etiologies, he found some
correlation. For example, late-peak fractures (distal forearm,
phalanges, proximal humerus) were closely correlated with sports
and equipment etiologies. Bimodal parttern fractures (clavicle,
femur, radioulnar, diaphyses) showed an early increase from
lower energy trauma, then a late peak in incidence due to injury
from high- or moderate-energy trauma. Early peak fractures (su-
pracondylar humeral fractures are a classic example) were due
mainly to falls from high levels.

Locations

Early reports of children’s fractures lumped together the areas
fractured, and fractures were reported only as to the long bone
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involved (e.g., radius, humerus, femur) (24,32,34,43,44,48).
More recent reports have splic 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) (28,34,41,50,59).
This change in reporting—from the so-called “lumpers” to the
“splitters”~—has produced a more accurate picture of the true
incidence of each specific fracture type.

Single Bones

In children, fractures in the upper exctremiry are much more
common than those in the lower extremity (32,34). Overall, the
radius is the most commonly fractured long bone, followed by
the humerus. In the lower extremity, the tibia is more commonly
fractured than the femur (Table 1-2).

Specific Areas Fractured

In recent years, five reports produced by so-called splitters di-
vided fracture types into many anatomic areas (28,34,41,50,59).
In trying to reach a global consensus, the author has identified
areas common to all the reports bue has taken some liberties to
do so. For example, distal radial metaphyseal and physeal frac-
tures were combined to form the distal radius. 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
fractured was the distal radius. The next most common area,
however, varied from the hand in Landin’s series (41) to the
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and represent boys and girls combined. (Reprinted from
Cheng JC, Shen WY. Limb fracture pattern in different pedi-
atric age groups: a study of 3,350 children. J Orthop Trauma
1993;7:17; with permission.)

elbow (mainly supracondylar fractures) in Cheng and Shen’s
series (27,28).

Physeal Injuries

The incidence of physeal injuries overall varied from 14.5% (29)
to a high of 27.6% (45). To obrain an overall incidence of
physeal fractures, six reports totaling 6,479 fractures in children
were combined (25,29,45,48,50,59). In this group, 1,404 in-
volved 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
incidence of open fracrures was reported (28,32,45,59). The
incidence in these reports varied from 1.5% to 2.6%. Combined,
these reports represented a rotal of 8,367 fracrures with 246
open fractures, resulting in an average incidence of 2.9% (Table
1-5).

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 padents admitced to the trauma center of the
Children’s National Medical Center, Washington, D.C. (26).

Multiple Fractures

Multdple 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) (28,32,34,59). The inci-

dence in this multiple series was 3.6%.
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Radius 45.1
Humerus 18.4
Tibia ' 15.1
Clavicle 13.8
Femur 7.6
Data from references 24, 32, 34, 43, 44, and 48.

Distal radius and physis . - 233
Hand (carpals, metacarpals, and 20.1
phalanges) o
Elbow area (distal humerus and . 12.0
proximal radius and-ulna)
Clavicle - 64
Radius shaft : 6.4
Tibia shaft > 6.2
Foot (metatarsals and phalanges) & 5.9
Anklé (distal tibia) : 4.4
Femur (neck and shaft) : 2.3
Humerus (proximal and shaft) 1.4 .
Other : 11.6

Data from references 28, 34,41, 50, and 59.

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

Data from references 25, 29, 30, 45, 48, and 59.

Totat number of fractures = 8,367
Total open fractures = 246
Percentage = 2.9%

Data from references 28, 32, 45, and 59.

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

Data from references 28, 32, 45, and 58.




Recurrent Fractures

Children with generalized bone dysplasias, such as osteogenesis
imperfecta and other metabolic diseases that produce osteopenia,
are expected to have repeat fractures. In these patients, the edol-
ogy of these recurrent fractures is understandable and predict-
able. However, some children with normal osseous structures
are prone to recurrent fractures, for reasons that remain unclear.
The incidence of recurrent fractures in children is abour 1%
(30).

Landin and Nilsson (42) found thart children who sustained
fractures with relacively lictle trauma had a lower mineral content
in their forearms, but they could not correlate this finding with
children who had repeat fractures. Thus, in children who seem
to be structurally normal, there does not appear to be a physical
reason for their recurrent fracrures.

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 (36). In Sweden, Westfelt 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) (57). Thus, recurrent fractures are probably
due more to behavioral or social causes than physical causes.
Landin in his follow-up article (40) 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.

While studying the epidemiology of fractures, it is important to
focus on the etiology of fractures and the settings in which they
occur. In this age of computerized gizmos and the “need for
speed,” children are often the victims of the consumer market
and unsafe products. 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. Tt is a
truism that children, unfortunacely, learn more from experience
than by education, so efforts should be made toward creating a
safer environment for play and recreation. Studies that identify
risky patterns of use or unsafe playground behavior go a long
way in directing specific preventive health measures. Recom-
mendations can be made to manufacturers regarding modifica-
tion of a product, and education can be imparted to parents,
school authorities, health-care professionals, physical crainers,
and children.

Broadly, fractures can occur due to three main causes: accidental
trauma, nonaccidental injury (child abuse), and pathologic con-
ditions. Because accidental trauma forms the largest etiologic
group, it will be addressed in derail here. Nonaccidental trauma

and fractures resulting from pathologic conditions will be ad-
dressed in later chaprers of this book.

Accidental trauma can occur in a variety of settings, some often
overlapping others. However, for purposes of simplicity, frac-
tures can be considered to occur in the following five environ-
ments: home environmeng; school environment; play and recrea-
rional activiries; motor vehicle and road accidents; and
uncommon causes such as ice cream truck, water tubing, and
gunshot and missile injuries.

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
due to falls from furniture, stairs, fences, and trees.

Falls from Heights
Falls can vary in scverity from a simple fall while running, to a
fall of great magnicude, such as from a third story window. In
falling from heights, adulcs often land on their lower excremities,
accounting for the high number of lower extremity fractures,
especially the calcaneus. Children tend w fall head first, using
the upper extremities to break the fall. This accouncs for the
larger number of skull and radial fractures in children. Femoral
fractures are also more common in children falling from great
heights. In contrast to adulss, spinal fractures are rare in children
who fall from great heights (61,84,97,100).

In one study, children falling three stories or less all survived.
Falls from the fifth or sixth floor resulted in a 50% mortality

rate (G1).

Injury Rate Increases with Age

Injuries also can occur from the unsupervised use of unsafe play
equipment, such as trampolines and monkey bars, within the
home environment and will be considered in detail later. The
overall incidence of fractures occurring because of such play
activity in the home environment increases with age. Only 15%
occur in toddlers, but 56% occur during older years (110).

Social Factors

Interestingly, a Swedish study (109) showed that an increased
incidence of fractures in a home environment did not necessarily
corrclate with the physical attributes or poor safety precautions
of the house. Rather, it implicated disruption of the family struc-
ture and presence of social handicaps (alcoholism, welfare recipi-
ents, etc.) as the true cause for the increase.

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 9.2% (63,81,95,109). True rates may be higher because
of inaccurate reporting, especially of mild injuries. [n 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% (71). The annual fracture rate of school injuries
is low. Of all injuries sustained by children at school in a year,
only 5% to 10% involved fractures (71,81,95). In Worlock and
Stower’s series of children’s fractures from England (110), only
20% occurred at school. A large incidence of injuries (53%)
occurring in school are related to athletics and sporting events
(81). These injuries are highest in the middle-school children.
The peak time of day for injuries at school is in the morning,

which differs from the injury partterns of children in general
(81).

Play and Recreational Activities

Playground

Play is an essential element of a child’s life. It enhances physical
development and fosters social interaction. Noncompetitive
sports and recreational activities are enjoyed by all children. Un-
fortunately, unsupervised or careless use of some play equipment
can endanger life and limb. When Mott et al. (86) studied the
incidence and pattern of injuries to children using public play-
grounds, they found that approximately 1% of children using
playgrounds sustained injuries. Sixty-five percent of these chil-
dren were injured by falling from equipment such as climbing
frames, slides, swings, and monkey bars. They found that chang-
ing playground surfaces from concrete to more impact-absorbing
surfaces such as bark reduced the incidence and severity of head
injury but increased the tendency to long bone fractures (40%),
bruises, and sprains.

In a study of injuries resulting from playground equipment,
Waltzman et al. (106) 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 due to falls from playground
equipment such as monkey bars and climbing frames. Younger
children (1-4 years) were more likely to sustain fractures than
older children. In their study, the surface below the equipment
apparently did not influence the type or severity of fracture; with
30 of the 79 fractures occurring on “soft surfaces.”

Similar observations were made in a study by Lillis and Jaffe
(83) in which upper extremity injuries, especially fractures, ac-
counted for the majority of hospitalizations resulting from inju-
ries on playground equipment. Older children sustained more
injuries on climbing apparatus, whereas younger children sus-
tained more injuries on slides.

Newer Play Devices

Other recreational activities enjoyed by children, such as bicy-
cling, skating, skateboarding, and sledding, are an important
cause of fractures and injuries in children. Several studies have
analyzed the incidence and pattern of injuries arising from the
unsupervised or careless use of this equipment and have sug-
gested safety precautions and equipment modification to de-
crease the risk of injury. A disturbing trend is the rekindled
enthusiasm toward the use of trampolines, skateboards, and in-
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line skates over the past decade, and several studies have high-

lighted their risks and dangers.

Bicycle Injuries

Bicycle injuries are a significant cause of mortality and morbidity
for children (92). Bicycle mishaps are the most common causes
of serious head injury in children (108). Boys in the 5- to 14-year
age group are at greatest risk for bicycle injury (80%). Puranik et
al. (92) 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. Bicy-
cle/motor vehicle collisions caused 86% of injuries. Sixty-seven
percent had head injuries and 29% sustained fractures. More
than half of the incidents occurred on the weekend. Sixteen
percent were injured by ejection from a bicycle after losing con-
trol, 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.

Helmer Use Low. More importantly, the study detected that
the use of safety helmets was disturbingly low (<2%). Other
studies confirm the observation that less than 13% to 15% of
children wear helmets while riding bicycles (72,93). The Year
2000 Health Objectives call for helmet use by 50% of bicyclists
(102). Research has shown that legislation, combined with edu-
cation and helmet subsidies, is the most effective strategy to
increase use of safety helmets in child bicyclists (65). As public
awareness of both the severity and preventability of bicycle-re-
lated injuries grows, the goal of safer bicycling practices and
lower injury rates can be achieved (92).

Injuries from Bicycle Parts. Bicycle spokes and handle bars
are also responsible for an increasing number of fractures and
soft tissue injuries in children. D’Souza et al. (70) and Segers
etal. (94) found that bicycle spoke injuries are typically sustained
when the child’s foot is caught in the spokes of the rotating
wheel. Out of a total 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.
(70) 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 can substantially de-
crease the incidence of these injuries.

Skateboarding

Skateboarding and in-line skating have experienced a renewed
surge in popularity over the past two decades. With the increas-
ing number of participants, high-tech equipment development
and vigorous advertising, skateboard and skating injuries are
expected to increase. Because the nature of skateboarding en-
compasses both high speed and extreme maneuvers, high-energy
trauma fractures and other injuries can occur, as highlighted by
several studies (73,89,91). Studies have shown thar skate-
boarding-related injuries are more severe and have more serious
consequences than roller-skating or in-line skating injuries (89).
In a study of skateboarding injuries, Fountain et al. (73) found
that fractures of the upper or lower extremity accounted for 50%



of all skateboarding injuries. Interestingly, more than one third
of those injured sustained injuries within the first week of skate-
boarding. Most injuries occurred in preadolescent boys (75%)
10 to 16 years of age, and despite traffic legislation, 65% sus-
tained injuries on public roads, footpaths, and parking lots. Sev-
eral organizarions have recommended safety guidelines and pre-
cautions such as use of helmets, knee and elbow pads, and wrist
guards, but such regulations are seldom enforced.

Roller Skates and In-Line Skates

In a study of in-line skate and roller skate injuries in childhood,
Jerosch et al. (78) 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%).
Less than 20% used protective devices, and most Jacked knowl-
edge of the basic techniques of skating, braking, and falling. In
a larger study of 60,730 skating injuries in children, Powell and
Tanz (91) found that 68% of the children were preadolescent
boys with a mean age of 11.8 years. Fractures were the most
common injury (65%), and two thirds of these involved the
distal forearm. Two and a half percent required hospital admis-
sions; 90% of these admissions were for a fracture. Similatly,
Mirts and Hennrikus (85) found that 75% of in-line skating
fractures in children occurred in the distal forearm as a result
of falls on the ourtstretched hand. One in eight children sustained
a fracture during the firsc accempt at the sport. The orthopaedic
community has an obligation to educate the public on the need
for wearing wrist guards when using in-line skates or roller skates.

Trampoline-Related Injuries

Trampolines enjoyed increasing popularity in the 1990s and are
a significant cause of morbidity in children. Several studies have
noted a dramaric increase in the number of pediatric trampoline
injuries (PTTs) during the past 10 years, rightfully deeming it
as a “national epidemic” (75,98). Furnival et al. (75), in a retro-
spective study of PTIs over a 7-year period, found that the annual
number of PTIs tripled between 1990 and 1997. In contrast to
other recreational activities in which males constitute the popu-
lation at risk, PTT patients were predominantly female, with a
median age of 7 years. Nearly a third of the injuries 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 crampoline. In another excellent study on PTIs,
Smith (98) found that there was virtually a 100% increase in
injuries from 1990 to 1995, with an average of greater than
60,000 injuries per year. Younger children had a higher inci-
dence of upper extremity fractures and other injuries. In a later
study, Smith and Shields (99) came up with some interesting
data. Fractures, especially involving the upper extremity, ac-
counted for 35% of all injuries. Interestingly, 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 researchers, along with others (75),
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 pediatric use of trampolines (57,99).

Skiing Injuries

Skiing injuries are seasonal in nature and occur with outdoor
winter recreational activity. In a study of major skiing injuries
in children and adolescents, Shorter et al. (96) found greater
than 90% of injured children to be boys 5 to 18 years of age.
Sixty percent of the accidents occurred due to 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 season. Fractures accounted for one third of the
total injuries sustained. The two main factors implicated in
skiing injuries are excessive speed and loss of control; effective
prevention efforts should target both of these factors.

Snowboarding Injuries

Snowboarding runs a similar risk to skiing. Bladin et al. (62)
found that approximately 60% of snowboarding injuries in-
volved the lower limbs and occurred in novices. The most com-
mon injuries were sprains (53%) and fractures (26%). Compared
with skiers, snowboarders had 2/ times as many fractures, par-
ticularly to the upper limb, as well as more ankle injuries such
as sprains. The absence of ski poles and the fixed position of
the feet on the snowboard mean chat the upper limbs absorb
the full impact of any fall.

Motor Vehicle Accidents

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

The injury patterns of children involved in mortor vehicle
accidents differ from those of adults. In all types of motor vehicle
accidents for all ages, children constitute a little over 10% of
the total number of patients injured (79,101). Of all the persons
injured as motor vehicle occupants, only about 17% to 18% are
children. Of the victims of vehicle-versus-pedestrian accidents,
about 29% are children. Of the total number of children in-
volved in motor vehicle accidents, 56.4% were vehicle-versus-
pedestrian accidents, and 19.6% were vehicle-versus-bicycle ac-
cidents (69).

The fracture rate of children in mortor vehicle accidents is
less than that of adults. Of the total number of vehicle-versus-
pedestrian accidents, about 22% of the children sustained frac-
tures; 40% of the adults sustained fractures in the same type of
accident. This has been attributed to the face thar children are
more likely to “bounce” when hit (69).

Children are twice as likely as adults to sustain a femur frac-
ture when struck by an automobile, but in adults tibia and knee
injuries are more common in the same type of accident. This
seems to be related to where the car’s bumper strikes the victim
(64,102). Motor vehicle accidents do produce a high proportion
of spinal and pelvic injuries (64).

The etiologic aspects of children’s fractures are summarized in
Fig. 1-7 and Table 1-7.
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Ice Cream Truck

Mubarak et al. (87) reported on ice cream truck—related acci-
dents in which children, distracted by ice cream trucks, were
struck by an oncoming vehicle, sustaining pelvic and lower [imb
fractures. The vision of oncoming drivers was often blocked by
the large size of the ice cream truck parked by che curb.

Water Tubing

Parmar et al. reported serious injuries sustained during water

tubing (che pulling of an inner rube behind a power boat) (90).

Gunshot (Missile) Wounds: Definition

Gunshot or missile wounds arise from objects projected into
space by an explosive device. The missiles may be single or multi-
ple. Single missiles vary from low-velocity handguns to high-

velocity assault weapons. Multiple missiles can result from a
shotgun blast or shrapnel from war weapons. Missile injuries
represent open fractures with varying degrees of soft tissue injury.
The incidence of gunshot wounds in children has become in-
creasingly common in the United States (107).

Gunshot and Firearm Injuries

In a sad reflecrion 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 esti-
mated thar there are about 200 million privately owned guns
in the United Srates and that approximately 40% of U.S. house-
holds contain firearms of some type (66). The incidence of gun-
shot wounds in children has become increasingly common in

the United States (107).

Etiology
In owo reports from inner-city hospitals in the United States
in the 1990s, most injuries resulted from random violence to



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 (MVA)
Injuries
Children only 10% of all MVAs
Of children’s MVAs, only 17-18% were occupants; remain-
der were vehicle/pedestrian or vehicle/bicycle
Fractures
Higher incidence of femur fractures in vehicle pedestrian
accidents in children
Children have a higher incidence of spinal and pelvic frac-
tures with MVAs than with other mechanisms

innocent bystanders; the prime example was “drive-by shoot-
ings” (101,107). Few were self-inflicted, either voluntarily or
accidentally. 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
(82).

In the urban setting, handguns and rifles are the most com-
mon weapons (101,104,107). In the rural setting, the most com-
mon weapon is a shotgun (82). The firepower of these weapons
has changed over the years. [n one urban hospital reporting
gunshot 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 (88). In a later study of gunshot wounds
from the same institution from 1991 to 1994, che incidence of
injuries from high-caliber and high-velocity weapons (e.g.,, .357
Magnum, AK-47, and other assault rifles) had increased to 35%
(108).

In the urban setting, the victims’ ages ranged from 1 1o 17
years, and most of the injuries were in children 12 to 14 (88,
101,104,107). In the rural setting, che patients were younger;
the average age was 9 years (82).

Of 839 children sustaining gunshot wounds, 274 (32.6%)
involved the extremities (88,101,104,107). Of the gunshot
wounds that involved the extremities, 51.3% produced signifi-
cant fractures (82,101,107). No single bone seemed to predomi-
nate, although a great majority of the fractures were distal to
the elbow (88,101,104,107).

Complications
The two most common complications were growth arrest and
infection. Other complications include delayed union or mal-

union. Considering the magnitude of many of these injuries,
the infection rate for extremity wounds was low (abour 7.3%).
This low rate was probably due to a vigorous and aggressive
program of acute wound management (82,101,107). The type
of missile did not seem to have any relation to the development
of an infection (107).

In Letts and Miller’s 1976 series, one sixth of the patients
had some type of growth disturbance (82). In a third of their
patients, the missile was only in close proximity to the physis.
In a 1995 report by Washington and co-workers, the incidence
of missiles affecting the physis was exactly the same (107). How-
ever, all were a result of a direct injury to the physis by che
missile. None of their patients with growth arrest had proximity
missile wounds. The higher incidence of growth abnormalities
in the 1976 series was due to the larger number of shotgun
and hunting rifle injuries, which dissipate 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 (82,107).

Prevention

In an excellent report in 1999, Freed et al. (74) analyzed the
magnitude and implications of the increasing incidence of fire-
arm-related injuries in children. They suggested a product-ori-
ented approach, focusing on the gun, in an actempt to provide
an efficient strategy of gun control and hence reduce the disturb-
ing 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 the following:

Reducing the number of guns in the environment through
restrictive legislation, gun buy-back programs, gun taxes, and
physician counseling.

Modifying the design of guns to make them more child-proof
and preventing unauthorized and unintended use.

Falls

Falls can vary in severity from a simple fall while running, to a
fall of great magnitude, such as from a third story window. Falls
are often classified as the most common cause of injuries. Falls
are more likely to be a cause of injury in the younger than in
the older child. Falls in the home are usually associated wich
furnicure or stairs; outside the home, most falls involve play-
ground cquipment (76,77).

In falling from great heights, adults often land on their lower
extremities, accounting for the high number of lower extremity
fractures, especially the calcaneus. Children tend to fall head
firse, using the upper extremities to break the fall. This accounts
for the larger number of skull and radial fractures in children.
Femoral fractures are also more common in children falling from
great heights. In contrast to adults, spinal fractures are rare in
children who fall from great heights (61,84,97,100). In one
study, children falling three stories or less all survived (61). Falls
from the fifth or sixth floor resulted in a 50% moruality rate.



Intrinsic Causes

Nutrition
In a study in Spain, a significant difference in the fracture rate
was found when cities with a high calcium content in their warer
were compared with those with a lower calcium content. With all
other factors being equal (e.g., fluoride content, sociocconomic
background), children who lived in the cides with a lower cal-
cium content had a higher fracture rate (105).

An increase in the consumption of carbonated beverages has
been shown to produce an increased incidence of fractures in
adolescents (111).

Bone Density

Bone density may be a factor, but the data are unclear. Landin
and Nilsson (80) found that the mineral content of the forearms
was lower in children who sustained fractures from mild trauma
than in children who had never sustained fractures. It was not
significantly different, however, in those sustaining fractures
from severe trauma. This study used measurements of bone den-
sity of the cortical bone in the forearms. Cook and co-workers
(67), using measurements of bone density obtained from trabec-
ular bone in the spine and femoral neck, found no difference
becween children who had sustained fractures and those who
had nort.

Premature Infants

Fractures not related to birth trauma reportedly occur in 1% to
2% of low-birth-weight or premature infants during their stay
in a neonatal intensive care unit (60). Using a combination of
the clinical history, radiographic appearance, and laboratory
data, these infants have been found to have evidence of bone
loss from inadequate calcium and phosphorus intake. Correcting
the merabolic status of these low-birth-weight infants, with spe-
cial 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 meta-
bolic abnormalities are corrected, this temporary deficiency
seems to have no long-term effects. When premature infants
were followed inro later years, there was no difference in their
fracture incidence when compared with thar of children of nor-

mal birth weight (68).

One of the major goals of studying the incidence of fractures is
to identify problem areas; it is hoped that by targeting these
areas, programs can be designed to decrease the risk factors.

Several safety programs have been started by national organiza-
tions. The foremost is the American Academy of Pediatrics,
which has committees on accident and poisoning prevention.
This group has produced guidelines for athletics (114), play-
grounds (118,121), trampolines (112,113), and skacteboards

(115). Recently, the American Academy of Orthopaedic Sur-
geons has 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 yet been fully studied.

To be effective, accident prevention programs require local par-
ticipation and cooperation. They must be broad based, and they
require considerable effort by members of the local communiy.
In the United States, one effective program is the New York
Health Department’s “Kids Can’t Ely” campaign, developed in
response to the large number of injuries and deaths from children
falling out of apartment house windows in the 1970s (120).
This extensive program consisted of a good reporting system
from hospital emergency rooms, with follow-up by public health
personnel; a strong media campaign to educate the public; a
door-to-door hazard identificacion program; and the distribu-
tion of low- or no-cost, easily installed window guards to families
in high-rise aparements. The city required landlords to provide
window guards in apartments where children 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 (116,120).

Over the past 30 years, Sweden has developed broader based,
community-oriented programs to decrease the incidence of all
types of childhood injuries (117). 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 Swedish 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 educa-
tion 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 (119).

One of the most dramatic changes came in the prevention
of drowning. In Sweden, 100 children drowned in 1954; by
1988, the number had decreased to 10 (117). In the same time
period, there was only a 5% decrease in the number of childhood
drownings in the United States. The decrease in drowning did
not result from establishing new, sophisticated emergency medi-
cal services or intensive care units in hospitals; it came by teach-
ing children to swim and promoting the use of life jackets on
toddlers playing near the water. In addition, there was a public
education campaign in the media locally and nationally.

Effective prevention programs require local community par-
ricipation and education. All the articles, lectures, and pamphlets
in the world cannot help unless local communities make the
necessary changes to decrease accident risks.
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Compared with the relatively static, mature bone of adults, the
changing structure and function, both physiologic and biome-
chanical, of immarture bones make them susceprible to different
patterns of failure. Even the types of fracture patterns within a
given bone demonstrate temporal (chronobiologic) variations
that may be correlated with progressive anatomic changes affect-
ing the epiphysis, physis, metaphysis, and diaphysis at macro-
scopic and microscopic levels.

Skeletal rrauma accounts for 10% to 15% of all childhood
injuries (60,128,129,131,171). Fractures of the immature skele-
ton differ from those of the marture skeleton (6,128,129). Frac-
tures in children are more common and are more likely to occur
after seemingly insignificant trauma. Fractures may involve the
various growth mechanisms: Physeal disruptions make up about
15% of all skeletal injuries in children (128,129,131,132,157).
Damage involving specific growth regions, such as the physis or
epiphyseal ossification center, may lead to acute or chronic
growth disturbances (127,128,166,190). The physis is con-
stantly changing, both with active longitudinal and latitudinal
(diametric) growth and in mechanical relation to other compo-
nents. Physeal fracture patterns vary with the extent of chondro-

Edward W. Johnstone: Department of Orthopaedic Surgery, Women’s and
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Bruce K. Foster: Deparcment of Orthopaedic Surgery, Women's and Chil-
dren's Hospiral, Adelaide, South Australia.

osscous maturation. Salter-Harris type | injuries are common in
infancs, and types 11, 1[I, and IV become more common as the
secondary ossification center enlarges and physeal undulations
develop. Joint injuries, dislocations, and ligamentous disruptions
are much less common in children; it is more likely that one of
the contiguous physes will be damaged. Changing trabecular
and cortical structures affect metaphyseal and diaphyseal fracture
patterns, and the variable size of the secondary ossification center
affects susceptibility to physeal and epiphyseal injuries.

The options of treatments available for the treatment of skele-
tal injuries in children are expanding. Most notable is the intro-
duction of growth factors, such as the bone morphogenic pro-
teins (BMPs), for the induction of bone formation either in
non-healing defects or for bone fusions. It has become necessary
for the orthopaedic surgeon to have a good knowledge of the
biological aspects of fracture repair. This chapter covers the basic
biology of bone growth and fracture repair, including the roles
of growth factors and the extracellular matrix.

The major long bones of children can be divided into four dis-
tinct, constantly changing anatomic areas: the epiphysis, physis,
metaphysis, and diaphysis (86). Each region is prone to certain
patterns of injury; the intrinsic susceptibility changes with physi-
ologic and biomechanical changes during postnaral develop-
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. : . Chondroepiphyses of the distal femur and proximal tibia.
These structures have an extensively developed vascular system (carti-
lage canals) before secondary ossification.

ment. The four regions originate and become modified as a
result of the basic endochondral ossification process. Subse-
quently, they are supplemented by membranous bone formation
along the metaphyseal and diaphyseal shafts. Finally, the regions
are remodeled to create mature cortical and trabecular bone.

At birth, each epiphysis (except the distal femur) consists of a
completely cartilaginous structure at the end of each long bone
(Fig. 2-1), the chondroepiphysis. The corresponding ossifying
structure is the chondro-osseous epiphysis. At a time characteris-
tic for each of these chondroepiphyses, a secondary center of
ossification forms and gradually enlarges undl the cartilaginous
area has been almost completely replaced by bone at skelctal
maturity. This chondro-osseous transformation is vascular-de-
pendenc (Fig. 2-2). Only articular cartilage remains at maturity.

As the ossification center expands, it undergoes structural
modifications. The region adjacenc to the physis forms a distinct
subchondral plate parallel to the metaphysis, creating the radio-
graphically characreristic lucent physeal line. The appearance of
the ossification centers differ in certain chondroepiphyses, a fac-
tor that must be considered when diagnosing fractures of these
regions. The ossification center imparts increasing rigidity to the
more resilient epiphyseal cartilage as the secondary osseous tissue
expands (170).

The external surface of an cpiphysis is composed of either
articular cartilage or perichondrium (Fig. 2-3). Muscle fibers,
tendons, and ligaments may actach directly to the perichon-
drium, which is densely contiguous with the underlying hyaline
cartilage. The perichondrium contributes to the continued cen-

B

. Early formation of the secondary ossification center within the epiphyseal cartilage. This
usually occurs in a region well vascularized by cartilage canals (open arrows). One of the canals sends
a branch into the hypertrophic cells (solid arrow), triggering the ossification process.
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rifugal enlargement of the epiphysis. It also blends impercepti-
bly into the periosteum. This perichondrial/periosteal tissue con-
tinuity contributes to the biomechanical strength of the
epiphyseal/mertaphyseal junction at the zone of Ranvier.

When the hyaline carcilage of the chondroepiphysis first
forms, there are no easily demonstrable histologic differences
between the cells of the joint surface and the rest of the epiphy-
seal cartilage. However, at some point, a finite cell population
becomes stabilized and physiologically different from che re-
maining epiphyseal cartilage. McKibbin (104) established that
these two cartilage types are different physiologically and, by
implication, biochemically. If a contiguous core of articular and
hyaline cartilage is removed, turned 180 degrees, and reinserted,
the transposed hyaline cartilage eventually will form bone at the
joint surface, whereas the transposed articular cartilage remains
cartilaginous and becomes surrounded by the enlarging second-
ary ossification center. Normally, articular cartilage does not
appear capable of calcification and ossification. As skeleral matu-
rity is reached, a tide mark progressively develops as a demarca-
tion between the articular and calcified epiphyseal hyaline carti-
lage.

An important aspect of McKibbin’s experiment was an expla-
nation of nonunion of certain fractures in which the fragment
may be rotated, causing the articular surface to lie against me-
taphyseal and epiphyseal bone. Union is unlikely in such a situa-
tion because the articular surface is incapable of a reparative
osteogenic response, an essential component of bone healing,

Physis

The growth plate, or physis, is the essential structure adding
bone through endochondral ossification (121,126,130,166).
The primary function of the physis is rapid, integrated longitudi-
nal and latitudinal growth. Injuries to this componentare unique
to skeletally immature patients.

Because the physeal cartilage remains radiolucent, except for
the final stages of physiologic epiphysiodesis, its exact location
must be inferred from the meraphyseal contour, which follows

FIGURE 2-3. As the epiphysis matures, the ossifica-
tion center expands and progressively follows the con-
tours of the chondroepiphysis. The epiphyseal surface
is either articular cartilage or perichondrium along the
outer surfaces, as in the medial (solid arrows) and lat-
eral (open arrows) malleoli.

the physeal contour. The changing size of the secondary ossifica-
tion center more effectively demarcates the physeal contour on
the epiphyseal (germinal layer) side. As this center of ossification
enlarges centrifugally to approach the physis, the originally
spherical shape of the ossification center flattens and gradually
develops a contour paralleling the metaphyseal contour. Similar
contouring also occurs as the ossification center approaches the
lateral and subarticular regions of the epiphysis (Fig. 2-4). The
region of the ossification center juxtaposed to the physis forms
a discrete subchondral bone plate chat the essential epiphyseal
blood vessels must penetrate to reach the physeal germinal zone
(Fig. 2-5). Damage to this osseous plate in a fracture may cause
localized physeal ischemia.

If a segment of the epiphyseal vasculature is compromised,
whether temporarily or permanently, the zones of cellular
growth associated with these particular vessels cannot undergo
appropriate cell division. In contrast, unaffected regions of the
physis continue longitudinal and latitudinal growth, leaving the
affected region behind (Figs. 2-6 and 2-7). The growth rates of
the cells directly adjacent to the affected area are more mechani-
cally compromised than cellular areas farther away. The differen-
tial rather than uniform growth results in an angular or longitu-
dinal growth deformity, or both (24,132).

Interruption of the metaphyseal circulation has no effect on
chondrogenesis within the germinal zone or the sequential carti-
lage maturation within the hypertrophic zone of the physis (see
Fig. 2-6). However, the subsequent transformation of cartilage
to bone (primary spongiosa) is blocked (182). This causes widen-
ing of the affected arca, because more cartilage is added to the
cell columns but none is replaced by invasive metaphyseal vessels
and bone. Once the disrupted metaphyseal circulation is reestab-
lished, this widened, calcified region of the physis is rapidly
penetrated and ossified, returning the physis to its normal width.
This is the mechanism seen in growth plate fractures and in
fractures of the metaphysis. The metaphyseal blood supply is
temporarily blocked by separation or impaction, and requires 3
to 4 weeks for restoration. If the circulatory compromise has
been caused by a metaphyseal fracture, there also may be a tem-
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Distal fibula, showing the variably undulated physis, in-
cluding a mammillary process (arrow). The physeal and epiphyseal carti-
lage turns proximally at the medial region (lappet formation) to partici-
pate in the formation of the distal tibiofibular articulation. Note the
difference in the subarticular subchondral bone, which has formed a
thick plate, compared with the thin, outer subchondral bone.

Epiphyseal circulation (solid arrows) in a toddler. These
supply the germinal/dividing zones of the physis. The open arrow indi-
cates the early ossification center. As this area enfarges, it will incorpo-
rate the epiphyseal vessels.

Ischemia

Ischemia

Patterns of response to ischemia of the epiphyseal (A,B)
versus metaphyseal (C,D) circulatory systems. Metaphyseal ischemia is
usually transient; epiphyseal ischemia is usually severe and permanent.

Histologic section showing an area of central ischemic
growth arrest (arrow). The infarcted area of cartilage is left behind as
the rest of the physis continues longitudinal growth.
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porary halt ro bone formation in the transiently ischemic portion
of the metaphysis. This leads to an apparent sclerosis when the
bone is compared with the adjacent vascularized metaphysis,
which undergoes a relative disuse osteoporosis. Compromise of
the metaphyseal circulation has minimal, if any, effect on physeal
development, particularly when compared with the major detri-
mental effects of epiphyseal circulatory compromise.

The effects of physeal ischemia have been studied extensively
by Trueta and coworkers (180—183). Disrupting the epiphyseal
circulation leads to either partial or complete cessation of
growth. The central region seems more sensitive to ischemia
than the periphery, which may have a variable capacity to recover
through continued latitudinal growth (112,125). Ischemic com-
promise leads to different rates of growth across the affected
physis and significant changes in physeal contour (19). Some
changes may be caused by venous stasis rather than arterial dam-
age (78).

Metaphysis

The metaphysis is a variably contoured flare at each end of the
diaphysis. Its major characteristics are decreased thickness of the
cortical bone and increased trabecular bone in the secondary
spongiosa. Extensive endochondral modeling centrally and pe-
ripherally initially forms the primary spongiosa, which then is
remodeled into the more mature secondary spongiosa, a process
that involves osteoclastic and osteoblastic activity. The metaphy-
ses exhibit considerable bone turnover compared with other re-
gions of the bone, and this factor is responsible for the increased
uptake of radioneuclides in technetium 99m bone scans (105).

The metaphyseal cortex also changes with time. Compared
with the confluent diaphysis, the metaphyseal cortex is thinner
and is more porous (trabecular fenestration; Fig. 2-8). These
cortical fenestrations contain fibrovascular soft tissue elements
that connect the metaphyseal marrow spaces with the subperios-
teal region. The metaphyseal cortex exhibits greater fenestration
near the physis than in the diaphysis, with which it gradually
blends as an increasingly thicker, dense bone (Fig. 2-9). As tem-
poral longitudinal growth continues, cortical fenestration be-
comes a less dominant feature, and the overall width of the cortex
increases, creating a greater morphologic transition between the
juxtaphyseal and juxradiaphyseal cortices. The metaphyseal re-
gion does not develop extensive secondary and tertiary haversian
systems until the late stages of skeletal maturation. These micro-
scopic anatomic changes appear to be directly correlated with
changing fracture patterns and are the reason why torus (buckle)
fractures are more likely to occur than complete metaphyseal or
epiphyseal/physeal fractures.

Another microscopic anatomic variation in the metaphysis
occurs at the junction of the primary spongiosa and the hypertro-
phic region of the physis. In most rapidly growing bones, the
trabeculae tend to be longitudinally oriented. However, in
shorter growing bones, such as the metacarpals and phalanges,
trabecular formation is predominantly horizontal. As growth de-
celerates in adolescence, a similar horizontal orientation may be
seen in the major long bones. These variations in trabecular
orientation affect the responsiveness of metaphyseal and physeal

E

FIGURE 2-8. Cortical fenestration (solid arrows) of a metaphysis. Note
the interdigitation of periosteal (Ps) tissue with the fenestrations. The
periosteum blends into the periochondrium (Pc). Extensive vascularity
is often present in this region (open arrows). (E, epiphysis; P, physis; Z,
zone of Ranvier; L, ring of Lacroix.)

regions to abnormal stress and predispose to certain fracture
modes.

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. Such intermingling of endosteal and
interosseous fibrous tissues with the periosteal tissue imparts
additional biomechanical strength to the region (170). The peri-
osteun subsequently attaches densely into the peripheral physis,
blending into the zone of Ranvier as well as the epiphyseal peri-
chondrium. The fenestrated metaphyseal cortex extends to the
physis as the thin osseous ring of Lacroix.

The metaphysis is the site of extensive osseous modeling and
remodeling, both peripherally and centrally (Fig. 2-10). The
metaphyseal cortex is fenestrated, modified trabecular bone on
which the periosteum deposits membranous bone to thicken the
cortex progressively. Similar endosteal bone formation occurs.
As this metaphyseal region thickens, the trabecular bone is pro-
gressively invaded by diaphyseal osteon systems, not unlike os-
teons traversing the fracture site in primary bone healing. This
converts peripheral trabecular (woven or fiber) bone to lamellar
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FIGURE 2-9. Section of distal tibia showing the transition (solid ar-
rows) of cortical bone from the dense, remodeled diaphysis (diamonds)
to the fenestrated metaphysis (open arrows). Note the progressive

change from a relatively thin periosteum over the diaphysis to a much
thicker one at the metaphysis.
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(osteonal) bone, which has different biomechanical capacities,
and thus progressively transforms metaphyseal cortex into dia-
physeal cortex as longitudinal growth continues. A torus (buckle)
fracture is most likely to occur in a metaphyseal region with a
trabecular, fenestrated, compressible cortex.

FIGURE 2-10. Extensive modeling and remodeling of the medial (M)
versus the lateral (L) cortex of the distal femur may create irregularities
that have been misinterpreted as fracture, stress fracture, infection,
and tumor. Note the well-formed subchondral bone at the periphery
of the epiphyseal ossification center.

As in the diaphysis, there are no significant direcc muscle
attachments to the metaphyseal bone. Instead, muscle fibers pri-
marily blend into the periosteum. The medial distal femoral
attachment of the adductor muscles is a significant exception.
Becausc of extensive remodeling and insertion of muscle and
tendon in this area, the bone often appears irregular and may
be misinterpreted as showing chronic trauma (i.e., a stress frac-
ture), infection, or a tumor.

Transverse Lines of Park and Harris

Many bones exhibit transversely oriented, dense trabecular linear
bone patterns wichin the meraphysis. These lines usually dupli-
cate the contiguous physeal contour. They may appear after
trauma, particularly when the child has been immobilized in
bed (e.g., traction for femoral fracture), and they also may appcar
after generalized illnesses or even localized processes within the
bone (e.g., osteomyelitis) (1,62,137,138). The lines result from
a temporary slowdown of normal longitudinal growth after in-
jury or illness, and they often are called Harris growth slowdown
or arrest lines (Fig. 2-11). Because of the slowdown, the trabecu-
lae of the primary spongiosa become more transversely than
longitudinally oriented, creating a temporary thickening in the
primary spongiosa adjacent to the physis. Once the normal lon-
gitudinal growth rate resumes, longitudinal trabecular orienca-
tion is restored. The thickened, transversely oriented osseous
plate is left behind, to be gradually remodeled as primary spongi-
osa becomes secondary spongiosa.

Usually, transverse lines are distributed relatively symmetri-
cally through the skeleton and occupy identical sites in the corre-
sponding bones on the two sides of the body. They are thickest
in metaphyses that grow most rapidly, such as the distal femur
and proximal tibia. In the metaphyses with slowest growth, they
may not form at all, or they are exceedingly thin and lie at the
very end of the shaft, directly under the provisional zone of
calcification. These transverse lines parallel the contours of the
physeal provisional zone of calcification. When several transverse
lines are present, they tend to be parallel. The lines nearest the
end of the shaft ordinarily are the thickest and widcst; lines away
from the physes tend to be thinner and less distinct and are
usually broken and irregular. As they eventually become part of
the elongating diaphysis, they disappear completely with endos-
teal remodeling,

Park (137,138) found that temporary longitudinal growth
arrest of a bone was a prerequisite for the formation of a trans-
verse line. During this initial phasc of growth stoppage or slow-
down, a thin, transverse, osseous template was formed along the
zone of proliferative cartilage. When longitudinal growth in the
proliferating cartilage resumed (cthe recovery phase), the process
became visible radiographically as a transverse line.

More rapidly growing bones are associated with longitudi-
nally oriented trabeculae in the juxtaphyseal region; slower grow-
ing bones, particularly the proximal radius, metacarpals, meta-
warsals, and phalanges, normally have a greater amount of
transversely oriented primary spongiosa (118), making trans-
verse septa a normal finding. These particular bones do not have
a sufficient difference in the orientation of trabeculae to manifest
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Histologic section (A) and x-ray study (B) of a distal femur showing a typical Harris line
(arrows). This 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.

rransverse lines on radiographs. However, if growth slows in
the rapidly growing areas normally characterized by longitudinal
orientation of trabeculae (e.g., distal femur), then more primary
spongiosa bone is formed in a transverse orientation (127). This
bone can be quite thick, and probably relates to the duration
of the biologic stress. Once normal rates of longitudinal growth
and trabecular orientation are reestablished, the transversely ori-
ented sepral, juxtaphyseal plate is a contrast to the preexisting
longitudinally oriented trabeculae and appears on radiographs
as a specific transverse line. As remodeling occurs, with migration
of the epiphysis away from this region, and with conversion of
primary spongiosa to secondary spongiosa, there is a gradual
breakup of this transverse trabecular orientation.

Useful to Assess Growth After Injury

These biologic marker lines are imporrant 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 overgrowth medially after proximal cibial
metaphyseal fracture. A line that converges toward a physis sug-
gests localized growth damage that may result in an osseous

bridge and the risk of angular deformity.

The diaphysis constitutes the major portion of each long bone.
It is principally a product of periosteal, membranous osseous
tissue apposition on the original endochondral model. This leads
to the gradual replacement of the endochondrally derived pri-
mary ossification center and primary spongiosa; the lacter is re-
placed by secondary spongiosa in the metaphyseal region. At
birth, the diaphysis is composed of laminar (fetal, woven) bone

that characteristically lacks haversian systems. The neonatal fem-
oral diaphysis appears to be the only area exhibiting any signifi-
cant change from this fetal osseous state to a more mature bone
with osteon systems (lamellar bone) before birch (Fig. 2-12).

Periosteum-mediated, membranous, appositional bone for-

mation with concomitant endosteal remodeling leads to enlarge-
ment of the overall diameter of the shaft, variably increased width
of the diaphyseal cortices, and formation of the marrow caviry.
Mature, lamellar bone with intrinsic but constantly remodeling
osteonal patterns progressively becomes the dominant feature
(Fig. 2-13).
The developing diaphyseal bone in a neonate or young child is
extremely vascular. When analyzed in cross section, it appears
much less dense than the maturing bone of older children, ado-
lescents, 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 relative
decrease in cross-sectional porosity and an increase in hardness,
facrors that constantly change the child’s susceptibility ro differ-
ent fracture patterns. Certain bones, especially the tibia, exhibit
a significant decrease in vascularity as the bone matures; this
factor affects the rate of healing and risk of nonunion.

The vascularity of the developing skeleton constantly
changes. In experimental studies, significant chronobiologic
changes in flow patterns were found in the developing canine
tibia and femur (89,90,105,106,161). In parcicular, there was a
dramatic decreasc in tbial circulation with increasing skeletal
macuration. This also occurs in humans, which helps to explain
the increasing delay in fracture healing and the increased inci-
dence of nonunion of the tibia in adolescents and adults. A poor
vascular response could impair the early, crucial stages of callus
formation.
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. Sections of the femur at the level of the lesser
trochanter at birth (A) and age 7 years (B). At birth, some corti-
cal thickening and osteon remodeling is evident laterally; the
rest of the cortex is irregular. By age 7 years, extensive thicken-
ing and remodeling of the cortex has taken place.
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Transverse sections of the tibial diaphysis in a neonate (A) and at age 2 years (B). A thick
periosteum is evident in A (open arrows), in association with a rapidly forming anterior cortex. At age
2 years, new subperiosteal (membranous) bone is being added to the cortex (solid arrow).
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Other researchers have suggested that adequate vascularity
was a major factor in fracture healing,(150,151,184,190,194),
but they did not consider chronobiologic changes in blood flow
patterns.

-

A child’s pertosteum is thicker, is more readily elevated from
the diaphyseal and metaphyseal bone, and exhibits greater os-
teogenic potential than that of an adult (126). The periosteum
is loosely atrached to much of the shaft of the bone, but it
attaches densely inco the physeal periphery (the zone of Ranvier;
Fig. 2-14) through intricate collagen meshworks, thereby playing
a role in fracture mechanics and treatment of growth mechanism
injuries (170). The thicker, stronger, more biologically active
periosteum affects fracture displacement, reduction, and the rate
of subperiosteal callus formation. It also may serve as an effective
internal restraint in closed reductions.

Because of its contiguity with the underlying bone, the perios-
teurn is usually injured to some extent in all fractures in children.
However, because the periosteum more easily separates from the
bone in children, there is much less likelihood of complete
circumferential rupture. A significant portion of the periosteum
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Simulated type 1 epiphyseal (E} displacement from the
metaphysis (M). Note the thick periosteum (arrow) and its contiguity
with the cartilage of the epiphysis (radiopaque here because of the
cartilage and air contrast). In the body, however, the similar soft tissue
radiodensities of cartilage, ligament, muscle, and so forth blend to-
gether, making them radiolucent.

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 portion con-
tributes to the intrinsic stability. Because the periosteum allows
some tissue continuity across the fracture, the subperiosteal new
bone that it forms quickly, bridges the fracture gap and leads
to more rapid long-term stability. The periosteum may be specif-
ically damaged, with or without concomitant injury to the con-
tiguous bone. Such avulsion injuries may lead to the formation
of ectopic bone (120). In contrast, severe disruption of the peri-
osteum, as in an open injury, may impair the fracture healing
response. Complete loss of a bone segment, with the periosteal
sleeve reasonably intact, may be followed by complete reforma-
tion of the missing bone (16).

The periosteum, rather than the bone itself, serves as the
origin for most muscle fibers along the metaphysis and diaphysis.
This mechanism allows coordinated growth of bone and muscle
unics; this would be impossible if all the muscle dssue artached
directly to the developing bone or cartilage. Exceptions include
the actachment of muscle fibers near the linea aspera and into
the medial distal femoral metaphysis. The latter pattern of direct
metaphyseal osseous attachment may be associated wich signifi-
cant irregularity of cortical and trabecular bone. Radiographs
of this area often are misinterpreted as showing a neoplastic,
osteomyelitic, or traumatic response, even though they exhibit
only a variation of skeletal development.

Because of the differing histologic composition of the tibial tu-
berosity (fibrocartilage instead of columnar cartilage; Fig. 2-15),
failure patterns differ from those in other physes. This area devel-
ops primarily as a tensile-responsive structure (i.e., an apophysis).
However, the introduction of an osseous secondary ossification
center inidally in the distal tuberosity interposes osseous tissue,
which tends to fail in tension and which may lead to avulsion
of part of this ossification center (Fig. 2-16). Healing of the
displaced fragment to the underlying undisplaced secondary cen-
ter creates the sympromatic reactive overgrowth known as an
Osgood-Schlatter lesion (119,123). Similarly, in adolescents, ex-
cessive tensile stress may avulse the entire tuberosity during the
late stages of closure (124).

The Cartilage Matrix

The cartilage macrix is synthesized by chondrocytes. The main
constituents of the cartilaginous matrix are collagens (mainly
type 11) and proteoglycans. Although collagen type I1 provides
structural strength, the proteoglycans have structural and regula-
tory effects. The structural effects of proteoglycans arise through
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. . Avulsion (tension) failure of the developing ossification
center of an apophysis. The degree of displacement determines the
likelihood of healing and the symptoms and size of the final lump,
typical of an Osgood-Schlatter injury.
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. Histology of a typical apophysis,
the tibial tuberosity (tubercle). A: Attenuated
g columnar cartilage adjacent to the main proxi-

mal tibial physis. B: Fibrocartilage and minimal
. hypertrophic matrix in the mid-tuberosity re-

gion. C: Fibrocartilage and membranous ossifi-

cation in the distal end of the tuberosity.

binding to the collagen components and the water-binding
properties that provides resilience to compression. Regulatory
effects include growth factor interactions, cell matrix interac-
tions, and regulation of collagen fibril size. Specific molecules
expressed and cheir functions are listed in Table 2-1.

The Bone Matrix

Except for a small percentage of molecules from the circulation
and preexistent matrices that may become entrapped, the bone
matrix is almost entirely synthesized by osteoblasts. The compo-
sition of the bone matrix was outlined by Buckwalter and associ-
ates (20). Briefly, bone matrix is a composite material composed
of an inorganic (mineral) portion and an organic portion. The
composite scruccure provides physical strength and resilience to
fracture. Bone with deficient inorganic mineral content is plia-
ble, and bone with deficient organic content is brittle.

The composition of living bone is 60% to 70% inorganic
components, 5% to 8% water, and the remainder is organic
(76). 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 (20). The organic
portion is composed of collagen type 1 (90%) and noncollage-
nous proteins. The noncollagenous protein portion includes a
number of proteins and proteoglycans thar perform structural



Collagens

Collagen Il (fibril) Predominate collagen of all Imparts strength, site of initial

cartilage mineralization (113, 143)
Collagen IX Proliferative zone of the Associates with the surface of the
physis collagen 1l fibril (78)

Collagen X {short
chain collagen)
Collagen X (fibril)

Hypertrophic cartilage Mineralization (52, 71, 80)

Proliferative and
hypertrophic zone of the
physis

Collagen fibril size (191)

Proteoglycans

Aggrecan Throughout cartilage Imparts resistance to compression.
Forms aggregates with hyaluronic
acid and link proteins (23, 113,
159)

Collagen fibril size and TGF-g

activity (7, 67, 744)

Decorin (DS-PG2) Within chondrocytes and
the Interterritorial

capsules of the upper

proliferative

chondrocytes
Biglycan (DS-PG1)

upper proliferative

chondrocytes
Fibromodulin

Matrix Gla protein Cartilage

Territorial capsules of the

TGF-g activity (67)

Collagen fibril diameter and binding
of cells to the matrix (66)
Inhibits mineralization (92)

and regulatory funcdons. Actual molecules and functions are
outlined in Table 2-2 and in the following section.

Matrix Constituents

Although it is not a complete list, the following provides an
example of the major proteins found within bone and cartilage
matrices.

Collagens

Collagens are a family of proteins coded by at least 19 distinct
genes. Members are expressed in most tissues. Collagens have a
riple helical region that arise from the repeated winding of
three collagen molecules around a common axis. Collagens are
synthesized as a propeptide that is often glycosylated. Collagen
is secreted from cells and is processed in the extracellular space.
The processed collagen forms into subunits that then undergo
fibrillogenesis (Fig. 2-17). The fact thar the final fiber is com-
posed of many individual molecules accounts for the observed
dominant negative mutations thar can be observed within che
collagen family (74). The incorporation of individual molecules
that contain mutations that affect the packing of the peptides
into the triple helix can disturb the structure of the whole fiber.
The molecular structures that arise are in the form of fibrils or
netlike strucrures. [n reality, the multimeric fibers observed in
vivo arc often composed of a number of different collagens (5).

Collagens
Collagen |

Collagen V

Collagen Vi

Collagen Xli
Proteoglycans

Decorin (DS-PG2)

Biglycan (DS-PG1)
Fibromodulin

Osteocalcin (bone
Gla protein)
Matrix Gla protein
Osteonectin
Osteopontin

Imparts strength, site of initial
mineralization

Provide the inner core of the
collagen fibril (8, 46)

Cell attachment

Collagen fibril size

Collagen fibril size, TGF-g activity
(162, 163)

Coltagen fibril assembly, TGF-8
activity (164, 195)

Collagen fibril diameter, binding
of cells to matrix molecules (66)

Binds hydroxyapatite (146, 587)

Controls mineralization (92, 146)
Binds calcium (11)
Cell attachment (102).
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fibrillogenesis

Collagens are synthesized as a propeptide that is often glycosylated (not shown). The
collagen molecule has a triple helical region that arises from the repeated winding of three collagen
molecules around a common axisis. The processed collagen forms into subunits that then undergo fibril-

logenesis.

Collagen type I is the main collagen found in bone and other
tissues. It is composed of two @1(1) and one a2(I) polypeprides.
The collagen type I fibers act as sites for initial mineralization
and provide tensile strength to the bone. Murations in the pro-
peptides can cause a variety of phenotypes affecting mineraliza-
tion and bone fragility, the most severe being osteogenesis imper-
fecta. In contrast, collagen type II is a triple helical molecule
that is composed of three a1 (I} polypeptides and is expressed
within cartilage. It is the main fibril-forming collagen in cart-
lage. Murations cause Langer-Saldino achondrogenesis and
spondyloepiphyseal dysplasia congenita (27,45).

Other collagen types, such as V, IX and XI, associate with
the collagen fibers. They may influence collagen diameters and
interact with other matrix molecules. Mutations in types IX
and X1 can result in a number of clinical manifestacions (134).
Collagen type X is associated with the matrix of hypertrophic
chondrocytes and is involved with the mineralization process
(80,81,139). Mutation causes spondylometaphyseal dysplasia
(74), but the deletion of the encoding gene results in mild
changes (73,155).

Proteoglycans

Proteoglycans are present in large amounts within all connective
tissues. Proteoglycans are proteins that have either one or a num-
ber of polysaccharide chains linked to a protein core. The poly-
saccharide’s glycosaminoglycan side chains are either heparin,
heparin sulfate, chondroitin sulfate, dermatan sulfate, or keratan
sulfate. The glycosaminoglycans differ in the composition of
their constituent disaccharide scructures. They can combine with
other molecules within the matrix to form macromolecular
structures (49) (Fig. 2-18).

Proteoglycans are a critical component of cartilage and bone
(23,113,144). The proteoglycans present in the physis include
large proteoglycans like aggrecan as well as smaller proteoglycans
such as decorin, biglycan, and possibly, fibromodulin. Decorin

and biglycan have side chains of dermatan sulfate, and betaglycan
has chondroitin and heparin sulface chains. Fibromodulin has
side chains of keratan sulfate. The territorial capsules of the
chondrocytes in the upper proliferative region of the physis stains
for biglycan, the interterritorial matrix stains for decorin (7).
These proteoglycans have a structural role but are also known
to interact with growth facrors (7,67,144).

Other Noncollagenous Proteins

Osteocalcin is also known as bone Gla protein. It has three
residues of gamma-carboxyglutamic acid that enable it to bind
to hydroxyapatite. It is thoughrt to play a role in mineralization
of the bone martrix (146,147), but the exact mechanism and
funcrion are undetermined (35,63).

Osteonectin has the ability to bind calcium and collagen type
I, and may enable the process of mineralization that is initiated
on the collagen type I fibers (11).

Osteopontin is thought to be critically involved with the
binding of osteoclasts (70,149), cells that degrade to the bone
matrix (103).

Matrix Gla protein is an inhibitor of calcification. The carti-
tage of mice lacking this protein undergoes spontaneous calcifi-

cation (93).

Growth Factors

Within an individual, cell-to-cell communication occurs be-
tween neighboring cells and between cells that are separated by
an almost complete body length. Communication signals take
the form of diffusible molecules which pass between che cells or
by cell surface—bound receptor-ligand interactions (88,193). In
addition, neighboring cells can pass information berween one
another via their gap junctions (48). These channels enable the
passage of small molecules, including calcium ions, berween
neighboring cells. Calcium is a key second messenger that pro-
vokes a number of cellular events (110).
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Proteoglycans are proteins, which have either one or a number of polysaccharide {glyco-
saminoglycan) chains linked to a protein core. Aggrecan is present in cartilage and has the ability to
form macromolecular structures with hyaluronic acid and link protein. Decorin and biglycan are present

in bone and cartilage matrix.

Hormones are a group of diverse molecules that are secreted
by endocrine glands and are transported to their effect rarget
rissues by body fluids. They coordinate body functions in com-
plex organisms. Hormones can be in the form of amino acid
derivartives (e.g., epinephrine) polypeptides (e.g., somarotropin
or growth hormone), glycoproteins (e.g., follicle-stimulating
hormone), steroids (e.g., testosterone), or fatcy acids (e.g., prosta-
glandins).

Growth factors and hormones may circulate in a free form
ot be bound to carrier molecules or the extracellular matrix
(136). The binding of growth factors and hormones to ocher
molecules may result in inhibition of the degradation, delivery,
and controlling of activity. Many growth factors, including the
fibroblast growth factors, transforming growth factor-B (TGE-
B), and insulin-like growth factors, can be bound to the matrix.
Cell activation usually requires the factors to bind to receprors
on the cell surface, although a number of hydrophobic hormones
pass directly through the outer membrane and bind to intracellu-
lar receprors (31,44,99,116) (Fig. 2-19).

A degree of redundancy often exists in thar a gene knockout
for one particular growth factor may result in only slight changes
in the phenotype observed. A good example is the double mucant
of BMP-5 and 7, which is lethal during embryonic development,
bur a null muration in either one has lictle effect (169).

Fibroblast Growth Factors

The biologic effects of the fibroblast growth factors are wide-
spread. Fibroblast growth factors are angiogenic and can influ-
ence mitosis and differentiation in many cell types. The receptors
to these growth factors have been implicated in a number of

skeletal deformities including Pfeiffer’s syndrome (FGEFR1),
Crouzon’s and Jackson-Weiss syndromes (FGFR2), and achon-
droplasia (FGFR3).

To date, the fibroblast growth factor family comprises at least
nine members including acidic fibroblast growth factor (FGF-
1), basic fibroblast growth factor (FGF-2) (10,15,47,97,111,
156,172,174,199). Additional fibroblast growth factors exist
that have far less homology. FGF-1 and FGF-2 are present in
the extracellular matrix of bone (64).

The FGFs are also complicated by the presence of alternative
forms of the specific forms of FGF-1 and FGF-2. FGF-1 is
typically 140 amino acids in length, but larger forms of 160 and
154 amino acids have been identified (27,43,53,61). FGF-2 is
normally translated as an 155 amino acid molecule, but through
the use of alternative start codons, another three higher molecu-
lar weight forms have been identified.

The acidic and basic forms of FGFs are well conserved across
species. Comparing the amino acid composition of FGF-1 and
FGEF-2 from different species, Hearn found a 92% sequence
identity between human and bovine acidic fibroblast growth
factor. Only 2/155 and 3/155 amino acids differ in human and
bovine, and human and ovine, forms of basic fibroblast growth
factor, respectively (65).

Six recepror molecules have been identified so far. FGF recep-
tors can be divided into two groups by the relative affinity of
the ligands to their receprors.

Transforming Growth Factor

The TGEF-B superfamily is composed of more than 24 members
(68). They are subdivided into families including TGF-8, in-
hibin, decapentaplegic protein/vegetal hemisphere 1 (DPP/
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factor at the cell surface.

Vgl), and miillerian-inhibiting substance. Members of the
TGF-Band the DPP/Vgl families have critical functions in the
development of the skeleton, its growth and maintenance, and
fracture repair. The bone morphogenic proteins (except for
BMP-1) are members of the DPP/Vgl family and are discussed
in the next section.

All TGEF-B family members except TGF-£34 are synthesized
as large precursor forms that are processed to active forms. The
active form is either a heterodimer or homodimer. It is thought
thac the pro-region may either help in the folding of the proteins
during synthesis or control activity. In the case of TGF-B1, the
pro-region and a second glycoprotein can also bind to the active
factor to form a latent complex. Members of the TGF-£ family
are highly expressed in bone (TGF-B1,TBG-£2). Important in
fracture repair, TGF-B1 and TGF-2 are also rcleased in large
quantities during platelet activation.

Apart from the presence of the growth factor itself, the pres-
ence or absence of the latent complex controls the activity of
TGF-B1. TGE-B members can also be sequestered in the matrix.
The active TGF-B1 complex can be released from the latent
complex by extreme pH or by catalytic methods. This is particu-
larly important in fracture repair and bone remodeling. The
activation of latent TGF-A s likely to be critical in the induction
of fracture repair and osteoblast function.

The active TGF- molecules may also be bound and their
activity controlled by a number of marrix molecules, including
betaglycan and decorin (100,197). Alternatively, the active

TGF-B may bind to cellular receprors, of which there are ac
least nine. However, most of the actions are mediated through
two receptors termed recepror 1 and 2. Receprors 1 and 2 are
members of the serine/threonine kinase family (100). TGE-B
receptor type 3 is a membrane-bound proteoglycan termed be-
taglycan. Betaglycan is thought to act as a TGE-B cell surface
reservoir and is not involved with signal transduction itself. Be-
raglycan has the possibility of binding FGF through the heparin
sulfate chains and may present TGF-Bin conjunction with FGF
to the cell (100). TGF-8 also binds to the small proteoglycans:
biglycan, decorin, and fibromodulin (67). The small proteogly-
cans bind TGF- through the leucine-rich repeats in their pro-
tein cores and are thought to sequester TGF-£ in the mauix.
They also compete with betaglycan in binding TGF-g8. Decorin
has the ability to negarively regulate the activity of TGF-8 (13,
160).

Bone Morphogenic Proteins

The bone morphogenic proteins and their orthopaedic relevance
have recently been reviewed by Schmitt and colleagues (160).
The bone morphogenic proteins (except BMP-1) represent a
group of related growth factors that have critical roles in che
cell proliferation and differentiation of a number of cell types
including mesenchymal cells, chondrocytes, and osteoblasts (28,
82.83,186). They have roles in embryo and fetal development,
bone growth, and fracture repair. They also include a number
of growth factors (BMP-2, BMP-7) (OP-1), which are being



proposed for the treatment of fractures and the establishment
of bone fusions.

BMPs exist as glycosylated dimers. Thirteen have been identi-
fied so far, but owing to sequence homology, only BMP-2
through 9 can be classed as members of the TGF-£ family.
Particular BMPs produce ectopic cartilage or bone when im-
planted subcutaneously (2,188). Like the other growth factors
discussed so far, the BMPs have a number of binding proteins
both in the intracellular matrix and on the cell surface. A secreted
glycoprotein termed noggin can bind and inactivate BMPs (50).
Chordin is a similar protein that most likely has a similar func-
tion (142). It has been proposed that these proteins control
BMP activity and may also serve as a mechanism for establishing
gradients of BMPs across the embryo during development. Ac-
tive BMPs bind to heterotetrameric serine/threonine kinase re-
ceptors. The nonactivated receptors exist as type 1 and 2 receptor
proteins, the type 2 receptor autophosphorylates. Once the li-
gand binds, the two receptors are brought together and the re-
ceptor type | portion is phosphorylated. Only after the receptor
type 1 is phosphorylated is a cellular response achieved. Intracel-
lular activation is via the intracellular proteins termed SMADs
(the humor equivalent of the MAD (mothers against decapen-
taplegic) protein), but other inhibitors can still come into play.
Exposure of the cell to a number of other growth factors (includ-
ing cer-1) can inhibit the activation of the cell by BMPs (140,
160).

Angiogenic Growth Factors
Angiogenic factors are growth factors that promote neovasculari-
zation. They are critical in fracture repair. The invasion of the
metaphyseal vascular supply is crucial to endochondral ossifica-
tion, and fracture repair does not occur withour an adequate
vascular supply. It is probably not by accident that a number
of angiogenic factors such as TGF-f and FGE-2 are sequestered
in the bone matrix. Angiogenic factors act directly or indirectly
on endothelial cells, promoting proliferation and migration of
the cells into areas in which they are released. Angiogenic factors
acting indirectly by recruiting macrophages monocytes, in turn,
release their own direct-acting angiogenic factors (165).
Direct-acting angiogenic factors include platelec-derived en-
dothelial growth factors (PDEGFs), TGF-£, and FGF-2 to name
buta few. Indirect acting angiogenic factors include TGF-8 and
tumor necrosis factor-a (TNF-a).

Because bone is rigid, it cannot grow by internal expansion and
bone growth is achieved by adding newly synthesized bone to
existing bone by two mechanisms: endochondral vssification and
intramembranous ossification. These mechanisms are named by
the intermediate structures, that must be passed to form the
bone. The production of any particular bone after initial differ-
entiation may involve discrete, juxtaposed, or interspersed areas
of each basic pattern. Endochondral-derived bones generally
have membranous ossification by appositional bone growth from

the periosteum. Similarly, membrane-derived bones may grow
and elongate by an endochondral process (126,130).

Endochondral ossification is the process by which bone forms
via a cartilaginous intermediate. The physis best reflects this
process. Physes are temporary cartilaginous tissue situated be-
tween the primary and secondary ossification centers of all long
bones. From 9 1o 10 weeks’ gestational age to skeletal maturity
at 15 to 17 years, they are responsible for the longirudinal growth
of bone. The physis can be divided into at least three zones.
The reserve zone is situated on the epiphyseal side and contains
small, spherical cells randomly distributed throughout the zone.
In the adjacent proliferative zone, chondrocytes undergo mitosis
and are organized into columns running parallel to the axis of
bone growth. Cells in the proliferative zone mature and eventu-
ally increase to 5 to 10 times their volume in the hypertrophic
region. Matrix vesicles are also deposited within the longitudinal
septa of the physis. Matrix vesicles are membrane-encapsulated
structures that are thought to concentrate calcium and phos-
phate. Enzymes such as alkaline phosphatase convert organic
phosphates to inorganic phosphate. The longitudinal septum
around the terminal hypertrophic chondrocytes mineralizes, and
this mineralized matrix forms the template for new bone deposi-
tion in the metaphysis (Fig. 2-20).

Associated with these changes in cellular arrangement and
volume, the marrix in the physis also undergoes a continual
modification in content. The two major macromolecules of car-
tilage matrix produced by the chondrocytes are the proteoglycans
(predominantly aggrecan with lesscr amounts of decorin, bigly-
can, and fibromodulin) and the collagens (types 1I, IX, X, and
XI). The major change in physeal proteoglycan structure occurs
as chondrocytes organize into columns in the proliferative zone.
Additional variation occurs in the hypertrophic region, where
the glycosaminoglycan sulfation pattern demonstrates differ-
ences berween the pericellular and extracellular spaces and the
appearance of a unique collagen (type 10) is observed. The small
proteoglycans—decorin, biglycan, and fibromodulin—are also
differentially expressed across the physis, although detailed stud-
ies of these proteoglycans have not been done (see Table 2-1).

The cellular changes and associated matrix alterations are
geared toward producing a microenvironment within the hyper-
trophic zone of the physis, which is conducive to matrix mineral-
ization.

Hormones, for example, normal growth hormone, have a global
effect on physcal function throughout the body, but many
growth factors act locally. The action of these growth factors
have often been determined in vitro and in vive and can often
present conflicting results due to experimental design and
models used. Most investigations have concentrated on the effect
of single or, in some cases, two growth factors. However, it is
likely thar endochondral ossification is controlled by a large
number of growth factors whose activity is controlled by a large
number of binding proteins both within the matrix and on the
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FIGURE 2-20. The figure shows the process of endochondral ossification within the physis. Although
not as organized, endochondral ossification follows a similar pattern during fracture repair.

chondrocyte surface. Cellular response is determined by parallel
processing of the intracellular signals that are induced by a num-
ber of acrive growth factors binding to their specific receprors.
Presented is an outline of the likely actions of a number of key
growth factors on endochondral ossification. It is not complete,
and the models will continue to change.

BMP-2 and 7 promote proliferation and matrix synthesis in
undifferentiated chondrocytes (40,84). It is believed that once
the chondrocytes start differentiacing, the expression of noggin
inhibits the continual outgrowth of the undifferentiated chon-
drocytes (18). T'he prechondrocytes may also respond to growth
hormone (117,133). Once the chondrocyte has lost its resting
phenotype, insulin like growth factor-1 (IGF-1) may act as a
stimulator of proliferation and differendiation (117,176). EGF
can augment IGF stmulation by increasing the expression of
the IGF-1 receptor (12). Alchough the chondrocytes synthesize
large quantities of matrix molecules, they also synthesize FGE-
1, FEGF-2, TGF-B, and a number of the BMPs (16,25,29). These
molecules can act in an autocrine manner, but many are seques-
tered into the newly forming cartilage marrix. FGF-2 in low
doses is mitogenic for the chondrocytes (94); however, as occurs

in achondroplasia, constant activation of FGE receptor (FGFR3)
is inhibitory (87,95). FGF/heparin sulfate interaction is probable
in the differentiation of the physeal chondrocytes because the
continuous exposure of FGF-2 inhibits chondrocyte differentia-
tion in vitro and inhibitors of glycosaminoglycan sulfation (in-
cluding heparin sulfate) restore the differentiation process. Addi-
tional sulfate permits glycosaminoglycan sulfation and returns
the effect of FGE-2 (30).

Vitamin D metabolites and parathyroid hormone have roles
in calcium mobilization within the body, but they also influence
endochondral ossification. Parathyroid hormone and parathy-
roid hormone—related protein (PTHrp) can inhibit the matura-
tion of chondrocytes. It is postulated that physeal chondrocytes
regulate the local production of PTHrp by sccreting a protein
(Indian Hedgehog). This protein stimulates the chondrocyte to
produce PTHrp, which slows the maturation of proliferative
chondrocytes to hypertrophic form (85,187). Expression of the
mRNA for BMP-6 peaks before mineralization (25) (Fig. 2-21).

Although the chondrocytes of the physis will proliferate and
form a cartilaginous matrix with only the epiphyseal vascular
supply, the metaphyseal vessels are critical for the mineralization
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process (183). Metaphyseal vascular invasion occurs at the hy-
pertrophic—metaphyseal interface. The endothelial cells most
likely invade as a consequence of angiogenic factors present in
the matrix or secreted by the chondrocytes themselves. Boch
TGF-B and FGLs are known to be angiogenic. It is interesting
that an oversupply of FGE-2 infused into the physis induces
vascular invasion from the metaphysis only; even if the FGF-2
is present at the epiphyseal side of the physis, the epiphyseal
vessel will not invade (4). Alchough it is often stated thar the
metaphyseal vessels provide the necessary nutrients for the min-
eralization process, it is possible that they provide additional
growth factors that initiate the mineralization process.

The vascular supply also brings osteoblasts, osteoclasts, and
other cell types. The osteoclasts degrade the mineralized carrilage
matrix while osteoblasts lay down new bone that is also rich in

growth factors such as TGF-3, FGF-2 and the BMPDs.

All axial and appendicular skeletal elemencs are involved in sec-
ondary membranous ossification. The diaphyseal cortex of devel-
oping tubular bone is progressively formed (modeled) by che
periosteum and modified (remodeled) by the re-formation of
osteons. This peripheral periosteal process of membrane-derived
ossification is extensive and rapid in fracture healing in infants
and young children. The replacement process also may be seen
when portions of the developing metaphysis or diaphysis are
removed for use as bone grafts.

[ntramembranous ossification occurs when osteoprogenitor
cells are formed from the overlying tissue. The osteoprogenitor
cells continue to differentiate into osteoblasts, which produce a
matrix that undergoes mineralization.

The first bone to be laid down either from the physis or in the
fracture callus is woven bone, which is remodeled to lamellar
bone. Although cancellous bone can be remodeled and obrain
its nutrients from the surface, cortical bone is remodeled into a
complex structure of osteons that together form the cortical
bone. Osteons are tubular structures that interconnect. They
consist of layers of ordered lamellar bone around a central canal.
The cencral canal contains blood vessels, lymphatics, and in some
cases, nerves (20).

Bone is constantly remodeled by osteoclasts and osteoblasts.
The bone is encapsulated by bone-lining cells that have the po-
tential to become activated osteoblasts. The bone-lining cells,
like osteocytes, have slender cellular processes that make contact
with the osteocytes within the mineralized bone. Osteocytes are
thought to arise from osteoblasts that have become entrapped
during bone formation. It has been proposed that the bone-
lining cells need to erode the osteoid that covers the underling
bone for osteoclasts to bind (107,108). Osteoclasts are bone-
degrading cells that are produced from the hematopoietic path-
way. On activation, they bind to the surface of the bone and
secrete enzymes into the space beneath. The space is acidic and
contains many proteolytic and bone degrading enzymes (98).
The acidic pH and proteases are thought to release and activate
the sequestered TGF-B, resulting in the differentiation and acti-
vation of the bone-lining cells to osteoblasts and onto osteocytes
(41,42,101). The osteoblasts then lay down new osteoid, and
subsequent mineralization results in bone. Although it is usually
accepted that the osteoblast activity and osteoclast activity are
linked, discussion still exists about the signals that determine
the equilibrium that is required to keep the bone density at
functional levels. The osteocytes may be the mechanosensory
system. Osteocytes also possess cellular processes that connect
osteocytes to one another and to the bone-lining cells above (32)
(Fig. 2-22). It is possible that the osteocytes are responsible for
sensing bone stress; if undue stress is detected, they favor bone
deposition, whereas if a lack of stress is detected, they favor bone
resorption.

Injuries to the developing skeleton may involve osseous, fibrous,
and cartilaginous tissues. Healing of these tissues differs, depend-
ing on both the type of tissue and the temporal maturation.

The progressive changes of the normal process of osseous fracture
healing, whether in the diaphysis, metaphysis, or epiphyseal ossi-
fication center, may be grouped conveniently into a series of
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and subsequent mineralization results in bone.

phases that occur in a reasonably chronologic sequence (104,
152,154). Several facrors that influence bone healing can be
identified from clinical observation as well as experimental work,
and these factors must be taken into account when treating child-
hood fractures on a rational basis. Many experiments have been
performed on animals, although because of differences in macro-
scopic and microscopic bone structure and skeletal homeostatic
mechanisms, they may respond differently than skeletally imma-
ture humans (137,148,168,171,175,185,196). Furcthermore,
most cxperiments have been performed on skeletally mature ani-
mals, and such dara are not always relevant to fracture healing
in the developing skeleton. In addition, certain areas of the devel-
oping skeleton, particularly the physis and epiphyseal hyaline
cartilage, probably do not heal by classic callus formation. In
fact, when this type of osseous (callus) repair occurs in these
cartilaginous regions, significant growth deformities may result
owing to formation of an osseous bridge between the secondary
ossification center and the metaphysis (see Chapter 5).

As in adults, there are three basic mechanisms of fracture
repair: primary osteonal, secondary osteonal and nonosteonal.
Primary osteonal fracture healing occurs when cortical bone is
laid down without any intermediate, and therefore hardly any
callus forms; it is only possible if cortical bone is repositioned

and fixed in close proximity. Secondary osteonal union occurs
if cortical bone is laid down between two segments of fractured
cortical bone before callus formation. Nonosteonal union occurs
through endosteal and periosteal callus formation (158).

Fracture repair in the immature skeleton can be divided into
three closely integrated, but sequential, phases: the inflammatory
phase, the reparative phase, and the remodeling phase (Fig. 2-
23). In children, the remodeling phase is temporally much more
extensive and physiologically more active (depending on the
child’s age) than the comparable phase in adults. The remodeling
phase is further modified by the effects of the physis responding
to changing joint reaction forces and biologic stresses to alter
angular growth dynamics. This occurs even when the fraceure
is mid-diaphyseal.

Inflammatory Phase

Immediacely after a fracture through any of the osseous portions
of the developing skeleton (diaphysis, metaphysis, or epiphyseal
ossification center), several cellular processes begin.
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The figure demonstrates the three phases of fracture repair (A) inflammatory phase, (B)
reparative phase, and (C) remodeling phase. The inflammatory 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 mesenchymal cells are recruited by the release of growth
factors in the fracture site. The mesenchymal cells may differentiate into osteoblasts 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.
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Hematoma Formation

Bleeding of the damaged periosteum, contiguous bone, and soft
tissues starts the process of repair through the release of growth
factors, cytokines, and posteoglandins. If the fracture is localized
to the maturing diaphysis, there is bleeding from the haversian
systems, as well as from the multiple small blood vessels of the
microcirculatory systems of the endosteal and periosteal surfaces
and contiguous soft tissue anastomoses (56). In the region of
the metaphysis, this bleeding may be extensive because of the
anastomotic ramifications of the peripheral and central metaphy-
seal vascular systems. A hematoma accumulates within the med-
ullary canal at the fracture site, beneath the elevated periosteum,
and extraperiosteally whenever the periosteum is disrupted dur-
ing the fracture. In contrast to adults, the periosteum strips away
easily from the underlying bone in children, allowing the fracture
hematoma to dissect along the diaphysis and metaphysis; this is
evident in the subsequent amount of new bone formation along
the shaft.

However, the dense attachments of the periosteum into the
zone of Ranvier limit subperiosteal hematoma formation to the
metaphysis and diaphysis. Because the perichondrium is densely
attached, this type of hemorrhagic response is uncharacteristic
of the epiphyseal ossification center, thus limiting its contribu-
tions to callus formation and any intrinsic stabilization effect.
Further, because of the partially or completely intracapsular na-
ture of some epiphyses, propagation of a fracture into the joint
allows decompression of some of the bleeding into the joint,
again limiting the potential volume for eventual callus forma-
tion.

Coagulation and platelet activation stop the blood loss but
also produce both inflammatory mediators and angiogenic fac-
tors. Endothelial cells respond and increase the vascular perme-
ability, and allow the passage of leukocytes, monocytes, and
macrophages into the fracture site. Neovascularization is also
initiated. Angiogenic factors like platelet-derived growth factor
(PDGF) and TGF-p, also promote osteoblast recruitment and
activation.

Local Necrosis

The blood supply is temporarily disrupted for a few millimeters
on either side of the fracture, creating juxtaposed, avascular tra-
becular and cortical bone (55) and producing local necrosis. It
is likely thar the necrosis also results in the release of sequestered
growth factors (e.g., IGF-1, TGF-B, FGF-1, and FGF-2) from
the bone. These growth factors may help in promoting differen-
tiation of the surrounding mesenchymal cells into bone-forming
cells.

The inflammatory cells remove the debris from the fracture
site and, with the fibroblastic cells, develop the site into a matrix
that will support the cells that enable new bone to be formed.
This initial matrix often contains collagens type I, 111, and V.

Organization of Hematoma

The inidal cellular repair process involves organization of the
fracture hematoma (39,55,62,69). Fibrovascular tissue replaces
the clot with a matrix rich in collagens I, 111, and V. This matrix
allows chondrogenesis or intramembranous bone formation.
Such mechanisms eventually lead to mineralization and the for-

mation of the woven bone of the provisional (primary) callus.
Initial invasion and cell division are around the damaged bone
ends but proceed centrifugally away from the fracture site, thus
placing the most mature repair process closest to the fracture
site. However, bone formation occurs only in the presence of
an intact, functional microvascular supply. If the vascular supply
is deficient, then this modulation of cartilaginous to osseous
tissue cannot readily occur.

Reparative Phase

Cellular Organisation

The fracture hematoma is the area in which the early stages
of healing occur (145). Osteogenic cells proliferate from the
periosteumn to form an external callus and, to a lesser extent,
from the endosteum to form an internal callus. However, when
the periosteum is severely disrupted, healing cells must differen-
tiate from the ingrowth of undifferentiated mesenchymal cells
throughout the hematoma. By 10 to 14 days in a child, the
fracture callus consists of a thick, enveloping mass of peripheral
osteogenic tissue that is beginning to be evident radiographically.
This new bone is primarily woven (fiber) bone (101,114,150,
151).

The next step in osseous fracture healing is cellular organiza-
tion (33). During this stage, the circumferential tissues serve
primarily as a fibrous scaffold over which cells migrate and orient
to induce a stable repair. This pluripotential mesenchyme is
theoretically capable of modulation into cartilage, bone, or fi-
brous tissue (54,57,135). The mesenchymal cells are recruited
by the release of growth factors in the fracture site. Members of
the BMP family, and possibly their inhibitors, are likely to be
involved in the recruitment and differentiation of the mesenchy-
mal cells. The mesenchymal cells may differentiate into osteo-
blasts that produce bone in a membranous fashion or may be-
come chondrogenic and produce bone by the endochondral
pathway. Both mechanisms usually are present in a fracture cal-
lus, and the degree to which each is present depends on the type
of bone, age, degree of fixation, level of bone loss, and trauma.
In children, because of the osteoblastic activity, the periosteum
contributes significantly to new bone formation by accentuating
the normal process of membranous ossification to supplement
the cellular organization within the hematoma, which is going
through a cartilaginous phase (58,59). The region around the
fracture site thus repeats the process of endochondral ossifica-
tion, in close juxtaposition to membranous ossification from the
elevated periosteum. Similar processes occur within the medul-
lary cavity. An integral part of the reparative process at this stage
is microvascular invasion, which occurs very readily in children
because of the state of vascularity within and without the bone
and surrounding soft tissues (26). Vessels come from the perios-
teal region as well as from the nutrient artery and endosteal
vessels.

Until this bone goes through the final stages of maturation,
it is still biologically plastic and, if not protected, may gradually
deform, especially in an active young child after early release
from an immobilization device. Even in a cast, this plasticity
may allow deformation from isometric muscle activity.

Clinical union is attained when the fracture site no longer



moves and is not painful to attempts at manipulation, although
it is by no means restored to its original strength at this time.
Wich time, the primary callus is gradually replaced. This is en-
hanced in the child because appositional growth and increasing
diameter envelop the original fracture region, the cartilage and
woven bone have been replaced by mature, lamellar bone, and
the fracture has consolidated and essencially returned to most
of its normal biologic standards and response to stress.

Remodeling Phase

The last phase (remodeling) begins with resorption of mechani-
cally unnecessary, inefficient portions of the callus and the subse-
quent orientation of trabecular bone along the lines of stress.
The remodeling phase is the longest of the three phases and in
children may continue untl (and beyond) skeletal macuration
in response to constantly changing stress patterns imposed by
continued skeletal growth and development. Initially, new bone
is laid down by both the fracture callus and the more extensive
but confluent subperiosteal tissue. This bone is randomly ori-
ented and cannot withstand all biologic stresses imposed on it.
However, as the bone grows diametrically in the diaphyseal or
metaphyseal regions, this new bone is gradually and increasingly
incorporated into the preexisting cortical bone, aligned in accord
with predominant stress patterns, and replaced by physiologic
remodeling processes. The degree of remodeling and progressive
teplacement of fracture callus is greater in younger children, who
have an immense capacity for growth and change.

The critical step between the reparative and remodeling
phases is the establishment of an intact bony bridge between
the fragments. Because this involves the joining of separated
segments of hard tissue, the whole system must become immo-
bile. Once the bridge has been established—provided thar ade-
quate, continued mechanical protection is given—subsequent
biologic failure is unlikely. If the two or more fracture fragments
remain connected by the periosteum or related material, as is
likely in a child, it is easy to see how reparative activity could
be conducted from one side to the other relatively easily and
rapidly.

The intact bone must then readapt to functional demands.
This is much easier in children, whose skeletons are actively and
continually remodeling in response to stress, than in adults, who
have more static skeletons. The processes of replacement and
repair are continuous and concomitant in the normally develop-
ing skeleton. The mechanisms involved in fracture healing essen-
tially are no different than most of the active maturational pro-
cesses. These processes are much more active in children and
are more active in the metaphysis than in the diaphysis.

The fracture remodeling process differs in cortical or cancel-
lous bone. Both involve a process of simultaneous bone removal
and replacement by the osteoclasts and osteoblasts through the
accompanying blood vessels. In cancellous bone of the metaphy-
sis or the endosteal surface of the diaphysis, the cells are never
very far away from blood vessels, and the whole process of appo-
sition and replacement may occur on the surface of the trabecu-
lae. However, in compact bone, the more deeply placed cells
require the presence of an adequately functioning perfusion sys-

tem that must be replaced. This is a much longer sequence of
evenes and is not a major method of bone repair in children,
except when the fracture involves densely cortical regions such
as the femoral or tibial shafts. McKibbin (104) presented an
extensive discussion of this process, which is sometimes referred
to as primary bone union because no intermediace cells are in-
volved.

The physis has a limited ability to repair; it primarily heals by
increased endochondral bone and cartilage formation, and grad-
ual reinvasion by the disrupted metaphyseal vessels to replace the
temporarily widened physis eventually. Very little experimental
work, mostly in rats, has been directed at assessing the posttrau-
matic cellular response patterns of the physis (17).

Depending on the level of cellular injury within the physis,
three types of chondro-osseous healing may occur. First, when the
fracture occurs through the cell columns, healing occurs primar-
ily by continued, relatively rapid increases in the number of cells
within the columns, causing moderate widening of the physis.
Because there are some small epiphyseal vessels in this region,
some damaged tissue may be resorbed early in the healing pro-
cess. These vessels also exhibit a hyperemic response, increasing
cellular proliferation rates, especially in the peripheral zone of
Ranvier. The metaphyseal response parallels this, in that an in-
creased rate of bone replacement of the hypertrophic chondro-
cyte also occurs. Once the level of fracture fibrosis and debris
within the physis is encountered, the vessels rapidly invade to
reach the rest of the maturing cell columns. These cellular re-
sponse patterns lead to restoration of normal anatomy within 3
to 4 weeks (153).

Second, when the fracture occurs through the transition of
hypertrophic cells to primary spongiosa (the most commonly
involved cellular level), there may be marked separation, with
the gap filled by hemorrhagic and fibroblastic tissue. This region
may progressively form disorganized cartilaginous tissue, not un-
like the initial, disorganized cartilaginous callus around a diaphy-
seal fracture. Meanwhile, cellular proliferation, cell column for-
mation, hypercrophy, and calcification continue on the
epiphyseal side of the disorganized callus, leading to widening of
the physis. A vascular invasion of the remnants of hypertrophic,
calcified cartilage also rapidly occurs on the metaphyseal side of
the fracture. However, once metaphyseal vessel invasion reaches
the disorganized cartilaginous callus, vascular-mediated bone re-
placement is temporarily slowed, because there is no pattern of
cell columns to invade in an organized fashion. As the callus
cartilage matures and calcifies, the metaphyseal vessels begin to
invade and replace the cartilage with bone irregularly (21). This
callus may be variably thick, depending on the degree of longitu-
dinal and lateral displacement and periosteal continuity with the
physeal periphery. The callus is replaced at different rates, and
the invading metaphyseal vessels 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 phy-
seal width is progressively restored.



The callus in the subperiosteal region contributes to early
stability. This region heals by vascular invasion of the callus to
form trabecular bone between the original meraphyseal cortex
and the subperiosteal membranous bone forming continuously
external to the metaphyseal cartilaginous callus. These three mi-
croscopic bone regions progressively merge and remodel, making
the region strong biomechanically. With further growth and
remodeling, this coalescent bone is completely replaced. These
initial cellular replacement processes in both metaphyseal and
physeal regions probably rake 3 to 6 weeks. However, remodel-
ing may continue for months to years, and it enhances the capac-
ity for spontaneous correction of many residual deformities.

Third, when the injury extends across all cell layers of the
physis, the repair processes differ slightly. Fibrous tissue inicially
fills the gap between separated physeal components, whereas
typical callus formation occurs in the contiguous metaphyseal
spongiosa or epiphyseal ossification center. If large surfaces of
nonossified epiphyseal cartilage also are involved, fibrous tissue
initially forms in the intervening region. The reparative response
shows irregular healing of the epiphyseal and physeal cartilage,
with loss of normal cellular architecture. Within the central phy-
seal regions, diametric expansion of cell columns is minimal, so
closure of a large defect by physeal cartilage is unlikely. The gap
will remain fibrous, but with the potential to ossify. Toward the
physeal periphery, diametric expansion is more likely, but still
may not lead to closure of large cartilage gaps by progressive
replacement of fibrous tssue. This replacement process essen-
tially requires the germinal and hypertrophic cell regions to dia-
metrically expand by cell division, maturation, and matrix ex-
pansion. The intervening fibrous tissue may disappear through
growth, but only if the gap is narrow. Because blood supply is
minimal in chis region, the fibrous tissue similarly is not well
vascularized, and significant cell modulation, especially to osteo-
blastic tissue, is less likely in the short term. However, the larger
the gap filled with fibrous tissue and the longer the time from
fracture to skeletal maturity, the greater the likelihood of devel-
oping sufficient vascularity to commence an osteoblastic re-
sponse and to form an osseous bridge. Further, in young children
with minimal epiphyseal ossification, the blood supply to the
physeal germinal region is not as well defined, whereas once the
ossification center expands and forms a subchondral plate over
the germinal region, microvascularity probably increases and the
chances for vascularization and ossification of the fibrous region
increase. This explains the delayed appearance of the osseous
bridge.

If accurate anatomic reduction is performed, a thin gap
should be present that should fill in with minimal fibrous tissue,
allowing progressive replacement of the tissue by diametric ex-
pansion of the physis and contiguous epiphysis. However, if the
fragment has been partially or completely devascularized by
either che initial trauma or subsequent dissection to effect an
open reduction, cellular growth and diametric and longitudinal
expansion may not occur. This increases the chances of cellular
disorganization, fibrosis, and eventual osteoblastic response.
Failure to correct anatomic displacement, especially in Salter-
Harris type 4 growth mechanism injuries, increases the possibil-
ity of apposition of the epiphyseal ossificarion center and me-

taphyseal bone, and thereby enhances the risk of forming an
osseous bridge between the two regions.

In a growing child, the normal process of bone remodeling in
the diaphysis and metaphysis (particularly the latter) may realign
initally malunited fragments, making absolutely accurate ana-
tomic reduction less important than in a comparable injury in
an adult. However, although some residual angular deformities
undergo spontaneous correction, accurate anatomic reduction
should be the goal whenever possible (51,122,129). Bone and
cartilage generally remodel in response to normal stresses of body
weight, muscle action, and joint reaction forces, as well as intrin-
sic contro) mechanisms such as the periosteum. The potential
for spontaneous, complete correction is greater if the child is
younger, the fracture sicte is closer to the physis, and there is
relative alignment of the angulation in the normal plane of mo-
tion of the joint. This is particularly evident in fractures involv-
ing 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. However, spontaneous correction of angular
deformities is unlikely in other directions (relative to normal
joint motion), such as a cubitus varus deformity following a
supracondylar fracture of the humerus. Similarly, rotational de-
Sformities usually do not correct spontaneously.

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 (34). Such increased growth may make the bone
longer than it would have been without an injury (9,36,184).
Eccentric overgrowth may also occur; this is particularly evident
in tibia valgum following an incomplete fracture of the proximal
tibial metaphysis.

Bone grafts contain bone growth factors that normally induce
bone formation and have the appropriate osteoconductive ma-
trix. Autogenic grafts also contain osteogenic cells. Bone grafts
are effective, but there are difficulties in obtaining safe and relia-
ble tissue. Although the mechanisms of fracture repair are not
fully understood, the level of understanding has enabled key
molecules to be targeted as therapeutic in controlling and pro-
moting fracture repair. Filler compounds have been developed
that either stimulate mesenchymal cells, leading to new bone
formation (osteoinductive) or enable the bone-forming cells to
infiltrate and incorporate into bone (osteoconductive).
Specific growth factors have been targeted for their ability
to promote bone formation. Two growth factors (BMP-2 and
Ostegenic Protein-1) (BMP-7) show grear promise for their abil-
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ity to promote fracture repair (83,84,90,96,173,192). A number
of others, such as TGF-B, IGF, PDGFs, and FGF-2, also may
prove to be useful.

TGF-pB plays a major role in fracture repair by promoting
proliferation and differentiation of the mesenchymal cells. Exog-
enous TGF- administration can initiate the repair process and
callus formation in uninjured bone (75). The addition of TGF-
B o fractures promotes wound repair and resules in a larger,
stronger callus (75). It also may be of use in promoting repair
in nonhealing bone defects. PDGF also increases callus size but
does not improve the fracture mechanically (115). Growth hor-
mone and IGF-1 have also been tested to determine their effects
on fracture repair. Although growth hormone produces inconsis-
tent results, the administration of IGF-1 increases intramembra-
nous bone formation (3,179). The FGFs also increase the callus
size and mineral content (72,77,189). It is possible that the effect
of FGFs and of a number of the other growth factors is a result
of the angiogenic properties of such growth factors. There are
many reviews on the use of growth factors for fracture repair
(37,38,91,178), and more research is required to establish the
most useful factors and effective delivery devices (71). However,
there is little doube that in the near future, orthopaedic surgeons
will be using growth factor—containing compounds to induce
new bone formation and to improve fracture repair.
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PAIN RELIEF AND RELATED
CONCERNS IN CHILDREN'S
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Providing pain relief is one of the many important parts of the
management of children’s fractures. In addition, because having
a fracture reduced is not only painful but also frightening to
many children, providing young patients wich adequate sedarion
and amnesia are additional welcome elements of good care.
However, the correct use of any of the available medications for
obraining these goals must involve an appropriate understanding
of proper dose, desired effects, and unroward side effects. The
purpose of this chapter is to provide a thorough source of infor-
mation regarding safe and effective analgesia and sedation for
children with fractures. This chapter discusses the concepr of
sedation and its definitions, the various medications used to
achieve the sedartion state, and the various medications used to
achieve analgesia, including both systemic medications and local
anestherics. Intravenous regional anesthesia (Bier Blocks), hema-
toma blocks, and femoral nerve blocks (for femur fractures) are
discussed in depth. The management of postoperative pain is
discussed, along with the treatment of the troublesome side effece

Joseph R. Furman: Star Anesthesia, San Antonio, Texas.

of postoperative nausea. The author hopes that the orthopaedic
practitioner will find this chaprer of significant benefit, not only
in the emergency room setting but also in the office and on the

hospital ward.

The practitioner must recognize that sedation describes a contin-
uum ranging from near wakefulness to complete loss of con-
sciousness (Fig. 3-1). Terms used to describe various stages along
this continuum have included conscious sedation, deep sedation,
and general anesthesia (63).

Strictly speaking, the term conscious sedation means a phar-
macologically controlled altered state of consciousness in which
patients maintain their ability to respond purposefully to verbal
commands. For nonverbal patients or young infants, conscious
sedation implies che ability to respond purposefully to physical
stimulation, not simply by reflex withdrawal to pain. Unfortu-
nately, most physician and nursing personnel tend to use the
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Sedation and analgesia for procedures is a continuum.
(Reproduced with permission from American Society of Anesthesiolo-
gists from ASA 1997 Annual Refresher Course Lectures. Sedation and
Analgesia in Pediatric Patients for Procedures Outside the Operating
Room. Richard F. Kaplan, M.D. No. 221)

term ‘‘conscious sedation” to mean anything short of a general
anesthetic. For such reasons, the consensus of the 1996 report
by the American Society of Anesthesiologists Task Foice on
Sedation and Analgesia by Non-Anesthesiologists (108) is that
the term conscious sedation, although in common usage, is im-
precise. This report recommends replacing the term conscious
sedation with the more descriptive term sedation/analgesia (Fig.
3-1). Whatever the preferred term, the important point to recog-
nize is that the safest level of sedation is that which permics
purposeful response to verbal or physical stimulation. It is at
this level of sedation that the risk of hypoventilation, apnea, or
cardiovascular instability is minimal. Unfortunately, and realisti-
cally speaking, such relatively light levels of sedation are torally
inadequare for che performance of a painful procedure such as
the reduction of a fracture. Also the younger and less cooperative
the patient, the less likely that so-called conscious sedation can
realistically be achieved at all (92). Therefore, it is very likely
that for orthopaedic procedures, children may have to be sedated
to levels at which they are not easily responsive to verbal stimula-
tion, and as such, at increased risk for respiratory and cardiovas-
cular compromise. Even in children in whom light levels of
sedation (true conscious sedation) is possible, unintended overse-
dation may occur without warning. Oversedation may lead to
(a) loss of the airway, (b) impaired protective reflexes leading to
the possibility of aspiration of gastric contents, and (c) cardiopul-
monary arrest (Fig. 3-1). It is for these reasons that careful moni-
toring of sedated patients as prescribed in standard guidelines
(108) is absolutely imperative.

Obviously, the purpose for monitoring sedated patients is to
provide timely detection and correction of abnormalities in re-
spiratory and cardiovascular function. The monitoring process
begins before the administration of any sedative medications.
Monitoring continues unabated until the patient returns to base-
line presedation level of consciousness and is ready for discharge.
Acceprable discharge criteria are noted later (Table 3-1).

Of vital importance to the monitoring process is the presence

1. Cardiovascular function and airway patency are satisfactory
and stable.

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

3. The patient can taik (if age appropriate).

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

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

6. The state of hydration is adequate.*

£

* Adequate hydration may be achieved with intravenous 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 (see section on treatment of
postoperative nausea).

Guidelines for monitoring and management of pediatric patients
during and after sedation for diagnostic and therapeutic
procedures. Pediatrics 1992;89:1110-1115, with permission.

of qualified personnel who are competent in the use of monitor-
ing devices, and capable of recognizing the clinical signs of airway
or hemodynamic instability. Alchough skill in at least pediatric
basic life support is necessary (63,119), training in pediatric
advanced life supporc (PALS) is certainly desirable. In the au-
thot’s opinion, this training should be considered absolucely nec-
essary. The orthopaedic surgeon must always demand, and have
available, skilled health professionals, either physicians or nurses,
to assist in observing the patient and the monitors during proce-
dures requiring medications that are known to depress respira-
tory or cardiovascular function. Having one person performing
both the surgical procedure and monicoring the patient is a
practice that should be strongly discouraged in all but the most
desperate circumstances.

Oxygenation, ventilation, and circulation are the three pa-
rameters that require careful assessment. For the most part, mon-
itoring temperature is usually of minimal importance. The major
exceptions, of course, are children who arrive in the hospital
either severely hypothermic or febrile.

Monitoring oxygenation requires continuous pulse oximetry
and continual visual inspection of the patent. Note thar the
term continuous monitoring refers to a constant measurement
undertaken for a period of time without interruption. Continual
moniroring refers to an asscssment taken at frequent regular
intervals.

The value of pulse oximetry as an early detector of impeding
hypoxemia has been well demonstrated (34). The problem with
relying on visual inspection alone to determine adequacy of oxy-
genation is that cyanosis is both a late and variable sign of hypo-
xemja. Demonstrable cyanosis requires the presence of at leasc
5 g of desaturated hemoglobin per deciliter. Therefore, for exam-
ple, a patient with a hemoglobin level of 10 g/dL would theoreri-
cally not even appear cyanotic undl the oxygen saturation level
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(Sp0o,) plummets to 50%. For this same reason, a severely ane-
mic patient may never develop visible cyanosis even at profound
levels of hypoxemia. To add to a potentially confusing situation,
the ambient light (especially fluorescent light) in many clinical
environments may make any patient appear cyanotic (33).
Therefore, pulse oximetry is essential in all heavily sedated pa-
tients to detect abnormalities of oxygenation rapidly.

Note, however, that the pulse oximeter is not perfect. Factors
that affect the accuracy of the pulse oximerer include patient
movement (33), direct bright light on the probe (21}, and mal-
position of the probe (9). Correct probe placement, shielding
the probe site from bright light, and gentle restraint of the moni-
toring site should improve the dependability of this all-impot-
tant monitor.

Monitoring ventilation goes hand in hand with monitoring
oxygenation. Monitoring ventilation requites close observation
of the patient and either intermittent or continuous auscultation
of breath sounds. A sedated child’s head may flex forward easily,
producing airway obstruction as the child begins to fall asleep
(33). Maintaining patients in the so-called sniffing position helps
prevent airway obstruction (Fig. 3-2). The sniffing position con-
sists of elevating the patient’s head with pads under the occipur,
keeping the shoulders flat on the table, and extending the head
at the atlanto-occipital joint (134). Children younger than 3
years of age have a relatively large head in proportion to the size
of their trunk and do not require padding under the occiput
(35). Along with continual assessment of the child’s head posi-
tion, any restraining devices should be checked and rechecked
to ensure that they are not contributing to either airway obstruc-
tion or restriction of chest movement (G3).

The sniffing position. In an adult or in an older child, a
folded sheet or towel under the occiput, plus moderate head extension
at the atlanto-occiptal joint, helps to maintain an open airway. In a
child younger than 3 years of age, the relatively large head size in
proportion to the trunk makes occipital padding unncessary (35).

.- Simo. oS

Newborn 110-150
1-11 months 80-150
2 years 85-125
4 : ' 75-115
6 . o 65-110
8 ) 60-110
Rasch DK, Webster DE. Clinical manual of pediatric anesthesia.

New York: McGraw-Hill, 1994:16, with permission.
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Auscultation with the precordial stethoscope is valuable in the
monitoring of both ventilation (breath sounds) and circulation
(heart sounds). Its use is encouraged in the monitoring of deeply
sedated patients (63).

Monitoring circulation for most sedated children consists of
intermitrent determination of heart rate and blood pressure (63).
For children, normal values for heart rate and blood pressure
vary with age (Tables 3-2 and 3-3). A simple formula for calcu-
lating the normal systolic blood pressure and lower limit of nor-
mal for systolic blood pressure in children by age is worth memo-
rizing (Table 3-4). Electrocardiographic (ECG) monitoring is
especially important for the child with an underlying history of
a significant cardiac dysrythmia or known ECG abnormality
such as long QT syndrome, or history of Wolff-Parkinson-White
syndrome. In the absence of monitor artifact, the pulse oximeter
provides continuous assessment of heart rate. Deeply sedated
children should have blood pressure and heart rate and respira-

Full-term infant 60(45)* . 35
3-10 day 70-75 (50) 40
6 mo 95 (55) 45
4 yr 98 ) a 57
6 yr 110 60
8yr 112 60
12 yr 115 65
16 yr 120 65

* The numbers in parentheses refer to mean arterial blood
pressure.

Steward DJ. Manual of pediatric athesthesia. New York: Churchill-
Livingstone. 1990:24, and Rasch DK, Webster DE. Clinical Manual
of Pediatric Anesthesia. New York: McGraw-Hill, 1994:17, with
permission.




80 + (2 % age in years ) = normal systolic BP for age
70 + (2 X age in years)
= lower limit of normal systolic BP for age

Rasch DK, Webster DE. Clinical Manual of Pediatric Anesthesia.
New York: McGraw-Hill, 1994:197, with permission.

tory rate measurements determined and recorded at least ac 5-
minute intervals (63). For children under conscious sedation
(sedation/analgesia), the frequency of vital sign determination
is at the discretion of the physician (63).

It is important to emphasize again that monitoring the pa-
tient must continue until che patient meets presec discharge crite-
ria (Table 3-1) (63). Often, when a surgical procedure is over
and patients are no longer being actively stimulated, uninten-
tional deep sedacion with resulting airway obstruction and apnea
may occur. Therefore, it is essential to remain vigilant until
the patient recovers completely from their sedative medications.
Note that the time to recovery varies depending on the amount
and type of sedative medication given, and this point should
be taken into account when planning a sedation regimen. The
duration of action of particular sedatives and sedative combina-
tions are discussed separately.

Only afrer careful patient assessment can the practitioner decide
whether sedation in an emergency room setting, where the air-
way is uncontrolled and unprotected, is feasible and safe. Admin-
istering sedative medications without first evaluating a patient
is an invitation for disaster. It is important first to be aware
of the child’s medical history, previous allergic or adverse drug
reactions, current medications, and presence of coexisting dis-
cases before proceeding with deliberate alteration of a patient’s
state of consciousness (63). In addition to these basic details,
the patient with musculoskeletal injuries has to be evaluated for
rime of last oral intake, hemodynamic status, presence of other
injurics, and status of the airway.

In the management of elective patients, significant pulmonary
aspiration is rare in pediatrics (143).

Note that for elective patients, multiple studies support and
encourage the liberal intake of clear liquids up until 2 to 3 hours
before scheduled surgery in otherwise healthy children (32,95,
122,129). Acceptable clear liquids are apple juice, water, sugar
water, and gelatin. Milk (including breast milk), milk products,
and juices with pulp are not clear liquids. For elecrive patients,
most pediatric anesthesiologists now adhere to the so-called 2-
4-6-8 rule regarding oral intake. This rule restricts clear fluids
to 2 hours before elective surgery, breast milk to 4 hours before
elective surgery, baby formula (cow’s milk formula) to 6 hours

before elective surgery, and solid food to 8 hours before elective
surgery (50).

Emergency patients are definitely at risk for aspiration (143).
Sedatives depress the protective reflexes (63). Caution is neces-
sary to avoid the morbidity and possible mortality of aspiration
pneumonia.

[t is known that in trauma patiencs, the time interval between
last oral intake and time of injury is a cricical facror in the
retention of gastric contents (99). It is clear that children injured
within 1 to 2 hours after eating present with large gastric volumes
(19). Although fasting can reducc an injured child’s gastric vol-
ume (95), it is not clear how long of a fast is ideal. Also, in the
presence of pain, anxiety, and with the administration of opioid
pain relievers, all of which may occur in the patient with a
fracture, gastric emptying may be radically slowed (57). If the
procedure can wait, it is safe to say that a fasting period Is in
order. Starting intravenous fluids to prevent dehydration is im-
portant. Note thac at present, there is no reliable method of
assessing the volume of gasuic contents, although different
methods have been suggested (55). Patient hunger on presenta-
tion for surgical treatment is not a good indicacor of an empty
stomach (95).

In the author’s opinion, the safest recommendations regard-
ing sedation of patients with a porential full stomach are as
follows:

1. If possible, postpone the procedure, even for as little as 4
hours.

2. Use the lightest effective level of sedation. Titrate sedation
to effect, and avoid large bolus doses of medications.

3. Consider the administration of medications to reduce gastric
volume (metoclopramide) or to increase gaswric pH (hista-
mine-2—receptor blockers). These medications, when indi-
cated, should be adminiscered intravenously 1 hour before
sedative medications are given. The appropriate dose of met-
oclopramide (Reglan) is 0.15 mg/kg. The usual adult dose
for metoclopramide is 10 mg, which should be more than
sufficient for any child. Famotidine (Pepcid), a histamine-
2—recepror blocker, may be given in a dose of 0.3 t0 0.4 mg/
kg intravenously, with a maximum dose of 20 mg.

4. Within 15 minutes of administering sedation, consider the
use of oral nonparticulate antacids (Bicitra, sodium cicrate)
to raise gastric pH. Unfortunately, these medications are not
very palatable.

5. Note that pregnancy, morbid obesity, gastroesophageal re-
flux, bowel obscruction, and increased intracranial pressure
all magnify the risk of regurgitation and aspiration of gastric
contents. Therefore, additional caution is necessary in man-
aging patienfs with any of these conditions. Patients with
coexisting bowel obstruction should not be sedated, and pa-
tients with increased intracranial pressure should not be se-
dated without the input and knowledge of the attending neu-
rosurgical staff.

6. If treatment cannot wait and the surgical procedure or the
patient is not amenable to regional ancsthesia, the safest ap-
proach is a general anesthetic with a rapid sequence induction
and a protected airway (endotracheal tube). This approach



is also safest for uncooperative children who urgently need
a computed tomography (CT) scan, an magnetic resonance
imaging (MRI) scan, or other detailed diagnostic studies.

The magnitude of blood loss from a child’s injuries is not always
readily apparent. In children, long bone fractures and head inju-
ries may easily have associated large concealed hemorrhages (140,
153). It is important to assess the patient’s volume status accu-
rately before administering sedative medications. In a hypovo-
lemic child, sedatives may interfere with catecholamine-
mediated compensatory mechanisms and produce profound he-
modynamic instability, leading to cardiovascular collapse.

Note that in an injured child, blood pressure monitoring
alone does not provide a good indication of the patient’s under-
lying volume status (105,155). Children maintain a normal
blood pressure for their age in the face of large intravascular
volume deficits (155). More reliable signs of ongoing hypovo-
lemia in children include sinus tachycardia, mottling, cool ex-
tremities, poor urine output (less than 1 to 2 mL/kg/h), and
altered state of consciousness. Each of these signs can imply
poor perfusion of different organ systems [skin, musculoskeletal
system, kidneys, and central nervous system (CNS), respec-
tively). Volume replacement, not sedation, should be the initial
goal in the management of hypovolemic children.

Serious head injury accounts for 70% of pediartric trauma deachs
(30,105). Respiratory depression from sedation, with resulcant
hypercapnia and hypoxia, may aggravate an underlying closed
head injury and worsen its prognosis (153). In addition, any
pharmacologic change in the patient’s state of consciousness may
confuse the neurologic evaluation. Other injuries to major body
cavities or injuries associated with major blood loss should be
assessed carefully before any sedative medications are adminis-
tered.

A tenuous airway can easily become a completely obstructed
airway in a sedated child. There are common problems in chil-
dren associated with airway obstruction. For example, children
with large tonsils and adenoids may have obstructive sleep apnea
(89). Obstructive sleep apnea, which is associated with a history
of loud snoring and daytime sleepiness, may be acurely exacer-
bated with the administration of sedative medications (36).
Other potentially dangerous problems include micrognathia
{short jaw), limiced ability to open the mouth, and limited move-
ment of the neck, either congenital or acquired (12).

What about the medical facility where the child is receiving
rreatment? On-site resuscitation equipment, including equip-
ment for airway management (Table 3-5) and equipment for
vascular access (Table 3-6) must be available for children of all

Ventilation Face Masks*
Infant, child, small adult, medium adult, large adult
Breathing bag and valve.set
Oral airways
Infant, child, small adult, medium adult, large adult
Nasal airways .
Small, medium, large
Laryngoscope handles
Laryngoscope blades
Straight (Miller) No. 1, 2, 3
Curved (Macintosh) No. 1, 2, 3
Endotracheal tubes
2.5-6.0 uncuffed
6.0-8.0 cuffed
Appropriate-sized stylets for endotracheal tubes
(must be lubricated before insertion)
Appropriate-sized suction catheters for-endotracheal tubes
Yankauer-type suction
Nasogastric tubes
(10-18 French)
Nebulizer set-up for treatment of bronchospasm

* The correct-sized ventilation-face mask will fit over the child’s
face from the bridge of the nose to the cleft.of the chin. This
guideline is also correct when using patient-administered nitrous
oxide analgesia. )

-Guidelines for monitoring and management of pediatric patients
during and after sedation for diagnostic and therapeutic
procedures. Pedjatrics, 1992;89:1110-1115, with permission.

FYUITEN VASCULAR ACCESS EQUIPMENT

Intravenous catheters

(24-16 gauge)*
Intraosseous bone-marrow needle
Intravenous tubing J

Pediatric drip (60 drops/mL)

Pediatric burette-type

Adult drip (10 drips/mL)
Intravenous fluids

Lactated Ringer’s

Normal saline
Miscellaneous equipment

Tourniquets

Alcohal wipes

Arm boards

* In resuscitation situations, no more than 90 sec should be spent
attempting to gain peripheral venous access. If attempts have
been unsuccessful, then central venous cannulation, intraosseous
cannulation, or peripheral.venous cutdown should be done
according to the expertise of available personnel.

(Guidelines for monitoring and management of pediatric patients
during and after sedation for. diagnostic and therapeutic
procedures. Pediatrics, 1992;89:1110~1115, with permission.




ages and sizes (63). In addition, a positive pressure oxygen deliv-
ery system capable of delivering at least 90% oxygen for at least
60 minutes must also be readily available (63). A working suction
apparatus (63) must be easily accessible to handle patient secre-
tions, as well as for unexpected regurgitation and vomiting,
These recommendations are essential for patient safety and for
optimum patient care.

Having now considered the preliminary step of patient assess-
ment, the practitioner must now decide which sedative or seda-
tives to use. The ideal sedative should be easy to administer,
quick in onset, devoid of side effects, and rapid in termination
of eftects. The abundance of references in the literature excolling
the virtues of different sedative drugs and drug combinations is
the best indicator that we do not yet have the ideal sedative.
Each of the drugs that is discussed has only some of the properties
of an ideal sedative medication. Also, patients demonstrate great
variability in response to medications. It is important to treat
each patient as an individual and to not expect to be able to fit
every child wich a fracture into any particular sedation regimen.
For patients who cannot be adequately sedated, the orthopaedic
surgeon should consult an anesthesiologist for provision of a
brief, well-controlled general anesthetic.

Self-administered 50% nitrous oxide (50% nitrous oxide and
50% oxygen) has been found to be moderately useful in provid-
ing sedation and analgesia for the reduction of children’s frac-
tures. Evans and co-workers (45) found it to be comparable in
efficacy to intramuscular meperidine (2 mg/kg) and prometha-
zine {1 mg/kg). However, in a different scudy, Hennrikus and
co-workers noted that 46% of their patients experienced signifi-
cant pain with nitrous oxide alone as a sedative and analgesic
for fracture reduction (67). Patients with completely displaced
radius and ulna fractures had a statistically higher incidence of
failure to achieve analgesia (67). Wich the addition of a hema-
toma block (discussed in a subsequent section), Hennrikus and
his coinvestigators were able to obtain a 97% incidence of ade-
quate sedation and analgesia (66). This study does illustrate the
important point that where possible, the use of regional anesthe-
sia, in combination with almost any sedation regimen is an excel-
lent way to enhance pain relief and to minimize the need for
systemic sedative and analgesics.

In general, nitrous oxide is a weak sedative and analgesic. Ir
does have the advantages of rapid onset, relative ease of utiliza-
tion, and rapid termination of effects (88). Because it diffuses
rapidly into enclosed air-filled spaces, its use is contraindicated in
patients with bowel obstruction or pneumothorax (88). Nitrous
oxide is also contraindicated in patients with altered intracranial
compliance (88).

Although nitrous oxide is perhaps a useful part of the sedation
armamentarium, this author does not believe thar the literature
supports the use of nitrous oxide alone as a reliable sedative and
analgesic for pediatric orthopedic procedures.

Ketamine, which is structurally related to phencyclidine, was
first synthesized in 1963. Developed to produce the “anestheric
state (analgesia, amnesia, loss of consciousness and immobility)”
without total CNS depression, it was approved for general clini-
cal use in 1970 (31,157).

The commercial preparation of ketamine is a racemic mixture
of two optical isomers with differing activicy (157). Ketamine
is typically administered intravenously or incramuscularly (59,
136). Rectal (118), oral (64,145), and intranasal administration
(154) have been described in the literature.

Ketamine is metabolized in the liver, primarily by V-methyla-
tion to norketamine. Norketamine has about one third the seda-
tive and analgesic potency of ketamine. As such, ketamine should
be administered cautiously or in reduced doses to patients with
impaired hepatic function.

Intravenous ketamine, 1 to 2 mg/kg, produces unconscious-
ness within 30 to 60 seconds (136). Peak plasma concentrations
occur within 1 minute. Return of consciousness occurs within
10 to 15 minutes, although complete recovery may be delayed
(136). Dose requirements and recovery times from ketamine are
age related (24,87).

Ketamine has been found to have interactions at mulriple
binding sites, including N-methyl-D-aspartate (NMDA) and
non-NMDA receptors, nicotinic and muscarinic cholinergic re-
ceptors and opioid receptors (83). Agonist actions of ketamine
on opioid receprors play only a minor role in its analgesic effects
(83). Note that naloxone, a narcotic antagonist thac is further
discussed in the section on opioids, does not reverse the analgesic
effect of ketamine (83). The psychotomimetic effects of keta-
mine, however, may involve interaction with a specific subclass
of opioid receptors known as kappa receptors (83). For analgesia,
the main site of action is the NMDA receptor. The reader is
referred to other sources for further informartion on this topic

(83).

Central Nervous System Effects of Ketamine

Ketamine produces a state known as dissociative anesthesia. Dis-
sociative anesthesia refers to a cataleptic state characterized by
functional and electrophysiologic dissociation berween the thala-
moneocortical and limbic systems (157). Patents keep their eyes
open and exhibit a slow nystagmic gaze. Corneal and pupillary
reflexcs remain intact. Generalized hypertonicity may be present.
Even though ketamine has effects on nicotinic acetylcholine re-
ceptors in skeletal muscle, this effect is of minor significance,
because ketamine increases muscle tone by central mechanisms
(83). Patients receiving ketamine may exhibit purposeful move-
ments but noc necessarily in response to surgical stimulation
(157).

Keramine’s analgesic effect is intense and may outlast its seda-
tive effect (59). In one study of minor surgical procedures wich
ketamine anesthesia, no additional analgesics were required for
24 hours postoperatively (69). Amnesia persists for about one
hour after apparent recovery from ketamine (136).

Emergence phenomena are relatively rare in children, al-
though young adults are especially susceptible to this problem



(69). Changes in mood and body image, out-of-body experi-
ences, floating sensations and frank delirium are all possible
(157). Emergence phenomena result from misinterpretation of
auditory and visual stimuli at the neurologic level (157). Al-
though usually terminating within 24 hours (136), prolonged
emergence phenomena lasting as long as 10 to 12 months have
been reported in children (102). An increased incidence of emer-
gence reactions is seen in patients older than 16 years, female
patients, patients who have received doses of intravenous keta-
mine above 2 mg/kg, and patients with a history of abnormal
personalities (157). There is no evidence that emergence in a
quiet environment decreases the incidence of this problem (157).
Benzodiazepines (e.g., diazepam and midazolam) are the most
effective treacment for keramine-induced delirium and halluci-
nations (157). In fact, the administration of a benzodiazepine
3 to 5 minutes before keramine is effective in almost entirely
eliminating the possibilicy of emergence delirium (88).

Transient diplopia (31), ataxia (60), and disequilibrium (60)
may occur after ketamine use. Farly attempts at ambulation
should be discouraged (60). Ketamine does not induce seizures
and is not necessarily contraindicated in patients with an under-
lying seizure disorder (157).

Keramine is contraindicated in patients with increased intra-
cranial pressure or with abnormal intracerebral compliance.
Thus, patents who have sustained a head injury as part of their
ongoing trauma should not receive this drug (144). It is interest-
ing to note that there are some reports actually suggesting cthat
there is a neuroprotective effect for keramine (83). However,
the recommendation that ketamine be avoided in head-injured
patients still stands firm for now.

Respiratory Effects of Ketamine

Ketamine can have some potentially troublesome effects on the
airway. It causes the production of increased salivary and tra-
cheobronchial secretions, which can lead to coughing, laryngo-
spasm, and airway obstruction. This problem may be especially
treacherous in patients with an ongoing respiratory infection.
Glycopyrrolate (Robinul), an antisialogogue, should be adminis-
tered 3 to 5 minutes before ketamine (at the same time that the
benzodiazepine is given) to ameliorate this problem (88). The
dose for glycopyrrolate is 5 to 10 uglkg, given intravenously.
For large children, a dose of 0.2 mg (200 ug) of glycopyrrolate
given intravenously is sufficient. Unless there is some other
strong indication for its use, ketamine should be avoided in
patients with ongoing infections of the respiratory tract.

Although ketamine does not usually produce significant
depression of ventilation (136), apnea has been reported with
its administration (37). Apnea is more likely to occur when the
drug is given intravenously in rapid boluses (37) or in combina-
rion with other respiratory depressants (136). However, there
are reports of apnea in otherwise healthy children sedated in the
emergency department with intramuscular ketamine alone in
the usual recommended dosage (96,126).

In addition, ketamine does not protect against aspiration of
gastric contents (26,141). In this regard, ketamine is no different
from any other sedative and analgesic except maybe for self-
administered 50% nitrous oxide in oxygen. Ketamine should

never be given in an unmonitored setting, such as a patent’s
room on a regular hospital ward, or a dlinic that does not have
appropriate monitoring and resuscitation equipment (see the
first part of this chapter).

Cardiovascular Effects of Ketamine

Ketamine stimulates the sympathetic nervous system and leads
to the release of endogenous catecholamines. Through such an
effect, ketamine produces a dose-dependent increase in heart
rate and blood pressure (144), and cherefore, it is useful in the
operating room in patients with mild hypovolemia. As a byprod-
uct of its sympathetic stimulation, ketamine produces bronchod-
ilation, and as such, it has been useful in the anesthetic manage-
ment of patients with asthma (88). However, because ketamine
is a direct myocardial depressant, its administration to patients
who are profoundly hypovolemic, and whose sympathetic ner-
vous system is already maximally stimulated, will lead to cardio-
vascular collapse. The reader is reminded that any sedation given
to a hypovolemic patient must be administered very judiciously
and preferably after the volume status is corrected.

Review of Relevant Literature (Ketamine)

In 1990, Green and co-workers reviewed a collective experience
of nearly 12,000 children sedated with ketamine for various
procedures (60,61). In 1998, Green and coworkers (62) pub-
lished their experience with 1,022 pediatric patients aged 15
years and younger sedated with ketamine 4 mg/kg intramuscu-
larly for a variety of emergency room procedures, consisting
mainly of laceration repairs and fracture reductions. From this
group of patients, the authors reported two cases of apnea, four
cases of laryngospasm, one case of respiratory depression, and
seven cases of partial airway obstruction (e.g., airway malalign-
ment) responding to repositioning of the head. They also re-
ported a 6.7% incidence of vomiting but no cases of aspiration.
In an interesting study by Kennedy and colleagues (81), intrave-
nous ketamine combined with midazolam (Versed) was com-
pared with fentanyl combined with midazolam in the manage-
ment of pediatric fractures. This particular study is further
discussed lacer.

\/ o

Salient points regarding the safe use of ketamine are summarized
in Table 3-7. Monitoring and procedural guidelines for deeply
sedated patients (63) should be followed whenever ketamine is
used. If used intramuscularly, the dose should be limited to 4
mg/kg. If the drug is used intravenously, the total dose should
be limited to 2 mg/kg. The reader is reminded to use glycopyrro-
late, and to consider strongly the administration of midazolam
(Versed) 0.05 to 0.1 mg/kg for the prevention of agitation and
delirium. Note that there is an increased risk of respiratory
depression whenever more than one sedative medication is ad-
ministered. Note also that no reversal drug exists for ketamine.



l. Methods of Administration and Dosage
A. IM, 4 mg/kg
B. IV, 1-2 mg/kg
C. PO, 6-10 mg/kg
D. Rectal, 5-10 mg/kg
il. Contraindications
A. Altered state of consciousness
B. Increased intracranial-pressure
C. Active upper respiratory infections {(increased quantity of
secretions and possible increased risk of laryngospasm)
D. Full stomach
E. Prior unfavorable experience with ketamine
F. Patients > 16 yr old (increased incidence of emergence
phenomena)
lll. Advantages
A. Provides sedation, amnesia, intense analgesia
B.. Sympathetic-mediated activity may be beneficial for chil-
dren with asthma.
V. Disadvantages
A. Increases production of saliva and tracheobronchial se-
cretions. Coadministration of glycopyrrolate 0.01 mg/kg
recommended.
B. Potential for loss of the airway from:
1. Laryngospasm secondary to increased secretions
2. Aspiration from laryngeal incompetence
3. Apnea
C. Emergence phenomena: Rare in young children. No ad-
vantage to-quiet environment. Midazolam may help, but
may contribute to oversedation.

Initial interest in the use of benzodiazepines developed when
these drugs were noted to exert taming effects in animals (133).
Benzodiazepines provide anxiolysis, hypnosis, centrally mediated
(40) relaxation of muscle tone, antegrade and rewograde amne-
sia, and anticonvulsant activity (113). Benzodiazepines have no
analgesic activity and require supplementation for painful proce-

dures (133).

Pharmacology

Midazolam (Versed) is the primary benzodiazepine used for pe-
diarric sedation. It offers several advanrtages over other benzodi-
azepines (158). It is water soluble and, therefore, usually rela-
tively painless on injection (113,158). It does occasionally cause
discomfort on injection, although the pain is not as severe as
that with diazepam (Valium). At physiologic pH, midazolam
becomes highly lipid soluble, facilitating transport into the CNS
and onset of sedarive effects (158). Initial recovery, which is due
to redistribution of the drug away from the CNS, occurs in
abour 30 minutes. The elimination half-life of midazolam is
significantly shorter than that of diazepam (158). On a milli-
gram-per-milligram basis, midazolam is at lcast two to three
times as potent as diazepam (56). Electroencephalographic
(EEG) studies indicate that the blood—brain equilibration time

is 4.8 minutes for midazolam versus 1.6 minutes for diazepam
(25). Therefore, when titrating midazolam for sedation, it is
important to wait 5 minutes between doses.

Central Nervous System Effects

Anxiolysis and centrally mediated relaxation of skeletal muscle
tone is presumed to occur from a benzodiazepine-induced in-
crease in the availability of glycine inhibitory neurotransmirter
(133). Facilitating the action of the inhibitory neurotransmirtter
gamma-aminobutyric acid (GABA) is responsible for the seda-
tive effects of benzodiazepines (133). It remains unclear what
the site of action is for the production of amnesia (133).

Note thac midazolam and diazepam produce direct depres-
sion of the central respiratory drive (54) and that apnea may
occur (18,72,113), especially after parenteral administration of
these drugs. Although it is generally considered very safe, orally
administered midazolam has been reported to produce airway
obstruction in a child with congenital airway anomalies (85). In
general, the incidence of respiratory complications increases wich
the presence of major vital organ disease (72). However, even
in healthy adult volunteers, intravenous sedation with midazo-
lam (0.1 mg/kg) can depress the ventilatory response to hypoxia
(3). Concomitant administration of opioids (72,133,161)
greatly increases the risk of respiratory complications. Therefore,
extra vigilance and careful titration of medications to effect are
even more important when using more than one sedative or
analgesic medication.

Other Systemic Effects

With careful titration, significant hemodynamic changes are un-
usual with midazolam (113). Loss of protective airway reflexes
is also unlikely under these circumstances (113) as long as the
physician pays careful attention to the effects of each incremental
dose on the patient’s state of consciousness. Caution is always
urged if the patent’s stomach is full. Slurring of speech is a
typical sign of sedation with benzodiazepines (113). Children
may also exhibit loss of anxiety, unsolicited smiling, and even
laughrer.

In reporting their experience with 2,617 children sedated for
endoscopic procedures, Massanari and co-workers (91) noted
that 36 patients exhibited paradoxical reactions to midazolam,
including inconsolable crying, combativeness, and agiration.
The authors of this study were able to treat these reactions with
flumazenil, a benzodiazepine antagonist, which is further dis-
cussed below.

Review of Relevant Literature (Midazolam)

In children, midazolam can be administered by oral, nasal, sub-
lingual, intravenous, intramuscular, and rectal routes (88). A
liquid oral formulation, whose concentration is 2 mg midazo-
lam/mL, now exists in the United States. It is marketed as Versed
Syrup 2 mg/mL and is manufactured by Hoffman-LaRoche
pharmaceuticals. If this formulation is not available at a particu-
lar location, then the practitioner can order the parenteral form



1. Method of Administration
A. Diazepam: 0.1 to 0.3 mg/kg IV or PO. IM administration
should be avoided because it is painful.
B. Midazolam
1. PO, 0.5-0.75 mg/kg
2. Nasal,* 0.3-0.4 mg/kg
3. IM, 0.03-0.1 mg/kg
4. 1V, 0.05-0.1 mg/kg
Il. Contraindications
A. Previous unfavorable experience with benzodiazepines
B. (?) Early pregnancy (possible teratogenicity)
C. Altered state of consciousness
I Advantages
A. Generally provide excellent sedation and amnesia
B. Reversible if necessary (flumazenil, 10 1g/kg) up to a total
dose of 1.0 mg)
IV. Disadvantages
A. No analgesic effect
B. Respiratory depression, especially with parenteral admin-
istration
C. Combination with narcotics may lead to oversedation or
respiratory arrest

* Many children find the intranasal administration of midazolam
to be very unpleasant. This method of administering midazolam is
not recommended.

(usually the 5 mg/mL concentration) to be mixed in 5 to 10
mL of a sweet-tasting syrup (106). Acetaminophen syrup or
ibuprofen syrup are useful vehicles for mixing parenteral midazo-
lam, keeping in mind the appropriate pediatric doses of acet-
aminophen and ibuprofen (Table 3-8). The author’s personal
preference is to mix the midazolam in 3 to 5 mL of Tylenol
syrup. For nasal administration, which the author does not rec-
ommend, the parenteral preparation is used with no additives.
The reason for discouraging the use of nasal midazolam is be-
cause most children find its administration to be very unpleasant.
In one study, 84% of children given intranasal midazolam cried
in response to administration of the medication (80). Although
sublingual administration is a good idea from a pharmacologic
point of view (see discussion under morphine), it requires a
degree of patient cooperation that may be difficult to reliably
obrain in children. In other words, an uncooperative child may
be unwilling or unable to hold a medication under his or her
tongue.

Hennes and colleagues (65) have used oral midazolam rto
allay the anxiety of children requiring laceration repair in the
emergency department. Fatovich and Jacobs (47) also noted de-
creased anxiety in children requiring laceration repair after oral
midazolam versus in a control group that received only a placebo.
Note that if the practitioner decides to use orally administered
midazolam, the appropriate dose is 0.5 to 0.75 mg/kg (48) and
a waiting period of 10 to 30 minutes is required for onser of
effects. The maximum amount of midazolam that should be
administered orally has not been determined, but in pracrice,

thisamount is usually limited to 20 to 25 mg. Note that analgesic
supplementation in the form of either local anesthetics, opioids,
or both is required for painful procedures. Patients who receive
parenteral benzodiazepines must be monitored with pulse ox-
imetry, because oxygen desaturation may occur (125).

Drug reversal

Flumazenil (Romazicon) reverses the sedative effects of benzodi-
azepines (76,82,107). The flumazenil dose for children is 10
pg/kg intravenously. Flumazenil administration may then be
continued at 5 ug/kg/minute until the child awakens, or undil
a rotal dose of 1 mg has been given (77). The elimination half-
life of flumazenil is 30 minutes, compared with 1 to 2 hours
for midazolam. Patients who receive flumazenil should be ob-
served for ar least 2 hours before discharge to ensure that rese-
dation from the original benzodiazepine does not occur. In the
author’s opinion, the use of flumazenil should be limited to
situations of relative or absolute benzodiazepine overdose leading
to respiratory or hemodynamic compromise. Routinely reversing
benzodiazepines is both unnecessary and, in the absence of per-
sistent monitoring, potentially dangerous.

\/
Salient points regarding the use of midazolam and other benzo-
diazepines are summarized in Table 3-9. Although supplemental

I. Method of Administration
A. Morphine: 0.05-0.1 mg/kg IM or IV
B. Meperidine: 0.5-1.0 mg/kg IM or IV
C. Fentanyl: In increments of 0.001 mg/kg IV (maximum
total dose, 0.004-0.005 mg/kg)
D. Nalbuphine: 0.1 mg/kg IM or IV
Patients younger than 3 mo old should be given no more than
half of these doses initially. IV titration to desired effect is the
ideal way to administer al/l sedative medications.
Il. Contraindications
A. Altered state of consciousness
B. Previous unfavorable experience (excludes that medica-
tion only)
C. Sedation for nonpainful procedure
IIl. Advantages
A. Provide excellent analgesia
B. Reversible if necessary (naloxone 0.001-0.005 mg/kg IV
titrated to effect)
IV. Disadvantages
A. Risk of respiratory depression and apnea
B. Increased risk of respiratory depression and apnea when
combined with other sedatives
C. No amnestic effects
V. Additional Side Effects (more likely when used in recurrent
doses for treatment of pain)
Nausea, vomiting, pruritus, constipation, decreased gas-
tric motility




analgesia is required for painful procedures, such as the reduction
of fractures, the anxiolysis and amnesia that midazolam produces
make it an excellent medication for children with orthopaedic
injuries. Careful intravenous titration of midazolam in incre-
ments of 0.05 mg/kg may be undertaken, combined with a re-
gional anesthetic block (Bier block, hematoma block, for exam-
ple) for pain relief. The author believes that oral midazolam,
with its mandatory 10- to 30-minute waiting period, and with
its lack of titratability to effect, is probably best reserved for use
as a preoperative medication before elective surgical procedures.
Also, for emergency patients, intravenous titration is the best
and most efficient way to achieve desirable levels of patient seda-
tion and cooperation. The combination of midazolam and
opioids is discussed in the next section.

4

Opioids include all exogenous substances, natural or synthetic,
that bind to specific receptors and produce morphine-like effects
(138). There are several types and subtypes of opioid receprors
(8,138). Opioids vary in their respective affinity for receptor
types, accounting for the difference in side effects. Opioids are
classified as pure receptor agonists (e.g., morphine, meperidine,
fentanyl), agonist-antagonists (e.g., nalbuphine), or pure antago-
nists {e.g., naloxone) (138).

Opioid Agonists

All opioid agonists produce dose-dependent respiratory depres-
sion and apnea (138). Nausea and vomiting occur because of
direct stimulation of the chemoreceptor trigger zone in the floor
of the fourth ventricle of the medulla oblongata (138).

Morphine

Morphine is a well-known analgesic. It is usually administered
intravenously or intramuscularly, although sublingual and rectal
routes have been described (33). Oral morphine is usually used
for long-term pain control in patients with severe, chronic pain.
Rectal administration of morphine is not recommended because
it has been associated with delayed absorption, delayed respira-
tory depression, and death (33,58). In general, rectally adminis-
tered medications are absorbed unpredictably (135) and access
of the medication to the rectal mucosa may be variably impeded
by rectal stool content.

The usual starting dose for intravenous or intramuscular mor-
phine is 0.05 to 0.1 mg/kg. In infants younger than 3 months
old, the dose should be reduced by at least one half because of
increased suscepeibility to respiratory depression (114). Mor-
phine should be reserved for painful procedures lasting at least
30 minutes (33). Morphine is not very lipid soluble, and its
delay in leaving the CNS accounts for a potential duration of
action of 3 to 4 hours (8,33). Hypotension secondary to vasodila-
tion, histamine release, or vagally mediated bradycardia can
occur even with the administration of small doses of morphine
(8). Histamine release along the course of the vein into which
the morphine is administered is not by itself an allergic reaction

(138). The overall incidence of true allergic reactions to opioids
is very small (138).

Meperidine

The use of meperidine (Demerol) parallels that of morphine.
The initial intravenous or intramuscular dose is 0.5 to 1.0 mg/
kg. Again, the dose should be reduced by at least one half in
infants younger than 3 months of age (114). Normeperidine, a
metabolic breakdown product of meperidine, has been associ-
ated with seizures, agitation, tremors, and myoclonus (68,78).
Meperidine is not recommended for patients with an underlying
seizure disorder. Accumulation of normeperidine is more likely
in situadons of prolonged meperidine administration. There-
fore, meperidine should be used cautiously, if ac all, in the trear-
ment of chronic pain (33). As with morphine, meperidine may
produce hypotension due to various mechanisms (8). Histamine
release has also been reported with meperidine (8).

Fentanyl!

Fentanyl is a synthetic narcotic 100 times more potent than
morphine and 1,000 times more potent than meperidine on a
milligram-per-milligram basis. Fentanyl is highly lipid soluble
and rapidly penertrates the CNS (8). When administered in low
doses, its duration of action is from 30 to 45 minutes. For seda-
tion, fentanyl is given intravenously in increments of 0.5 to 1
uglkg. The maximum total dose is 4 1o 5 uglkg (33). As a
preoperative medication, fentanyl is available in an oral raspberry
flavored lollipop known as the Fenranyl Oralet (88). Currently
available sizes for the Oralet are 200 ug, 300 ug, and 400 ug.
As a preoperative medication, the recommended dose ranges
from 10 to 20 ug/kg. Troublesome side effeces of this prepara-
tion include nausea and vomiting, pruritus, and oxygen desatura-
rion (121).

Reonset of respiratory depression up to 4 hours after fentanyl
administration has been reported (131). Glottic closure (5), and
muscular rigidity (6,120,128) can occur, especially, although
not exclusively, with administration of higher doses. Respiratory
arrest may occur, especially with the coadminiscration of other
sedatives (161). For these reasons, fenranyl should be titrated
slowly to effect.

Opioid Agonist-Antagonists

A so-called ceiling effect or limit on the degree of respiratory
depression has been demonstrated for various opioid agonist-
antagonists, including nalbuphine (116) and butorphanol (149).
Nalbuphine and morphine have the same analgesic potency on
a milligram-per-milligram basis (114). Nalbuphine has a shorter
elimination half-life (73). Opioid agonist-antagonists have no
particular advantage over properly dosed opioids (38). The
major problem with opioid agonist-antagonists is that their ceil-
ing effect on respiratory depression is often accompanied by a
ceiling effect for analgesia (138). Also, agonist-antagonists re-
duce the analgesic effectiveness of pure agonists (e.g., morphine,
meperidine, fentanyl, codeine) if additional analgesia is required



(38). In patients who are receiving opioids on a long-term basis,
administration of opioid agonist-antagonists can precipitate
acute withdrawal symptoms (38).

Drug Reversal With Opioid Antagonists

Naloxone (Narcan), which has no agonist activity of its own,
displaces opioids from opioid receptors (138). Note that rapid
reversal of narcortic effects may precipitate severe hypertension,
pulmonary edema, ventricular or supraventricular irricability,
seizures, and cardiac arrest (7,44). Dysphoria, nausea, and vom-
iting may also occur, Acute narcotic withdrawal in this situation
reflects sympathetic nervous system stimulation from abrupt re-
versal of analgesia and sudden perception of pain (8). Therefore,
naloxone should be titrated to effect (relief of respiratory depres-
sion) in increments of 1 to 5 ug/kg intravenously. Naloxone
has a duration of action of 30 to 45 minutes, and resedation is
possible. Close patient observation is required, and supplemental
naloxone doses may be necessary. Current dosage recommenda-
cions in cases of frank opioid intoxication are significantly higher
(43). Caution is always advised against precipitating acute nar-
cotic withdrawal. The first priority in the treatment of narcotic
overdose is a patent, well-maintained airway.

Similar to the sicuation with flumazenil for reversal of benzo-
diazepines, the author believes that the routine use of naloxone
to reverse narcotic sedative medications is unwarranted and, for
reasons noted earlier, potentially dangerous. Naloxone use
should be reserved for situations of airway compromise brought
on by relative opioid overdose, and it should never be urilized as
a way of expediting patient discharge after a procedure requiring
sedation.

Review of Relevant Literature (Opioids)

With careful monitoring and judicious administration, combi-
nations of opioids for analgesia and benzodiazepines for amnesia
and anxiolysis are probably the most useful sedarives in existence
today for the management of children’s fractures. Varela and
co-workers (150) reported excellent patient and physician satis-
faction using intravenous meperidine and midazolam for intra-
venous sedation for the closed reduction of fracrures in children.
In this particular investigation, the average meperidine dose was
1.47 mg/kg and the average midazolam dose was 0.11 mg/kg.
There were no episodes of apnea or cardiorespiratory complica-
tions. These investigators stress that careful patient monitoring
is important, not only during but after the procedure as well.
Intravenous morphine 0.1 mg/kg plus midazolam 0.1 mglkg
is another useful sedation mixture for children with fractures,
especially when combined with a hematoma block (personal
communication, J. Edeen, M.D.). The hematoma block is dis-
cussed later in the chapter. With this particular approach, the
midazolam is administered first, followed by the morphine about
5 minutes later. The hematoma block is performed, and the
fracture is then reduced. Again, careful patient monitoring as
previously outlined is essential to good care.

In the absence of specific contraindications, including ten-
uous airway status, unstable hemodynamic stacus, or history of
specific allergic reactions, for the performance of painful proce-

dures in children, a combination of a benzodiazepine and a nar-
cotic is probably ideal (110,127,161), as long as the principles
of careful ticration and close patient monitoring are observed.
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Salient points regarding the use of opioids as well as opioid and
benzodiazepine combinations for pediatric sedation are summa-
rized in Tables 3-10 and 3-11. Opioid and benzodiazepine com-
binations provide amnesia, analgesia, and sedation. The tradeoff
is that of addicive respiratory depression and additive depression
of protective airway reflexes. In both elective and emergent situa-
tions, the practitioner must

1. Thoroughly evaluate the patient, as has been discussed earlier
in the chapter.

2. Follow standard practice guidelines for deep sedation (63).

Pay careful atrention to dosing limits (Table 3-11).

4. Be certain that both flumazenil and naloxone are available.
These medications are to be used strictly for the treatment of
absolute or relative overdose of benzodiazepines and opioids,
respectively. Do not use these medications to expedite dis-
charge from the emergency room.

»

Midazolam and Ketamine Compared With
Midazolam and Fentanyl!

While studying a group of 260 children between the ages of 5
and 15 presenting for the emergency room reduction of frac-

1. Method of Administration

IV titration to effect

A. Midazolam: In increments of 0.05 mg/kg to a maximum -
of 0.1 mg/kg. Wait 5 min between doses.

B. Fentanyl: Begin 5 min after last midazolam dose. Give
in increments of 0.001 mg/kg to a maximum of 0.003
mg/kg. Wait 2 to 3 min between doses.

IIl. Contraindications

A. Altered state of consciousness

B. Previous unfavorable experience with either medication

C. Specific contraindications to benzodiazepines or
opioids (see Tables 3-9-and 3-10).

lll. Advantages

A. Provides sedation, amnesia (midazolam), and analgesia
(fentanyl) ;

B. Reversible if necessary (see Tables 3-9 and 3-10).

V. Disadvantages

A. Additive respiratory depressant effects

B. Additive depressant effects on protective airway
reflexes with increased risk for regurgitation and
aspiration of gastric contents

* An excellent review of the advantages and problems associated
with this drug regimen is provided by Yaster and-colleagues'.




l. Method of Administration
20 to 75 mg/kg orally or rectally (maximum single dose, 1.0
g. If a second dose is given, the maximum total dose is
either 100 mg/kg or 2.0 g, whichever is lower):
II. Contraindications
A. Compromised hepatic function
B. History of obstructive sleep apnea*
C. Previous unfavorable experience with chloral hydrate
Ill. Advantages
No specific advantages for sedation and treatment of
children with fractures ;
IV. Disadvantages
A. Prolonged time to peak effect (as long as 60 min)
B. Difficult to titrate
C. Prolonged observation period required

* Caution is required when using any sedative medication in
patients with obstructive sleep apnea.

tures, Kennedy and coworkers (81) compared the effectiveness of
two regimens for sedation and analgesia. For the first reduction
attempt in each patent, all of the children initally received
midazolam 0.1 mg/kg (maximum dose of 2.5 mg) at 3-minute
intervals until either objective signs of onset of drug effect devel-
oped (slurred speech, glassy eyes) or until three doses of midazo-
lam were given. One minute after the administration of the last
dosc of midazolam, half the patiencs began receiving fentanyl,
titrated in increments of 0.5 ug/kg until either a decreased re-
sponse to verbal or painful stimulation was noted, or a maximum
dose of 2 ug/kg had been administered. The maximum amount
of fentanyl used was 100 ug. The other half of the patients,
instead of receiving fentanyl, were given ketamine, titrated in
increments of 0.5 ug/kg, using the same criteria as for fentanyl
to determine onset of effect. Ketamine titration continued, if
necessary, until a maximum amount of 2 ug/kg had been given.
All of the patients who were given ketamine also received glyco-
pyrrolate, 5 uglkg as an antisialogogue. Additional amounts of
midazolam and the study drug were given if analgesia and seda-
tion were judged to be insufficient or if additional reduction
attempts were necessary. Treatment failures occurred in those
patients who experienced significant adverse drug effects or who
obrained insufficient sedation and analgesia.

Patient distress was quantified using various behavioral scales.
The reader is referred to the article iwself for more derailed infor-
mation about the measurement process (81). Whereas preseda-
tion scores were basically the same for both groups, during frac-
wure reduction, the investigators reported a significantly lower
score of patient distress for the children receiving midazolam
and keramine than for those recciving midazolam and fentanyl
(81). In general, the keramine and midazolam combination was
favored by parents and by the involved orthopaedic surgeons
(81). On the other hand, however, two patients receiving mida-
zolam and ketamine required brief assisted vencilacion with a
bag, valve, and mask apparatus, and one patient developed laryn-

gospasm. Vomiting occurred more often in the group taking
keramine, and group taking the ketamine had a longer mean
time to recovery and discharge.

This is a very detailed study that looks very closely atr two
viable regimens for sedation of children with fractures. Again,
with careful monitoring and careful attention to drug ritration,
the practitioner may wish to wy both ro determine which is
more useful in their individual practice. The authors of this
scudy favor the ketamine and midazolam regimen and provide
good evidence for their conclusions (81).

Pediatric Cocktail

The so-called pediatric cockrail (DPT) or “lyric” cockrail is a
mixture of meperidine (Demerol) and two phenothiazines: pro-
methazine (Phenergan), and chlorpromazine (Thorazine). For
multiple reasons, this sedative regimen should be avoided. Pro-
longed and profound sedation occur, often far outlasting the
procedure for which the sedation was intended. One study has
reported a mean total recovery time of 19 hours, plus or minus
15 hours, in children receiving DPT in the emergency depart-
ment (142). Orthostatic hypotension is possible, because pro-
methazine and chlorpromazine are alpha-adrenergic blockers
(33). Severe respiratory depression and death, both during and
after the procedure, have occurred in patients sedated with DPT.
All three medications in this mixture lower the seizure threshold,
and phenothiazines can produce dystonic reactions (33). Note
that there is no reversal agent for phenothiazine overdose.
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The author strongly believes that the use of the pediatric cockrail
should be abandoned (127).

Of greatest use in sedating children for nonpainful diagnostic
procedures such as radiographic scudies, chloral hydrate is ad-
ministered in a dose of 20 to 75 mg/kg orally or recrally. The
maximum single dose is 1 g. If more than one dose has 1o be
given, the upper limit for the toral dose is either 100 mg/kg or
2 g, whichever is lower.

Although, theoretically, rectal dosing should be more effi-
cient, because of the lack of a first pass hepatic effect (135), 30
to 60 minutes may elapse before chloral hydrate rakes cffect no
matter how it is administered. Children receiving chloral hydrate
must be observed for at least several hours. Respiratory depres-
sion 1s unusual, but children with sleep apnea and adenotonsillar
hypertrophy may be particularly vulnerable to airway obstruc-
tion after sedation with chloral hydrate (16). At least one death
has been reported following its use (74). These problems empha-
size that even sedatives thought to have lictle risk of producing
respiratory depression must be administered under properly su-
pervised conditions (63) and with strict adherence to dosage
guidelines.
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Chloral hydrate is of minimal use in the sedation and treatment
of patients with fractures. It provides no analgesia, and it lacks
the rapidity of onset and ticrarability of intravenous opioids and
benzodiazepines. The practitioner should be familiar with this
medication, however, because it remains in common use for
nonpainful pediatric procedures. Salient features regarding its
administration are summarized in Table 3-12.

In general, barbiturates have a lower margin of safety than benzo-
diazepines (132). In addition, barbiturates seem to lower the
pain threshold, and are therefore a poor choice for producing
sedation in the presence of a painful condition, such as a fracture
(132). With these points in mind, barbiturates should not be
used for sedating children with fractures.

Propofol is a substituted isopropylphenol that is a rapid-acting
intravenous anesthetic (136). Because it is virtually insoluble in
aqueous solutions, it has to be dissolved in lecithin-containing
formulations. The orthopaedist may have seen this whitish medi-
cation administered by the anesthesiologist in the operating
room, where it has gained the popular name of “milk of am-
nesia.”

Propofol has a fast onset of action, owing to icts high lipid
solubility, and an extremely short duration of action. Awakening
is rapid, with little to no “hangover” effect as seen with other
drugs (136). It also has antiemetic effeces (88).

However, there are several reasons for which the drug should

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

2. Lightheadedness

3. Visual and auditory disturbances (double vision and tinnitus)

4. Shivering, muscle twitching, tremors (initial tremors may in-
volve the muscles of the face and distal parts of the extremi-
ties)

5. Unconsciousness

6. Convulsions

7. Coma

8. Respiratory arrest

9. Cardiovascular depression and collapse

* 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.

not be used in the managemenc of children wich fractures in an
emergency room setting. First and foremost, it is easy to sud-
denly lose the airway in a patient given propofol. Therefore, this
drug has really should be administered by an anesthesiologist
(79). Second, the drug provides no analgesic effect and, there-
fore, has to be combined with an opioid, which, in turn, will
intensify the respiratory depressant effects of propofol. Third,
in children, the adminiscration of propofol is associated with
opisthotonic posturing and myoclonus (88), which is certainly
not helpful in the reduction of a fracture. Propofol has vasodila-
tory and negative inotropic effects, which can lead to hypoten-
sion (88). Finally, there is some concern that propofol may be
associated with seizures (88), although Momorta and co-workers
(97) have used propofol to stop scizure activity from Jlocal anes-
thetic overdose.
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Regarding children with fractures, propofol should be reserved
for administration in the operating room as part of a regimen
of general anesthesia by an anesthesiologist.

Within the limitations and guidelines that are discussed later,
the use of regional anesthesia to relieve pain in children with
musculoskeletal injuries is reasonable and worthwhile.

Regional or local anesthetic medications prevent nerve impulse
propagation by interfering with the funcdon of the sodium chan-
nel on the axonal membrane (139). Commonly used local anes-
thetics have either an amino amide or amino ester linkage in
their molecular structure (146}, Amino amide local anesthetics
include lidocaine (Xylocaine), bupivacaine (Marcaine, Sen-
sorcaine), mepivacaine, prilocaine, etidocaine, and the relatively
new agent ropivacaine. Amino ester local anesthetics include
procaine (Novocain), chloroprocaine, tetracaine, benzocaine,
and cocaine.

Medications within each group have important intrinsic dif-
ferences in potency, duration of action, and potential for toxicity
(36,146). For example, lidocaine is significantly less toxic a drug
than bupivacaine bur it also has a shorter duration of action.
An important feature of ropivacaine is that even though ics dura-
tion of action is similar to bupivacaine, it produces less CNS
toxicity and less cardiac toxicity (123). Duration of action for
the various local anesthetic medications 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 do single dose epidural or subarachnoid blocks (36).

At least three types of adverse reactions can occur from local
anesthetic agents. Clinically, the most important is systemic tox-



icity of the CNS and cardiovascular system from relative over-
dose into the circulation. This type of reaction is not a medica-
tion allergy but simply a function of placing two much
medication into the bloodstream. Note that in the presence of
a major artery, even a few drops of local anesthetic can lead
to seizure activity. An example of this problem is seen in the
performance of stellace ganglion blocks in the neck for the man-
agement of reflex sympathetic dystrophy of the upper extremity,
where the vertebral artery can be accidentally entered during
administration of the medication.

In most cases, however, the severity of systemic toxicity is
directly related to the concentration of local anesthetic in the
bloodstream (Table 3-13) (36). Seizures and cardiac arrest may
be the initial manifestations of systemic toxicity in patients who
rapidly attain a high serum level of medication (42,98,109).
Agents with greater intrinsic potency, such as bupivacaine and
etidocaine, require lower levels for production of symproms (36).
Dysrhythmias and cardiovascular toxicity may be especially se-
vere with bupivacaine, and resuscitation of these patients may
be prolonged and difficult (2,36).

The prevention and treacment of acute local anestheric sys-
temic toxicity are outlined in Table 3-14.

Although the potential for CNS toxicity may be diminished
with barbiturates or benzodiazepines, given either as premedic-
ations or during treatment of convulsions, these measures do
not alter the cardiotoxic chreshold of local anesthertic agents.

1. Ensure availability of oxygen administration equipment, air-
way 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 satura-
tion. !

" 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.

-

. Establish a clear airway; suction if required.

2. Give oxygen by face mask. Begin artificial ventilation if neces-
sary.

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

4. Thiopental in increments of 1-2 mg/kg IV may be used to
control the seizures.

5. Succinylcholine (1 mgrkg IV) may be used if there is inade-
guate control of ventilation with the other medications. Arti-
ficial ventilation and possibly endotracheal intubation are re-
quired after using succinylcholine.

6. Use advanced cardiac life-support measures as necessary to

support the cardiovascular system (more likely with local an-

esthetics of increased potency, such as bupivacaine).

Lidocainet (Xylocaine) 7 7

Bupivacainet (Marcaine, 25 ]
Sensorcaine)

Mepivacaine (Carbocaine) 4 7

Prilocaine’ 5.5 8.5

* The addition of epinephrine (vasoconstrictor) reduces the rate of
local anesthetic absorption into the bloodstream, permitting use
of a higher dose.

T For IV regional anesthesia (Bier blocks), the maximum lidocaine
dose is 3 mg/kg. Preservative-free lidocaine without epinephrine
should be used for either Bier blocks or hematoma blocks.

# Owing to its cardiotoxicity, bupivacaine should never be used for
IV regional anesthesia or for hematoma blocks.

5 Of the amide local anesthetics, prilocaine is the least likely to
produce CNS and cardiovascular toxicity. However, a byproduct of
prilocaine metabolism may lead to severe methemoglobinemia in
young children. Prilocaine is, therefore, contraindicated in children
younger than 6 mo old.

With rapid and appropriate treatment, the fatality rate from
local anesthetic convulsions should be greatly decreased (36).

It is absolutely essential to stay within accepted dose limits
when using any local anesthetic (Table 3-15). To aid in dose
calculations, a simple formula for converting percent concentra-
tion to milligrams to milliliter is provided in Table 3-16.

Although rare, true immune-mediated allergic reactions to
local anesthetics are possible, more commonly with amino esters
than with amino amides (22,52). The reader is referred to other
sources for the derailed management of allergic or anaphylactic
reactions (28,100).

Local nerve damage and reversible skeletal muscle changes
have been reported from the use of local anesthetics (36).

Intravenous regional anesthesia was first described by August

Bier in 1908 (15). Although it declined in popularity as brachial

Percentage concentration X 10 = Number of mg/mL

Examples: 0.25% bupivacaine has 2.5 mg bupivacaine/mL;
2% lidocaine has 20 mg lidocaine/mL.




IMt: Morphine, 0.1-0.15 mg/kg q 3~4 h
Meperidine, 1.0-1.5 mg/kg ¢ 3-4 h

IV: Morphine, 0.05-0.1 mg/kg q 2 h
Meperidine, 0.5-1.0 mg/kg q 2 h

* Infants <= 3 mo old. should be dosed in increments of one third
to one half because of increased risk of respiratory depression.
t Intramuscular dosing should rarely be used.

Adapted from Roger, L. and Moro, M. Acute postoperative and
chronic pain in children. In Rasch, D.K. and Webster D.E. eds.:
Clinical manual of pediatric anesthesia. New York: McGraw-Hill,
1994:297, with permission.

plexus blocks were developed, it was revived in 1963, when its
safe and successful use for the reduction of forearm fractures in
adults was reported (70). Since then, muldple repores have at-
tested to its usefulness in the treacment of upper limb injuries
in adules and children (10,17,29,46,53,104,147).

The mechanism of action is uncertain. It may involve both
direct transport of local anesthetic to major nerve trunks or the
blockade of small nerve endings (53).

[ntravenous regional anesthesia is reliable, with a higher suc-
cess rate than other approaches to upper excremity blocks (53).
Other advantages include its simplicity, rapidity of onset, and
rapidity of recovery. Rapidity of recovery may be considered
both an advantage as well as a disadvantage, because, with local
anesthetic alone, the analgesic effect is lost once the tourniquet
is deflated. A recent report in adults examined the addition of
the nonsteroidal antiinflammatory medication ketorolac (Tora-
dol) to the local anesthetic solution for intravenous regional
anesthesia and found thar patents did obrain prolonged analge-
sia after the tourniquert was released (124). However, no pediatric
studies have been performed on this drug combination.

Intravenous regional anesthesia is unsuitable for lesions above
the elbow (71). In addition, if the fracture involves the supracon-
dylar area of the humerus, the cuff may limic the degree of
hyperflexion needed to produce an adequate reduction. Intra-
venous regional anesthesia is contraindicated in patients with
underlying heart block, known hypersensitivity to local anes-
thetic agents, and seizure disorders (71). Although nort tocally
contraindicated, caution is urged when using this technique
in patients with underlying hemoglobinopathies such as sickle
cell disease.

v/ !

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

Intravenous infusion for fluids, sedative medications, and
if necessary, resuscitative medications has been started in the contralat-
eral hand. A pulse oximeter probe is present on the patient’s index
finger.

1. Confirm the immediate availability of a functioning posi-
tive-pressure oxygen delivery system, as well as appropriate
airway management equipment (Table 3-3) (63). Also, con-
firm the immediare availability of medications for the treat-
ment of anesthetic-induced convulsions (Table 3-13).

2. Start an intravenous infusion in the contralateral arm (Fig.
3-3). A patent intravenous line is of paramount importance
in trearing the complications of this block. Obtain a baseline
set of viral signs, including systolic and diastolic blood pres-
sure. Monitor pulse oximetry (Fig. 3-3) as well as the ECG
continuously (Fig. 3-4).

R

. Continuous display of the electrocardiogram (top wave-
form) and continuous display of the plethysmographic tracing from
the pulse oximeter (second line). Intermittent blood pressure reading
is displayed.



3. Select an appropriate tourniquet. An orthopaedic tourni-
quet that can be fastened securely should be used. Because
Velcro may become less adhesive with cime, check the
tenacity of the tourniquer before use. As an added safery
measure, the tourniquet may be covered with strong adhe- X
sive tape or an Ace bandage after application. The tourni- e
quet should fully encircle the arm and overlap back on '
itself by at least 6 cm (personal communication, K.E.
Wilkins, M.D.). The arm may be minimally padded
with cast padding underneath the tourniquetr (17). If a
pneumatic tourniquet is used, the physician must be
familiar with the location of the tourniquet pressure gauge
(Fig. 3-5) (29) and valves, because these features may
vary in location from model to model. Narrow-cuffed
double tourniquets may not effectively occlude arerial —_—
flow, and their use has been discouraged (71). Tourniquet

discomfort should not be a problem during short proce- _ L .
Venipuncture for administration of local anesthetic has

dures. If this Problem develops, a secor?d rourniquet can been performed with a butterfly needle. An intravenous catheter may

be applied distally over the anesthetized area of the be more secure than a needle, which can become dislodged from within
the vein.

arm.

4. Palpate the radial pulse of the injured limb.

5. Place and secure a short 22-gauge cannula in a vein on
the dorsum of the hand of the fractured limb. A 23-gauge
butterfly needle may also be used (Fig. 3-6). Note that al-
though it may be possible to “thread” a butcerfly needle

securely into a large vein, burtrerfly needles may still slip out vein or even an antecubirtal vein can be used. However, the

of the vein more easily than a plastic intravenous catherer. use of proximal veins in the arm may result in a less effective

The author recommends the use of intravenous catheters block (71).

whenever possible. [f a distal vein is unavailable, a proximal 6. With the tourniquet deflated, exsanguinate the limb by
vertically elevating it above the level of the heart for 60
seconds.

7. Rapidly inflate the tourniquet to a pressure of 225 to 250
mm Hg or 150 mm Hg above the patient’s systolic blood
pressure (31). Check for disappearance of the radial pulse.
Cross-clamping the tubing of the cuff after inflation is dis-
couraged (71), because it might prevent detection of a small
leak. Constant observation of the cuff pressure gauge is rec-

AT: o0 ommended.
. -~ 8. Lower the extremity and slowly inject the local anesthetic.
: It is recommended thar this injection be done over a
< _ period of 60 scconds. A concentration of 0.5% plain
: I lidocaine (5 mg/mL) is used (Fig. 3-7). Bupivacaine is
contraindicated for this block because of its cardiocoxiciry.
To prevent thrombophlebitis, the local anesthetic solution
must be free of any additives or preservatives (71). In
differenc studies, the recommended dose of lidocaine has
varied from 1.5 to 3.0 mg/kg (10,17,29,46,53,104,147).
A dose of 1.5 mg/kg appears to be safe and cffective,
and may produce a decreased incidence of complications
(17). One study has recommended a maximum lidocaine
dose of 100 mg for this block (46). 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 warching, should be warned that the extremity
will look and feel strangely (personal communication,

Tourniquet controls may vary in position from model to K.E. Wilkins, M.D.). Analgesia and muscle relaxation

model. It is imperative for the practitioner to be aware of the function devel ithi :  inect 71). N h
of each of the controls to avoid accidental premature deflation of the evelop within 5 minutes of injection (71). Note that

tourniquet. for fractures ac the wrist, placement of a regular penrose

— /=0
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FIGURE 3-7. Preservative-free 0.5% lidocaine without epinephrine for
intravenous regional anesthesia.

drain tourniquet around the distal forearm may improve
distribution of the local anesthertic solution at the fracrure
site (Fig. 3-8) (personal communication, K.E. Wilkins,

M.D.).

9. To improve analgesia for fracture reduction, che last 2 mL

10.
11.

of local anesthetic solution may be injected directly into
the fracture hematoma (Fig. 3-9) (personal communication,
K.E. Wilkins, M.D.). The technique of local infilcration
anesthesia, or hematoma block, is discussed further in a
subsequent section of this chapeer.

Perform the surgical procedure (Fig. 3-10).

Leave the cuff inflated for at least 15 minutes (71), even if
the surgical procedure takes less time.

Penrose drain tourniquet on the forearm to improve dis-

tribution of local anesthetic at the fracture site.

FIGURE 3-9. Hematoma block performed with the last 2 mL of the
intravenous lidocaine solution to enhance analgesia at the fracture site.

12. Release the cuff at the end of the operation, or at the
end of a 15-minuce interval, whichever is longer. Cuff
deflation, followed by immediate reinflation, as a method
of delaying systemic absorption of local anesthetic is im-
practical because it cannot be done rapidly enough rto
prevent significant entry of local anesthetic into the general
circulation (71).

13. Monitor the patient closely for at leasc 15 minutes for any
complications related to the block. The treatment of local

Fracture reduction under appropriately monitored seda-
tion and intravenous regional anesthesia.



anesthetic-induced systemic toxicity has been discussed
(Table 3-13).

14. Ofcourse, depending on whatever sedation has been admin-
istered, the patient should be monitored until discharge cri-
teria are met (Table 3-1)

An assistant must be present to watch the patient, the tourni-
quet, and the monitors at all times.

Hematoma block has been successfully used in the treatmenc of
distal forearm fractures (27,94). This simple technique involves
injecting local anesthetic into the fracture hematoma, the loca-
tion of which is confirmed by aspirating blood into the syringe
(Fig. 3-9). When done alone, 1% lidocaine in a dose of 1 to 2
mg/kg is used (94). As indicated earlier, when combined with
a Bier block, the last 1 to 2 mL of local anesthetic solution
are used. Although the medication is rapidly absorbed inco the
circulation, the resulting systemic blood levels of local anesthetic
are well below those required for CNS toxicity (94). Hemartoma
blocks may be used in patients who have received a regional
block yet still have residual paini at the fracture site.

Alioto and co-workers (4) have described the use of an intraar-
ricular hematoma block for the manipulative reduction of ankle
fractures in a population group that included both children and
adults. The youngest patient in their study group who received
a hematoma block was 12 years old. The technique they describe
consisted of a direct injection of 2% lidocaine 1 mg/kg (the
authors used 2 mg lidocaine per pound) into the tibiotalar joint
space. Absolute sterile technique was used, with the skin overly-
ing the fracture site being prepared with a povodine-iodine
preparation. A 22- or 25-gauge needle was used for the injection
of the local anesthetic solution. The authors of this investigation
recommend directing the needle in a slightly cephalad direction
to avoid injury to the ralar and tibial articular surfaces. Aspiration
of blood was used to confirm entry into the intraarticular space.
The injection was performed only if no resistance was encoun-
tered. A minimum of 15 minutes was allowed to pass after the
injection, during which time the patient was closely observed
and monitored for any evidence of local anesthetic systemic tox-
icity (see earlier). The injection was considered adequate if che
patient was subsequently able to elevate the injured limb oft the
bed without assistance and perform active ankle dorsiflexion
and plancarflexion. The authors of this investigation found the
intraarcicular ankle hemaroma block to be safe, effective, and
well tolerated by patdients (4). Alchough some of their patents
olerated the injection and the subscquent fracture reduction
without the use of any other supplemental analgesics or sedatives,
most children would probably require the same type of sedation
that would be used before performing a Bier block or a hema-
toma block of the upper extremiry.

Full aseptic technique, including adequate skin preparation and
the use of sterile gloves, is recommended. The incidence of infec-

Hematoma

Local Anesthetic

Hematoma

Hematoma

: . Barbotage. When performing a hematoma block, the
local anesthetic is given by barbotage. A: Half the anesthetic is injected
in the hematoma. B: The blood from the hematoma is withdrawn until
the original volume is regained. C: This mixed material is repeatedly
injected and reaspirated until the anesthetic is dispersed in the hema-
toma. The final aspirate should contain a volume equal to the original
anesthetic. Thus, the final volume of fluid in the hematoma has not
been increased.




Chapter 3: .~

Medial Lateral

Section of right thigh immediately below the inguinal
ligament, showing femoral nerve under cover of fascia iliaca and its
block by a barrage technique. (Reproduced with permission from Anes-
thesia, 1977, Volume 32, page 577. Analgesia in Patients with Fractured
Shaft of Femur. F.R. Berry, M.D.)

tion from introduction of a needle into the hematoma is greatly
decreased if antiseptic precautions are raken (75). The hematoma
is localized by aspirating blood into the syringe. The local anes-
thetic solution is given gradually by alternate injection (barbo-
tage) of a small amount of medication and withdrawal of a small
amount of hematoma until all of the medication has been given
(Fig. 3-11). In the case of the intraarticular hematoma block at
the ankle (4), a slow direct injection is used, with careful ECG
monitoring for any evidence of dysrhythmias.

Reported complications with hematoma blocks in the upper
extremity include compartment syndrome (162), temporary pa-
ralysis of the anterior interosseous nerve (162), and increased
incidence of carpal tunnel syndrome (84).

Berry (14) has described a technique of rapid analgesia for pa-
tients with a fracture of the femoral shaft using 1% lidocaine
with 200,000 epinephrine or 1.5% lidocaine with 1:200,000
epinephrine deposited at the femoral nerve, just below the ingui-
nal ligament (Fig. 3-12). As always, the anesthertic dose should
remain within accepted limits. For lidocaine with epinephrine,
7 mg/kg is the permissible dose limic.

Cooperation and tolerance among young children for re-
gional blocks varies, so careful patient selection is advised.

Safe and effective postoperative analgesia in children with mus-
culoskeletal injuries can be accomplished with opioids, nonste-
roidal antiinflammatory agents (NSAIDS), or local anesthetic
agents.

Simultaneous use of more than one modality may be benefi-

cial in order to minimize side effects from any one particular
approach (e.g., the use of NSAIDS to decrease the incidence of
nausea, vomiting, or even respiratory depression from opioids).
The end point is to make patients comfortable while minimizing
adverse reactions.

Opioids have long been the mainstay of postoperative analgesia.
It is important for the practitioner to understand the rationale
behind different dosage regimens to maximize pain relief for the
patient.

Intermittent Dosing

Although commonly used, traditional intermittent as-needed
dosing of intramuscular and intravenous opioids (Table 3-17)
makes little pharmacologic sense for control of severe pain (49,
148). Wide variations in plasma opioid levels occur, leading to
periods of sedation alternating with prolonged periods of no
pain relief at all (49). In addition, for pediatric care, intramuscu-
lar dosing is a particularly poor choice (148), because children
often chose to hide their pain rather than risk having to undergo
an injection. The end result with intermictent dosing, especially

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 h

de Effects

Pruritus
Diphenhydramine (0.5 mg/kg IV) OR
Low-dose naloxone (0.5-1.0 ug/hr)
Nausea/vomiting
Metoclophramide (0.1 mg/kg IV) OR
Droperidol (10-30 wg/kg IV or IM) OR
Ondansetron (0.15 mg/kg IV over 15 min)
Low-dose naloxone as for pruritus
Urinary retention (<1 mL/kg/h in the face of adequate fluid in-
take)
Low-dose naloxone infusion as above
Respiratory depression
Vital signs: specify parameters that require treatment and
method for contracting responsible physician.
Stop PCA pump.
Give 100% oxygen and maintain the airway.
Give naloxone (1-5 ng/kg IV bolus). Repeat as needed.
Consider naloxone infusion (3-5 ug/kg/h).

Rogers J, Moro M. Acute postoperative and chronic pain in
children. In. Rasch DR. and Webster DE, eds. Clinical manual of
pediatric anesthesia. New York, McGraw-hill, 1994:298, with
permission.




with intramuscular narcotics, is unnecessary undertreacment of
pain.

Patient-Controlled Analgesia

Patient-controlled analgesia (PCA) is a sensible approach to the
problems inherent with intermiccent as-needed dosing of opioids
(49). With PCA, intravenous self-titration of small doses of
opioids at frequent intervals eliminates the wide variations in
plasma drug levels seen with intermittent dosing (49). It also
allows patients to gain control over their pain management (23),
which may be of psychological importance to the patient’s well-
being.

PCA was first evaluated in adolescents in 1987, after several
years of successful use in adules (23). Since then, this modality
has been used for children as young as 6 years of age (11).
Depending on the intelligence and cooperative ability of the
child, it is conceivable that PCA could be used for younger

individuals, although careful assessment of each individual situa-
tion is required.

When compared wich traditional intermittent dosing, im-
proved pain control and greater patient satisfaction have been
demonstrated (11). Note that further improvement in pain relief
may be achieved with the addition of a continuous background
infusion of opioids to maintain the plasma concenrrations of
the analgesic during sleep. However, adding a background infu-
sion may increase the risk of opioid-associated nausea, sedation,
and hypoxemia (39,159).

Conceivably, for younger children or for children ocherwise
unreliably capable of pushing the butcon on the PCA cord, “par-
ent-controlled analgesia” may be useful. The author has used
this approach in a parient as young as 1 1/2 years of age. In this
particular situation, however, the parents were very mortivated
and intelligent, and had done this before for their child after
another surgical procedure. In general, PCA is safest when only
the patient is operating the device.

Dose

Codeinet

Codeine with acetaminophen (Tylenol with
Codeine, Phenaphen with Codeine,
Capital with Codeine)

Hydrocodone with acetaminophen (Lortab,

Anexsia, Co-Gesi¢, DuoCet, Hy-Phen,
Vicodin)

Meperidine (Meperidine HCl, Demerol HCI)t

Morphine {(morphine sulfate, Raxanol)t

Hydromorphone (Dilaudid, Hydromorphone
HCl)yt+

Oxycodone and Aspirint (Percodan-Demi)t*

0.5-1.0 mg/kg g 4 to 6 h (max. single dose,
60 mg)

0.5-1.0 mg/kg codeine q 4 to 6 h + 10-15
mg/kg acetaminophen q4to 6 h

Adult dose: hydrocodone 5-10 mg g4 to 6
h.

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

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

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

=12 yr: Do not exceed 10 mg/single dose.

1.1-1.8 mg/kg g 3to4h

Max. single dose 100 mg

0.2-0.4 mg/kg q 4 h (Adult dose is 10-30
mg q 4 h) Absorption from the Gl tract is
variable.

Optimum pediatric dosage for analgesia
not established.

Antitussive dose is:

6-12 yr: 0.5 mg q 3-4 h
>12yr: 1mgqg3-4h
6-12 yr: Y, tablet g6 h
=12 yr. Y tablet g 6 h

15 mg/5 mL oral solution

12.mg codeine + 120 mg acetaminophen/5
mL solution

Tylenol (300 mg) + Codeine tablets #1: 7.5
mg, #2: 15 mg, #3: 30 mg, #4: 60 mg

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

50 mg meperidine/5 mL solution

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

5 mg hydromorphone/5 mL solution

Oxycodone’ + 325 mg aspirin

* This table does not provide an exhaustive list of all available oral opioids and oral opicid/nonsteroidal anti-inflammatory drug combinations. A
complete discussion and complete lists of all respective formulations may be found in AHFS Drug Information ‘94.

t Denotes a schedule | drug, for which a triplicate prescription is required.
$ Owing to an association with Reye’s syndrome, medications containing aspirin should be expressly avoided in children with flulike symptoms or

children with chickenpox.

5 Percodan-Demi contains 2.25 mg oxycodone hydrochloride and 0.19 mg oxycodone terephthalate + 325 mg aspirin.

Adapted from Opiate Agonists. In McEvoy CK, Litvak K, Weish OH, Jr, eds. AHFS Drug information ‘94. Bethesda, MD American Society of Hospital
Pharmacists,” 1994; Taketomo, C.K., Hodding JHJ, Kraus, DM: Pediatric dosage handbook, 2nd ed. Hudson, OH. Lexi-Comp, 1993: Ragers J., and Moro,
M.: Acute Postoperative and Chronic Pain in Children, In Rasch, DK, Webster DE (eds.): Clinical Manual of Pediatric Anesthesia. New York: McGraw-

Hill, 1994, with permission.




Parameters that must be considered are the loading dose, the
maintenance dose, and the lockout interval (the period during
which no further administration of medication will oceur despite
attempts to do so by the patient), and the 4-hour maximum
dose (Table 3-18). For PCA, morphine is more effective chan
meperidine (151). Opioids other than morphine should be used
only for patients allergic to morphine (20), or for whom mor-
phine produces intolerable side effects. Whenever possible, the
persistent use of one medication helps avoid dosing errors (20).

The use of the PCA pump should be explained to patients
preoperatively. Effective use of a loading dose will avoid the
problem of having to play catch-up with out-of-control levels
of pain.

Mishaps have occurred with PCA pumps due to program-
ming errors (156), so ward personnel must be torally familiar
with the equipment. Treatment of opioid-related side effects is
outlined in Table 3-18.

Oral Adminjstration of Opioids

Oral dosing of opioids is extremely useful for the continued
management of diminishing postoperative pain, once oral anal-
gesics are tolerated. Several oral analgesics are available, and cheir
appropriate use is summarized in Table 3-19. None of these
medjcations is devoid of side effects, including mood changes,
nausea, vomiting, constipation, dizziness, and pruritus. The oc-
currence and degree of side effects vary from patient to patient,
so the physician should be prepared to change dosing regimens

based on patient response. The use of NSAIDS (see the following
section) as part of the analgesic regimen may be helpful in reduc-
ing or eliminating troublesome opioid-related side effects.

Other Modes of Opioid Administration

Epidural opioids are being used in children after major surgery
with excellent results (112). The author encourages close cooper-
ation berween surgeons and anesthesiologists to avail children
of this modality of analgesia whenever feasible.

NSAIDs have moderately good analgesic properties (148). Un-
like opioids, which produce analgesia by effects on CNS recep-
tors, NSAIDs act peripherally by inhibiting prostaglandin syn-
thesis and decreasing inflammation (137,152). Inflammartory
mechanisms play an important part in the pathogenesis of post-
operative pain (148), and therefore, the use of NSAIDs makes
good sense in the postoperative setting. Also, although NSAIDs
have some troubling side effects of their own, they do not pro-
duce respiratory depression, nausea, and vomiting, which are
some of the bothersome features of opioids. Thus, using NSAIDs
either as an adjunct or as a substitute for opioids where feasible
should decrease or eliminate the possibility of drug-induced nau-
sea, vomiting, or respiratory depression in the surgical patent

(148).

tbuprofen (oral)

Naproxen (oral) 5-7.5mg/kgq 12 h
Ketorolac (IM, V)

Choline Magnesium
Trisalicylate (Trilisate) (oral)t
Salsalatelt (oral) {Disalcid)

0.5 mg/kg q 6 h
50 mg/kg/day

2-4 g/day.

Acetaminophent (oral, rectal) 10-15mg/kg g 4-6 h

be avoided in children with. flu-like symptoms or chickenpox.

~ 5-10 mg/kg g 6 h (published dose is for treatment of
fever, not specifically for analgesia)

Divided into 2 or 3 doses (maximum daily dose, 2.25 g)
Pediatric dose not published; adult maintenance dose is

* An exhaustive listing of available formulations for NSAIDs may be found in AHFS Drug Information '94.
t Although they are salicylates, choline magnesium trisalicylate and salsalate do not crossreact with aspirin and may be used in patients allergic to
aspirin. As many as 28% of children with asthma may be in this group of patients. Owing to an association with Reye’s syndrome, salicylates should

¥ 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 crossreact with aspirin and may be used in patients allergic to aspirin.

(Adapted from Nonsteroidal Anti-Inflammatory Agents. In McEvoy, GK, Litvak, K, and Welsh, OH, Jr. eds. AHFS Drug Information ‘94. Bethesda, MD:
American Society of Hospital Pharmacists, 1994; Walson, P.D., and Mortensen, M.E.: Pharmacokinetics of common analgesics, anti-inflammatories
and antipyretics in children. Clin Pharmacokinet 17:116-137, 1989, with permission.

100 mg/5 mL suspension

Tablets: 200, 300, 400, 600, 800 mg
125 mg/5 mL suspension

Tablets: 250, 375, 500 mg
Injectable 30 mg/mL

500 mg salicylate/S mL solution
Tablets: 500, 750, 1000 mg
Tablets: 500, 750 mg

80 mg/0.8 ml. drops

80 mg chewable tablets

160 mg/5 mL solution

325, 500 mg-tablets

120-, 325-, 650-mg suppositories




Potential side effects of this class of drugs include placelet
dysfunction, gastritis, and acute renal dysfunction (93,152). A
history of sensitivity to aspirin or a history of nasal polyps may
be associated with potentially fatal cross-sensitivity to other
NSAIDs (1,137). In children with asthma, the prevalence of
aspirin sensitivity may be as high as 28% (111). Therefore, asth-
matic children should probably receive only those NSAIDs that
do not cross-react with aspirin. These medications include acet-
aminophen, salsalate (Disalcid), and choline magnesium trisali-
cylate (Trilisate) (130) (Table 3-19).

In a child with a chronic underlying bleeding disorder,
NSAIDs are not necessarily contraindicated. Consultation with
the child’s hemarologist is advised regarding the use of specific
medications in this class.

Kertorolac, unlike other NSAIDs, can be administered not
only orally but also intravenously and intramuscularly. A Joading
dose of 1.0 mg/kg may provide similar analgesia as 0.1 mg/
kg of morphine (90). The pharmacology of ketorolac has been
extensively reviewed (86), and both its mode of action and
adverse reactions are generally typical of NSAIDs. The major
controversy with this drug remains its effect on hemostasis
and bleeding. Rusy and co-workers (117) found that ketorolac
contributed to increased blood loss and more difficulty in
achieving surgical hemostasis in pediatric tonsillectomy pa-
tients. Caution is advised in administering ketorolac or any
other NSAID in a perioperative situation in which bleeding
has been or can be significant. Ketorolac has been associated
with an increased incidence of nonunion in patients undergo-
ing spine fusion.

Suggested dosing schedules for some of the more common
NSAIDs are listed in Table 3-8. Acetaminophen is considered
a member of this class of medications, although its mechanism
of action is central and its effects on prostaglandin synthesis and
the inflammatory response are comparatively very weak (152).

Regional anesthesia is an excellent means of providing postopera-
tive analgesia withour respiratory depression and with minimal
physiologic alterations (160). Both central (epidural) and pe-
ripheral (e.g., brachial plexus blocks) nerve blocks may be used
for this purpose. The physician must ensure that the pain relief
achieved does not mask the signs and symptoms of developing
vascular or neurologic compromise (41,101).

Postoperative nausea is common in children, although not par-
ticularly after peripheral orthopaedic procedures (90). The phar-
macologic treatment is outlined in Table 3-20. Additional help-
ful measures include not forcing intake of oral fluids until the
child is hungry, and minimizing early postoperative ambulation,
especially when opioids have been given (12).

Promethazine 0.25-0.5 mg/kg IV or per rectum

(Phenergan)

Metoclopramide 0.1 mg/kg (maximum v
(Regian) dose, 5 mg)

Ondansetron 0.15 mg/kg (maximum v
(Zofran) dose, 4 mg)

* Additional helpful measures include ensuring adequate IV
hydration, avoiding forced oral fiuids until the patient is hungry,
and avoiding forced early ambulation, especially when opioids are
given for pain relief.
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Beneficial Effects
Outcomes of Treatment of the Mulriply Injured Child

The most common cause of death in children over the age of
1 year is trauma, not only in the United States but worldwide.
Estimates of cost to the American public for the care of pediatric
rrauma range from over $1 billion (53) to $13.8 billion (56)
annually. Although isolated long bone fractures still comprise
the bulk of orthopaedic injuries in children, a surprising number
of these young patients have multiple system injuries.

The cause of death from trauma in children generally is severe
head injury. Boys are injured twice as often as gitls and may
account for even a greater proportion of hospital admissions
related to pediatric trauma. Blunt trauma is the mechanism of
injury in most children and preadalescents, whereas penetrating
trauma more often is the source of multiple injuries in adults.
Although blunt trauma in the youngest children often is due to
child abuse, vehicular accidents and falls from a height account

for the more severe multiple injuries in the rest of childhood
(12).

Vernon T. Tolo: University of Southern California School of Medicine;
Division of Orthopaedics, Children’s Hospital, Los Angeles, California.

Mulciple injuries in teenagers more closely mirror the causes
in adults. In the adolescent age group, alcohol abuse now is
considered a major factor in over a third of injuries resulting
from accidents (53). Orthopaedists treating teenagers involved
in vehicular accidents need to be aware of the potential alcohol
use in this age group and be prepared to refer adolescents for
appropriate counseling to avoid future accidents and injuries.

Although they are rarely the cause of mortality in a child with
multiple injuries, fractures and other injuries to the musculoskel-
etal system are commonly a major part of the injuries (12,18,
20,63). In one series from a pediatric trauma center treating
children with polytrauma, femoral shaft fractures accounted for
229% of the fractures and 9% of the fractures were open (12).
Although they are less common, fractures of the spine, pelvis,
and scapula and clavicle were associated with longer stays in the
hospirtal and in the intensive care unit, in addition to having the
highest associated mortality rates.

Knowledge of fracture associations leads to improved diag-
nostic skill and fracture care. Femoral and adjacent pelvic frac-
tures often occur together. If a pedestrian child has been struck
by an automobile, there often are fractures in the ipsilateral



upper extremity and lower extremirty (11). The coexistence of a
femoral fracture and a head injury indicates substantial high-
energy trauma and has a more guarded prognosis than does
either of these injuries alone.

Child abuse continues to be a socieral problem that crosses all
socioeconomic and echnic groups. This diagnosis must be sus-
pected in all cases of multiple injuries in children younger than
2 years of age, if there is no obvious and witnessed plausible
explanation of the injuries. Abuse continues to be the most com-
mon cause of rraumatic death in infants and toddlers. Abuse
should be considered a possible cause of injury in all young
children with multiple long bone fractures in association with
head injury. Even a single long bone fracture associated with a
head injury or abdominal injury should raise suspicion of child
abuse. Although the corner fracture usually is choughe of as being
most characteristic of child abuse, the most common fracture
caused by abuse is a single transverse fracture of the femur or
humerus, not multiple fractures (42). Although rib fractures
occur in only about 5% of children with multiple injuries from
trauma of other causes, they are more common in child abuse
(25,63). Whereas blunt compressive trauma to the thorax from
other causes may result in lateral rib fraccures, the rib fractures
seen in child abuse are posterolateral and adjacent to the wans-
verse processes of the thoracic spine.

Falls are one of the two primary mechanisms of multiple injuries
in children (12,28,72). Occurring more often in younger chil-
dren, these injuries are either due to the direct impact or to
deceleration forces present at the time of landing. Direct impact
usually causes fractures, whereas internal injury more often re-
sults from the post-impact forces. Falls through a second floor
window that may be next to a bed often occur in toddlers and
younger children. Although a variety of injuries can result from
these falls, the position of the body at impact and the surface
on which the child lands are important factors that affect the
injury severity (28).

Accidents involving motor vehicles account for most multiple-
system injuries in school-age children and preadolescents. These
injuries occur when a vehicle strikes a child on foor or riding a
bicycle, or when the child is a passenger in a car involved in an
accident.

Whereas most states require that infants and toddlers be re-
strained in car seats when riding in a car, standard adult shoulder
and lap belts do not adequately restrain children who are too big
for car seats and too small for the standard restraints. Adjustable
restraints to accommodate the size of the car occupant better
have been proposed to solve this problem. In addicion, there is

increasing public sentiment to require seat belt use on school
buses, a policy that has been in place for handicapped student
transport for some time.

The most important point is that some type of restraining
system should be used by people of all ages when in a vehicle.
Although teaching children better safety while on foor or on
bicycles may or may not be effective in changing the incidence
of injury, the safety of automobile travel can certainly be im-
proved by enforcement of the use of restraints by all—both
young and old.

After the rapid transport of wounded soldiers to a specialized
trearment center proved very effective in improving survival in
the military setting, trauma centers, using the same principles
of rapid transport and immediate care, have been established
throughout the United States. These trauma centers are sup-
ported by the states on the premise thar the first hour after injury
is the most critical in influencing the rates of survival from the
injuries. Rapid helicopter or ambulance transport to an on-site
team of trauma surgeons in the trauma center has led to an
improvement in the rates of acute survival afrer multiple injuries
have occurred.

The first trauma centers focused on adult patients, because
more adults than children are severely injured. However, pediat-
ric trauma centers have been established at several medical cen-
ters across the United States with the idea that the care of pediat-
ric polytrauma patients differ from the care given to adults and
that special treatment centers are important for optimal results
(33,34). The American College of Surgeons has established spe-
cific 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 alt times and heads the pediatric
trauma team. This surgeon evaluates the child first while the
other surgical specialists are immediately available as needed.
General radiographic services and computed tomography capa-
bilicy must be available at all times for patient evaluation and
an operating room must be immediately available.

Although there is some evidence thart survival rates for severely
injured children are improved if the children are brought to a
pediatric trauma cencer rather than a community hospital (77),
the costs associated wich such a center (particularly the on-call
costs of personnel) have limited the number of pediatric trauma
centers. Knudson etal. (44) studied che results of pediatric multi-
ple injury care in an adult level [ rrauma center and concluded
that the results were comparable to national standards for pediat-
ric trauma care. 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.

Regardless of the mechanism causing the multiple injuries, the
initial medical management focuses on the life-threatening, non-



orthopaedic injuries to stabilize the child’s condition (56). The
responsibility for the initial life-saving resuscitation rarely is the
responsibility of the orthopaedist. The initial role of the or-
thopaedist generally is to treat the extremity injuries, even if this
just consists of temporary splinc application to allow patient
transport to the trauma center or even around the hospital for
imaging studies. Itis recommended, however, that the orthopae-
dist stay up to date in principles of resuscitation of children to
be prepared if the occasion arises when these are needed.

The inicial steps in resuscitation of a child are essendially the
same as those used for an adult (2,20,56). In severe injuries, the
establishment of an adequate airway immediately at the accident
site often means the difference berween death and survival. The
cervical spine needs to be stabilized for transpore if the child is
unconscious or if neck pain is present. A special transport board
with a cut-out for the occipital area is recommended for children
younger than 6 years of age, because the size of the head ac this
age is larger in relation to the rest of the body. If a young child
is placed on a normal transport board, the cervical spine is flexed
because of this larger head size, a position that is best avoided
if a neck injury is suspected (37).

Once an adequate airway is established, the amount of bemor-
rthage from the injury, either internally or externally, should
be assessed. This blood loss should be replaced inidally with
intravenous crystalloid solution. In younger children, rapid in-
travenous access may be difficult. In this sitwation, the use of
intraosseous fluid infusion should be considered for administra-
tion of both fluid and medications. Guy ec al. (32) reported
successful intraosseous infusion into the tibias of 15 children
between the ages of 3 months and 10 years. The intraosseous
needles were placed by prehospital and hospital personnel, and
colloid, crystalloid solution, and blood were all given by this
route. No complications occurred in the surviving children. Biel-
ski et al. (7), in a rabbit tibia model, likewise demonstrated no
adverse effects on the histology of bone or the adjacent physis
with intraosscous injection of various resuscitation drugs and
fluids.

Because death is common if hypovolemic shock is not rapidly
reversed, the child’s blood pressure must be maintained at an
adequate level for organ perfusion. Most multiply injured chil-
dren bave sustained blunt trauma rather than penetrating inju-
ries, and most of the blood loss is internal from visceral injury
or from pelvic and femoral fractures. Because of this problem,
the blood loss may be easily underestimated at first. Despite the
need to stabilize the child’s blood pressute, caution needs to be
exercised in children with head injuries so that over hydration
is avoided, because cerebral edema is better treated wich relative
fluid rescriction. Excessive fluid replacement also may lead to
furcher internal fluid shifts, which often produce a drop in the
arterial oxygenation from interstitial pulmonary edema, espe-
cially when there has been direct trauma to the thorax and lungs.
The appropriate amount of fluid replacement can best be guided

by early placement of a central venous catheter during initial
resuscitation. Similatly, a urinary catheter is essential during the
resuscitation to monitor urine output as a means of gauging
adequate organ perfusion.

After the initial resuscitation has stabilized the injured child’s
condition, it is essential to perform a quick but thorough check
for other injuries. A number of injury rating systems have been
proposed, but the Injury Severity Score (ISS) is a valid, reprodu-
cible rating system that can be widely applied in the pediatric
polytrauma setting (Table 4-1) (91). Another injury rating sys-
tem for children that has been shown to be valid and reproduci-
ble is the Pediatric Trauma Score (PTS) (Table 4-2) (81). The
injury rating system chosen varies among trauma centers, but
whether the ISS or PTS is used, these systems allow an objective
means to assess mortality risk at the time of initial treatment,
as well as allowing some degree of prediction of future disability.

Head injury is most often evaluated and rated by the Glasgow
Coma Scale (GCS), which evaluates eye opening (1 to 4 points),
motor function (1 to 6 points), and verbal function (1 to 6
points) on a total scale of 3 to 16 points (Table 4-3) (80). There
are some limications 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
to predicting early mortality and later disability. As a rough
guide in verbal children, a GCS score of fewer than 8 points
means a significantly worse chance of survival for these children
than for those with a GCS above 8 points. The GCS should be
noted on arrival in the trauma center and should be repeated 1
how after the child arrives at the hospital. Serial changes in
the GCS, either better or worse, correlate with improvement or
worsening of the neurologic injury. Repeated GCS assessments
over the initial 72 hours after injury may be of prognostic signifi-
cance. In addition to the level of oxygenation present at the
initial presentation ro the hospital, the 72-hour GCS moror
response score has been noted to be very predictive of later per-
manent disability as a sequel to the head injury (58).

'

In a child with mulciple injuries, a careful abdominal examina-
tion is essencial to allow early detection of injuries to the liver,
spleen, pancreas, or kidneys. Ecchymoses on the abdominal wall
must be noted, because this is often a sign of significant visceral
injury (75). Swelling, deformity, o crepitus in any extremiry 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 or not the frac-
ture is open or closed. Sites of external bleeding are examined,
and pressure dressings are applied to prevent further blood loss.
It has been reported that the presence of a pelvic fracture and
one or more other skeletal injuries should serve as a marker for
the presence of head and abdominal injuries (89). Major arterial
injuries associated with fractures of the extremiry usually are



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 is 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.

4 Severe ' B
(Life-Threatening,
Survival Probable)

Severe lacerations and/or avulsions with dangerous hemor-
rhage.
30-50% surface seconds or three degree burns.

Cerebral injury with or without skull fracture, with unconscious-
ness >15 min, with definite abnormal neurologic signs; posttrau-
matic amnesia 3-12 h.

Compound skull fracture.

Open chest wounds; flail chest; pneumomediastinum; myocar-
dial contusion without circulatory embarrassment; pericardial
injuries.

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

Multiple closed long bone fractures
Amputation of limbs,

The injury severity score (ISS) is a combination of values obtained
from the AIS. The 1SS 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), multi-
ple 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 injury severity scale
has dramatically increased the correlation between the severity
and mortality. The range of severity is from 0 to 75.

Committee on Medical Aspects of Automotive Safety: Rating the
severity of tissue damage |. The abbreviated scale. JAMA 1971;215:
277-28; Baker SP, O’'Neill B, Haddon W Jr. and Long WB. The
Injury Severity Score: A method for describing patients with
multiple injuries and evaluating emergency care. J Trauma 14:
187196, 1974, with permission.

diagnosed early by the lack of a peripheral pulse. However, ab-
dominal venous injuries following blunt trauma are less common
and are less commonly diagnosed before exploratory 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 (62).

The initial splinting of suspected extremity fractures is rou-
tinely done by the transporting team members at the scene of
the accident. However, once the injured child is in the hospital,
the orthopaedist should personally inspect the excremities to
determine the urgency with which the extremity injuries need
to be definitively treated. Most important are whether or not a
vascular injury has occurred and whether the fracture is open
or closed. Any neurologic deficit also is noted to documenr the
extremity function before any treatment. The back and spine
should be carefully examined. If there is not an open fracrure
and if the distal peripheral vascular function is normal, there is
less urgency in weating the fracture and splinting will suffice
unti] the other organ system injuries are stabilized.

Radiographs

Imaging studies need to be performed as quickly as possible after
the inidal resuscitation and physical examination are complete.
Any extremity suspected of having a significant injury should
be examined radiographically to assess the degree of injury. If
the child has a head injury or if neck pain is noted on the
examination, a lateral cervical spine radiograph is obtained. If
the lateral cervical spine radiograph is normal, no further views
of the cervical spine are needed at this stage. 1f a cervical spine
injury is present, the lateral radiograph of this area almost always
will detect it. If there is suspicion of a cervical spine injury on
the neutral lateral view, a lateral cervical spine radiograph in the
flexed position, with the orthopaedist supervising the amount
of flexion, 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 movement should be less than 3
mm. Likewise in this young age group, C2 can move up to 3
mm forward on C3 during neck flexion. 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 most young
children (16). Because it is difficult to detect a fracture of the
thoracic or lumbar spine clinically, radiographs of this area, pri-
marily a lateral view, should be assessed, particularly in a coma-
tose child.

Computed Tomography

Computed tomography (CT) is essential in evaluating a child
with muldple injuries. If a head injury is present, the CT of the
head will detect skull fractures and intracranial bleeding. With



J Pediatr Surg, 22:14-18, 1987, with permission.

- ¥ i |
Size =20 kg 10--20 kg <10 kg
Airway Normal Maintainable Unmaintainable
Systolic BP =90 mm Hg 90-50 mm Hg <50 mm Hg
CNS Awake Obtunded/LOC Comal/decerebrate
Open wound None Minor Major/penetrating
Skeletal None Closed fracture Open/multiple fractures
Total

* 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 immediate 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 te +12 for a least traumatized child.
This system has been confirmed in its reliability as a predictor of injury.severity. From Tepas, JJ Mollitt DL
Tatbers JL and Bryant M. The Pediatric Trauma Score as a predictor of injury severity in the injured child.

abdominal swelling, pain, or bruising, a CT of the abdomen
provides excellent visualization of the liver and spleen and allows
quantification of the amount of hemorrhage present. Because
most hepatic and splenic lacerations are treated nonoperatively
at present {13,38,71), the CT scan and serial hematocric levels
are used to determine whether surgical treatment of these visceral
lacerations is needed. If a pelvic fracture is seen or suspected on
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Best motor response Obeys

Localizes

Withdraws

Abnormal flexion
Extensor response

Nil

Oriented

Confused conversation
Inappropriate words
Incomprehensible sounds
Nil

Spontaneous

To speech

To pain

Nil

Verbal response

Eye opening
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* This scale is used to measure the level of consciousness using the
eye opening, best verbal, and best motor responses. The range of
scores are from 3 for the most severe to 15 for the least involved.
This is @ measure of level and progression of changes in
consciousness. From Jeannett E. Teasdale JB. Galbraith S, et al.
Severe mood injuries in three countries, J Neurol Neurosurg
Psychiatry (1977)40:291-298, with permission.

the initial radiographs, a CT of the pelvis will help to determine
the need for operative treatment of this fracture and the length
of time protection from walking is needed. If an abdominal CT
is being done to evaluate visceral injury and there is suspicion
of a pelvic fracture, it is simple to request that the abdominal
CT be extended distally to include the pelvis. A CT of a fractured
vertebra will provide the information needed to classify che frac-
ture as stable or unsrable and determine whether operative treat-
ment is needed.

Intravenous Pyelography

There is a strong correlation of urologic injury with anterior
pelvic fractures, as well as with liver and spleen injury. Although
CT and ultrasonography are used to evaluate renal injuries, the
intravenous pyelogram still has a role in helping to diagnose
bladder and urethral injuries (61).

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 routinely used in children with
suspected child abuse to detect previously undetected new or
old fractures. Heinrich et al. (36) reported that bone scans in
48 children with multiple injuries often demonstrated an unsus-
pected injury. Nineteen previously unrecognized fractures were
identified by obtaining radiographs of the areas with increased
isotope uptake. Of their 48 pacients, six had a change in their
orthopaedic care as a result of this bone scan, although this
treatment was usually simple cast application of a nondisplaced
fracture. Nonetheless, the bone scan can be a valuable screening
tool in a child with multiple injuries from any cause. In some
instances, the bone scan can be useful to differentiate a normal



variation in skeletal ossification (normal uprake) from a fracture
(increased uptake), particularly in an extremity or a spinal area
where pain is present.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is used primarily for the
derection of injury to the brain or the spine and the spinal cord.
In young children, the bony spine is more elastic than the spinal
cord. As a result, a spinal cord injury can occur without an
obvious spinal fracture in children with multdple injuries, partic-
ularly in auromobile accidents (4,24). In the SCIWORA (spinal
cord injury without radiographic abnormality) syndrome, MRI
is valuable in demonstrating 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 fracture through the physis of a long bone and may not be
obvious on planar radiographs.

MRI also is very useful in evaluating knee injuries, particu-
larly when a bloody knee effusion is present. If blood is present
on knee arthrocentesis, MRI can assist in diagnosing an injury
to the cruciate 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 hemoperitoneum following 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 multiple injuries (13,38,71).
One of the problems with ultrasonography is the operator-de-
pendent nature of this imaging study. As a result, CT is more
often used for assessment and monirtoring of visceral injury in
children sustaining multiple injuries, and a recent comparison
of CT and ultrasonography demonstrated the superiority of CT
for diagnosing visceral injury in children with polytrauma (70).

Prognosis for Recovery

Head injurics occur in children with multiple injuries even more
often than orthopaedic injuries. It has been clearly demonstrared
that a child recovers more quickly and more fully from a signifi-
cant head injury than does an adult (18,50,93). Even children
who are in a coma for several hours to several days often recover
full motor function. Mild cognitive or learning deficits may pet-
sist however, so educational testing needs to be considered for
children who have had head injury and coma. The two factors
that have been identified to produce poorer functional recovery
and more severe permanent neurologic deficits are a low oxygen
sacuration level ac the time of presentation to the emergency

department or trauma center and a low GCS score 72 hours
after the head injury.

Despite the fact that excellent motor recovery is expected in
most children after a head injury, Greenspan and MacKenzie
reported that 55% of children in their series had one or more
health problems at 1-year follow-up, many of which were rela-
tively minor (29). Headaches were presentin 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.

Because of the more optimistic outlook for children with
head injuries chan for adults with similar injuries, orchopaedic
care must be provided in a timely way, and the orthopaedist must
base the orthopaedic care on the assumption that full neurologic
recovery will ensue. Waiting for a child to recover from a coma
is not appropriate, and comatose children tolerate general anes-
thesia well. The orthopaedic injury must be treated in the same
way that it would be in an alert injured child to obrain the best
outcome. 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. Once
neurologic recovery occurs, the primary functional deficit will
then be from ill-managed orthopaedic injuries rather than from
the neurologic injury.

Intracranial Pressure

Afrer a head injury, intracranial pressure measurements are com-
monly monitored to prevent excessive intracranial pressure,
which may lead to further permanent disability or death. Nor-
mally, intracranial pressure does not exceed 15 mm Hg, and all
attempts should be made to keep this pressure under 30 mm
Hg after a head injury.

This is accomplished by elevating the head of the bed o 30
degrees, lowering the pco,, and resuicting intravenous fluid
adminiscration. Ventilator assistance is used to lower the pco,,
which, in turn, helps lessen cerebral edema. If the other injuries
allow and adequate blood pressure is sustained, fluid restriction
is also preferred ro lessen the cerebral edema. Elevation of serum
norepinephrine has been shown to correlate well with the sever-
ity of head injury in patients with injury of multiple organ sys-
tems (94).

Motion at the site of a long bone fracture will cause an eleva-
tjon of the intracranial pressure in children with mulciple inju-
ries. Because of this problem, Jong bone fractures must be immo-
bilized to limic fracture motion undl definitive fracture care can
be provided. Initial immobilization usually is accomplished by
splinting or casting of the fractures, or by use of traction for
femoral shaft fractures. The use of external or internal fixation
of fractures should be strongly considered to help control eleva-
tion of intracranial pressure. Fracture srabilization also aids in
dressing changes for the treatment of adjacent soft tissue injury
as well as allowing in-hospital transport for imaging studies and
other necessary treatments (84,85).

Secondary Orthopaedic Effects of Head Injuries

A head injury can have lacer 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 heal-
ing rates are all seen in children with sequelae of a head injury.

Spasticity. Spasticity may develop within a few days of head
injury. The early effect of this spasticity is to cause shortening
at the sites of long bone fractures if traction or splinc or cast
immobilization is being used. If fracture displacement or short-
ening 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 infec-
tion. Even with skeletal traction for femoral fractures, fracture
shortening and displacement will occur as the spasticity over-
comes the traction forces. Once spasticity develops and long
bone fractures displace, internal or external fixation is needed
to maintain satisfactory reduction. This operative stabilization
should be performed as soon as the spasticity becomes a problem
for fracture reduction because fracture healing is accelerated by

a head injury .(83—85).

Contractures. The persistence of spasticity in the extremities
often leads to subsequent contractures of the joints spanned by
the spastic muscles. Contractures can arise quite quickly, and
early preventative stretching or splintdng should begin while the
child is in the intensive care unit. Nonselective mass action mus-
cle 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 a strong plan-
tarflexion of the feet at the ankles from the spasticity. If the hip
and knee are placed in a flexed position, it will be much easier
to dossiflex the foot at the ankle, so positioning in this way will
prevent carly equinus contractures from developing so quickly.
Swerching and splinting can often be effective in preventing
contractures, but If these measures are not successful, there
should be no hesitation to treat these contractures surgically if
they are interfering with subsequent rehabilitation.

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. Usually, this is in the vicinity
of the hip or elbow but may occur elsewhere as well. There is
some evidence that heterotopic bone formation can be stimu-
lated by surgical incisions. In head-injured teenagers who
undergo antegrade reamed femoral intramedullary nailing of
femoral fractures, heterotopic bone often forms ac the nail inser-
tion site that later restricts hip motion (41). Obtaining weekly
serum alkaline phosphatase levels on a child with persistent coma
may allow early detection of the heterotopic bone, although
alkaline phosphatase is also elevated during healing of fractures.
A sudden increase of alkaline phosphatase a few weeks after the
onset of coma, even with fractures co-existing, may mean chat
heterotopic bone is starting to form and a more careful examina-
tion of the extremities is in order (59). Technetium-99 bone
scans show increased isotope uptake in the soft tissue where
heterotopic bone forms, and this imaging scudy should be con-
sidered if new swelling is noted in the extremity of a comarose
child. Other diagnoses that must be considered in a comatose
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child with new swelling of the extremity are a new long bone
fracture or a deep venous thrombosis (79).

Observation and excision are the two primary approaches
taken in managing heterotopic bone formation in an injured
child. If the child remains comatose, usually lictle treatment is
administered. There is no conclusive data to support medical
treatment if an early diagnosis of heterotopic bone formation is
made. However, it may be useful to try to block some of the
heterotopic bone formation by use of salicylates or nonsteroidal
andinflammartory medication once an early diagnosis is estab-
lished. If the child has recovered from the head injury and has
heterotopic bone that does not interfere wich rehabilication, sur-
gical excision is not warranted. If there is significant restriction
of joint motion from the heterotopic bone, this bone should be
excised to facilitate rehabilitation. The timing of che heterotopic
bone excision is somewhat controversial, but current thinking
leans toward resection whenever heterotopic bone significantly
interferes with rehabilitation, rather than waiting for 12 to 18
months undl the bone is more mature. After surgical excision,
it is essential to use salicylates or nonsteroidal antiinflammatory
drugs immediately after the excision and for several weeks there-
after to block new heterotopic bone formation at the operative
site. Mital et al. (59) reported success in preventing recurrence
of heterotopic bone after excision by use of salicylates at a dosage
of 40mg/kg/day in divided doses for 6 weeks postoperatively.

Fracture Healing Rates. For reasons that are not entirely clear,
long bone fractures heal more quickly in children and adules
who have associated head injuries. It has been demonstrated
that polytrauma patients in a coma have a much higher serum
calitonin level than do conscious patients with similar long bone
fractures, but how or whether this finding influences fracture
healing is still unclear (22).

Although persistent neurologic deficits in a child who has multi-
ple injuries usually are sequelae of a head injury, peripheral nerve
injury should be carefully assessed as the rehabilitation process
proceeds. In one clinical review of brain-injured children, 7%
had evidence of an associated peripheral nerve injury docu-
mented by electrodiagnostic testing (66). The peripheral nerve
injury most often is associated with an adjacent fracture or with
a strecching injury of the extremity. It is important to recognize
these injuries, because surgical peripheral nerve repair with nerve
grafts offers excellent chances of nerve function recovery in
young patients, if the nerve injury does not recover on its own.

Abdominal viscera, both solid and hollow, are at high risk of
significant injury in children with multiple skeletal injuries. Ab-
dominal swelling, tenderness, or bruising are all signs of injury.
CT or ultrasonography evaluation has largely displaced perito-
neal lavage or laparoscopy as the initial method of evaluation of
abdominal injury. Abdominal injury is not unusual if a child in
an accident has been wearing a lap seat belt (87). Bond et al.



(10) noted that the presence of multiple pelvic fractures strongly
correlated (80%) with the presence of abdominal or genitouri-
nary injury, whereas the child’s age or mechanism of injury had
no such correlation with abdominal injury rates. The usual prac-
tice is to treat hepatic and splenic lacerations nonoperatively, by
monitoring the hematocrit, by repeating the abdominal exami-
nation frequently, and by serial CT scans or ultrasound examina-
tions (15,17). Once the child’s overall condition has stabilized,
the presence of abdominal injuries that are being observed
should not delay the fracture care as long as the child is stable
enough to undergo general anesthesia.

Injuries to the genitourinary system generally occur in conjunc-
tion with pelvic fractures. Most injuries to the bladder and ure-
thra are associated with fractures of the anterior pelvic ring (5).
The injury is usually at the bulbourethra, but the bladder, pros-
tate, and other portions of the urethra can also be injured. If
the injury is severe, kidney injury may also occur, but most
urologic injuries that occur with pelvic fracrures are distal o the
ureters (1).

Tears of the vagina and resultant vesicovaginal fisculae may
be associated with displaced fractures of the anterior pelvic ring.
If the iliac wings are displaced or the pelvic ring shape is changed,
it is important to reduce these fractures to reconstitute the birth
canal in female patients. There are increased rates of caesarean
section in young women who have had a pelvic fracture com-
pared with those without this injury (19).

It is important to inform adolescent females with displaced
pelvic fractures of this later potential problem with vaginal de-
livery.

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 and uncommon in teenag-
ers (51). When they are present, the signs and symptoms are
the same as in adults: axillary petechiae, hypoxemia, and radio-
graphic changes of pulmonary infiltrates appearing within sev-
eral hours of the fractures (30). It is likely that some degree of
hypoxemia develops in some children after multiple fractures,
but the full clinical picture of fat embolism seldom develops. If
a child wicth multiple fractures but without a head injury devel-
ops a change in sensorium and orientation, hypoxemia is most
likely the cause, and arterial blood gascs are cssential to deter-
mine the next step in management. The other primary cause
of mental status change after fractures is overmedication with
narcotics for pain control.

If fat embolism is diagnosed by low levels of arterial oxygena-
tion, the treatmentis the same as in adults. Usually, this manage-
ment consists of endotracheal intubation, positive pressure venti-
lation, and hydration with intravenous fluid. The effect of early
fracture stabilization, intravenous alcohol, or high-dose cortico-
steroids on the syndrome of fat embolism has not been scudied
well in children with multiple injuries.

Multiple injuries place large caloric demands on the body. [f an
injured child requires ventilator support for several days, caloric
intake via a feeding tube or a central intravenous catheter is
necessary to improve healing and help prevent complicarions
from developing. 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 pediatric intensive care unit have
been shown to require 150% of the basal energy or caloric re-
quirements for age and weight (82). The daily nitrogen require-
ment for a child in the acute injury phase is 250 mg/kg.

Because fractures are rarely life-threatening in children with mul-
tiple system injuries, splinting of the fractures will generally suf-
fice as the initial orthopaedic care needed, while the child’s over-
all condition is stabilized. When is the optrimal time for the
definitive creacment of cthe fracture or fractures and what is thar
optimal treatment? Should the child have all fractures treared
operatively to allow mobilization out of bed, as is commonly
recommended in adults with multiple fractures, or is a combina-
tion of operative and nonoperative management more appropri-
ate? Are there times when implancs used in adults can also be
used in children, or should separate pediatric implants be used
when operative trearment is chosen? How rigid does fracrure
fixadon need ro be in children?

Fractures of the pelvis are common in children and adolescents
with multiple injuries. The central injuries to the spine and
pelvis have been reported to be associated with the most intense
hospital care and higher mortality rates chan other injury combi-
nations (12). The immediate problem often is contral of bleed-
ing, either from the retroperitoneum near the fracture or from
the peritoneum from injured viscera (40). However, death of
children with pelvic fractures appears to be caused more often
by an associated head injury racher than an injury to the adjacent
viscera or vessels (60).

The fractures of the anterior pelvic ring are the primary cause
of urethral injury (1,5). Bilateral anterior and posterior pelvic
fractures are most likely to cause severe bleeding (57), although
death from blood loss in children is uncommon (60). Injury to
che sciatic nerve or the lumbosacral nerve roots may resule from
hemipelvis displacement through a vertical shear fracture. In
fact, nonorthopaedic injuries associated with pelvic fractures led
to long-term morbidity or morality in 30% of patients (11 of
36) in one published review of pediatric pelvic fractures (26).

Most pelvic fractures in children are treated nonoperatively.
In a child or preadolescent, an external fixator can be used to
close a marked pubic diastasis or to control bleeding by stabiliz-
ing the pelvis for transporc and ocher injury care. The external
fixator will nor reduce a displaced vertical shear fraccure, bur



the stability provided is helpful to control the hemorrhage while
the child’s condition is stabilized (69,86).

Background. Most serious open fractures in children result
from high-velocity blunt injury involving vehicles. However,
many low-energy blunt injuries can cause puncture wounds in
the skin adjacent to fractures, especially displaced radial, ulnar,
and tibial fractures. It has been estimated thart in children with
multiple injuries, about 10% of the fractures are open. When
open fractures are present, 25% to 50% of patients have addi-
tional 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 primarily on
the system described by Gustilo and Anderson (30,31). Primary
factors thar are considered and ranked in this classification sys-
tem are the size of the wound, the degree of wound concamina-
tion, and the presence or absence of an associated vascular injury

(Table 4-4).

Type 1. Type 1 fractures usually resule from a spike of bone
puncturing the skin (inside-out). The wound is less than 1 cm
in size, and there is minimal local soft tissue damage or contami-
nation.

Type II. A type I wound is generally larger than 1 cm and is
associated with a rransverse or oblique fracture with minimal

Type | An open fracture with a wound <1 ¢m long and
. clean
Type Il An open fracture with a laceration =1 ¢m long

without extensive soft-tissue damage, flaps,
or avulsions

Massive soft tissue damage, compromised
vascularity, severe wound contamination
marked fracture instability

Adeqguate 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

Extensive soft-tissue injury loss with periosteal
stripping and bone exposure; usually
associated with massive contamination

Open fracture associated with arterial injury
requiring repair

Type I

Typé HIA

Type HiIB

Type HIC

Adapted from Gustilo RB, Mendoza RM, Williams DN. Problems in
the management of type lll (severe) open fractures: a new
classification. of type Il open fractures. / Trauma 1984;24:742-746;
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;58:453-458, with
permission.
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comminution. There is adjacent soft rissue injury, including skin
flaps or skin avulsion and a moderate crushing component of
adjacent soft tissue is usually present.

Type 1] and Subgroups. The most severe apen fractures are clas-
sified as type I, with associated subgroups A, B, or C, with
the letters indicating increasing severity of injury. 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 often is a segmental fracture. In
a type B fracture, bone is exposed at the fracture site, with
treacment typically requiring skin or muscle flap coverage of the
bone. Type HIC fractures are the most severe and, in addition
to extensive soft tissue loss and contamination, have an injury
to a major artery in that segment of the extremity.

This classification is widely used and has been shown to corre-
late in adults with sequelae of the injury, including the potential
for infection, delayed union, nonunion, ampuration, and resid-
ual impairment. Probably due to the better vascular supply to
the extremities of children, the final funcrional resules of type
I fractures in children appear to be superior to results after
similar fractures in adults.

v/ @

Three Stages. 1 consider the treatment of open fractures in chil-
dren to be similar to thart for open fractures in adults. The pri-
mary goals are to prevent infection of the wound and fracture
site, while allowing soft tissue healing, fracture union, and even-
tual return of optimal function. My initial emergency care in-
cludes the so-called ABC:s of resuscitation, application of a sterile
povidone-iodine (Betadine) dressing, and preliminary alignment
and splinting of the fracture for patient transport. If profuse
bleeding is present, a compression dressing is applied to limit
blood loss. In the emergency room, masks and gloves should be
worn as each wound is thoroughly inspected. Tetanus prophy-
laxis is provided, and the initial dose of intravenous 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 ini-
tial and (if necessary) repeat debridement of the tissues in the
area of the open fracture until the entire wound appears viable.
The fracture is reduced and stabilized. If the bone ends are not
covered with viable soft tissue, muscle or skin flap coverage is
considered. My third and final stage of this management is bony
reconstruction as needed if bone loss has occurred and, uld-
mately, rehabiliracion of the child.

Cultures. The role of cultures obtained in the emergency room
is controversial. Cultures in this setting are probably of little use
in future management of the open fracture. The cultures for
characterizing che bacterial contamination present are better ob-
rained in the operating room at the time of debridement (45).
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Antibiotic Therapy. Antibiotic therapy decreases the risk of
infection in children with open fractures. Wilkins and Patzakis
(92) reported a 13.9% infection rate in 79 patients who received
no antibiotics after open fractures, whereas there was a 5.5%
infection rate in 815 patients with similar injuries who had anti-
biotic prophylaxis. Bacterial contamination has been noted in
70% of open fractures in children, with both gram-positive and
gram-negative infections noted, depending on the degree of
wound contamination and adjacent soft tissue injury. I limit
antibiotic administration generally to 72 hours after surgical
treatment of the open fracture.

For all type I and some type Il fractures, I use a first-genera-
tion cephalosporin. For type 11l and some more severe type 11
fractures, [ use a combination of a cephalosporin and aminogly-
coside (cephalothin 150 mg/kg/day q8h, and gentamicin). For
farm injuries or grossly contaminated fractures, penicillin is
added to the cephalosporin and aminoglycoside. All antibiotics
are given intravenously and for 72 hours. Oral antibiotics are
occasionally used if significant soft tissue erythema at the open
fracture site remains after the intravenous antibiotics have been
completed.

[ continue the antibiotic regimen beyond 48 to 72 hours if
there is (a) delayed wound closure, (b) open reduction and inter-
nal fixation of fractures, and (c) secondary bone reconstruction
procedures.

Debridement and Irrigation. 1 consider debridement and irri-
gation of the open fracture in the operating room to be the most
important step in the primary management of open fractures in
children. Some authors have reported that significantly higher
infection rates occurred if debridement and irrigation were done
more than 6 hours after open fractures in children (46). A recent
report, however, demonstrated an overall 1% to 2% infection
rate after open long bone fractures, with no increased rate in
infection if the debridement was delayed even as long as 24
hours (76). I believe that it is important to perform the debride-
ment and irrigation as quickly as is feasible, but a modest delay
may not lead to severe consequences or chronic infection. The
debridement needs to be performed carefully and systematically
to remove all foreign and nonviable material from the wound.
My order of debridement typically is

1. Excision of the necrotic tissue from the wound edges
Extension of the wound to adequately explore the fracture
ends

Debridement of the wound edges to bleeding tissue

4, Resection of necrotic skin, far, muscle, and contaminated
fascia

Fasciotomies as needed

Thorough pulsatile irrigation of the fracture ends and wound

W

aw

Because secondary infection in ischemic muscle can be a
major problem in wound management and healing, I ensure
that all ischemic muscle is widely debrided back to muscle, which
bleeds at the cut edge and contracts when pinched with the
forceps.

When [ am debriding and irrigating an open diaphyseal frac-

ture, [ always bring the proximal and distal bone ends into the
wound for visual inspection. This often means that the open
wound needs to be extended somewhat, but that is preferable
to leaving the fracture site contaminated. I carefully remove devi-
talized bone fragments and contaminated cortical bone with cu-
rettes or a small ronguer. If there is a possibly nonviable bone
fragment, judgment is needed as to whether this bone fragment
should be removed or left in place. My experience is that recon-
struction of a large segmental bone loss has a better outcome in
children than in adults, because children have a better potential
for bone regeneration and have better vascular supply to their
extremities. As with all diaphyseal debridements, I identify and
protect major neurovascular structures in the area of the fracture.
I consider the debridement 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.

I usually use a pulsed lavage system to irrigate the open frac-
ture with 10 L of sterile normal saline. In the past, I have used
bacitracin and polymyxin antibiotics in this irrigation solution
but irrigate only with the normal saline. The antibiotic addition
is more costly, and I believe that the key is local irrigation and
debridement to allow the intravenous antiobiotics to reach the
wound and control the infection. I obtain cultures from the
depths of the wound near the fracture ends just before the irriga-
tion. If repeat debridement is needed, cultures are again obtained
and are often useful in guiding the final antibiotic coverage used.

After the debridement and irrigation are complete, I try to
use the local soft tissue to cover the neurovascular structures,
the tendons, and the bone ends. If local soft tissue coverage is
inadequate, consideration should be given to local muscle flaps
or other coverage methods. The area of the wound that has
been incised to extend the wound for fracture inspection can be
primarily closed with interrupted nylon sutures. The remaining
wound that is open is dressed with a moistened Betadine dress-
ing, which is changed the following day. If the wound appears
clean, sequential wet-to-dry saline dressings are used until wound
healing occurs. If the wound does not appear clean at 48 hours,
repeat debridement in the operating room is carried out. This
cycle is repeated until the wound can be sutured closed or has
a split thickness skin graft or local flap to cover it.

Fracture Stabilization. Fracuure stabilization in children with
open fractures decreases pain, protects the soft tissue envelope
from furcher injury, decreases the spread of bacteria, allows sta-
bility important for early soft tissue coverage, and improves the
fracture union rate.

In general terms, my principles for stabilization of open frac-
tures in children include allowing access to the soft tissue wound
and the extremity to allow for debridement and dressing changes,
allowing weight bearing when appropriate and preserving full
motion of the adjacent joints to allow full functional recovery.

[ often use casts or splints to stabilize type 1 fractures and
occasionally type 1I fractures with relatively small wounds and
minimal soft tissue involvement. Most of these injuries involve
the radius or ulna in the upper extremity or the tibia in the lower
extremity. In the forearm, a flexible intramedullary implant in
either the radius or ulna or both, provides enough stability of



the fracture to allow dressing changes through the cast or splint.
Splint or cast immobilization generally is not satisfactory for the
more unstable type Il and most type III injuries.

For intramedullary fixation, I prefer flexible titanium im-
plants of 2 mm to 4 mm diameter for stabilizing open fractures
in the forearm when reduction of either the radius or ulna frac-
ture is unstable. The ulnar implant is inserted proximally,
whereas the radial implant is inserted just proximal to the distal
radial physis. One or both bones can be stabilized, and the im-
plants removed easily after fracture healing. I also use these flexi-
ble intramedullary nails more often for type I and some type 11
fractures of the femoral shaft. For type III fractures, especially
if there is a large or contaminated soft tissue wound present, 1
still prefer to use external fixation.

External fixation is my treatment of choice for most type I1
and type Il fractures of the tibia and femur in children. The
benefits of external fixation include easy access to the wound
for debridement and dressing changes plus any soft tissue or bone
reconstruction needed. External fixation allows patient transport
around the hospital for other reasons associated with the multi-
ple injuries. External fixation preserves the length of the long
bone at the appropriate level and allows weight bearing relatively
soon after the injury. I find that a uniplanar frame is best for
most fractures and s relatively easy to apply. For some segmental
fractures in the meraphysis and diaphysis, as well as soft tissue
injuries, the [lizarov device may be a better choice.

I use open reduction and internal fixation for open intraartic-
ular fractures. If the fracture involves the physis, I avoid threaded
pins or screws across the physis and use smooth Steinmann pins
for stabilization, if needed. For fractures that involve the metaph-
ysis and diaphysis, I may combine open reduction and internal
fixation with external fixation. For diaphyseal fractures in pre-
teens, I prefer flexible intramedullary nails to compression plares
for internal fixation of type I and type II fractures. For treatment
of a floating joins, usually the knee or elbow, I carry out operative
stabilization of at least one and usually both fractures (9,49).

Wound Management. 1 prefer to provide soft tissue coverage
of the open fracture and adjacent soft tissue defect by 5 to 7
days after the injury. The wound is debrided every 48 hours
uncil it is clean, if the initial dressing change indicates residual
necrotic tissue. In the lower extremity, the fractures are externally
fixed when appropriate, and [ attempt to obrain early soft tissue
coverage to limirt the risk of later infection. Most type I wounds
heal with local dressing changes. For some type 1T and type I1IA
fractures, I 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 IIIB
and IIIC fractures. In the proximal tibia area, I often work with
the plastic surgeons to provide a gastrocnemius rotational flap,
followed by secondary coverage of the muscle wich a skin graft.
In the middle third of the leg, a soleus flap is used wich skin
graft coverage, whereas a vascularized free muscle transfer is nec-
essary if local coverage is inadequate.

The flaps and grafts I use 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, espe-
cially from the latissimus dorsi, are useful in the mid-tibial and
distal cibial regions to decrease infection rates and improve the
union rates. Vasculatized fibular grafts rarely are used acutely to
reconstruct bone defects but may be useful in later reconstruc-
tion, after soft tissue wounds are healed.

For the rare bone loss defect in a child, I rely on the healing
capacity of young periosteum and bone and the vascular supply
of a child’s extremiry. An external fixator is used ro hold the
bone shortened abourt 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 surviving periosteum at this site, I have
been surprised by how much new bone the child has formed,
sometimes to the extent that bone grafting is unnecessary. In
teenagers with bone loss, once the soft tissue has healed, bone
transport using eicher a uniplanar lengthening device or an Ili-
zarov device is my preferred method of reconstruction, although
use of an allograft or vascularized fibular graft may be considered.

Amputation. In the most severe of open fractures, attempts
should generally be made to preserve all extremities, even with
those type IIIC open fractures that are usually treated with pri-
mary amputation in adults. Wounds and fractures that do not
heal in adults often heal satisfactorily in children and preserva-
tion of limb length and physes are important in young children.
If ampuration is absolutely necessary, as much length as possible
should be preserved. For example, if the proximal tibial physis
is preserved in a child with a short proximal tibial stump art age
7 years, 3 to 4 inches more growth of the tibial stump can be
expected by the time skeletal maturity is reached. As a result,
this below-knee ampurtation would likely be superior in final
function to a knee disarticulation done at the time of injury.

Although amputations performed to treat congenital limb
deficits are usually done through the joint to limit bone spike
formation at the end of the stump, I prefer to maintain maximal
possible length if ampuration 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
debridement of the open fracrure, the orthopaedist should take
advantage of the anesthetic and treat the other fractures as well,
whether operative treatment or closed reduction and casting is

needed.

In addition to promoting fracture healing, fracture stabilization
also provides a number of nonorthopaedic benefits to a child
with multiple injuries. Pulmonary contusions at the time of in-
jury often lead to increasing respiratory problems in the first few
days after injury (65). If the lungs have been severely contused,
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protein leaks into the alveolar spaces, making ventilation more
difficule. Surfactant dysfunction follows and is most abnormal
in patients with the most severe respiratory failure (67). As the
time from the injury increases, pulmonary function deteriorates
and general anesthesia becomes more risky. In patients with
severe pulmonary contusions and multiple fractures, the use of
extracorporeal life support may be the only treatment available
to allow patient survival (74).

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 nonoper-
ative fracture treatment (6). Most adult trauma centers follow
the treatment protocol of early fracture stabilization, even
though Poole et al. (68) reported thart, despite early fracture
stabilization 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 to man-
date early fracture stabilization are somewhat more difficult to
support in the young patients. Nonetheless, bruises on the chest
or rib fractures should alert the orthopaedist to potential pulmo-
nary contusions as a part of the injury complex (64). Inicial
chest radiographs may not clearly demonstrate the degree of
pulmonary parenchymal injury, and arterial blood gas determi-
nations are more useful in estimating the anesthetic risk of these
patients during operative care of the fractures.

Timing. In a child with multiple closed fractures, splinting is
needed at the time of the initial resuscitation. Definitive treat-
ment should proceed expeditiously once the child’s condition
has been stabilized. Loder (52) reported that in 78 children with
multiple injuries, early operative stabilization of fractures 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 was needed. In addition, there were fewer
complications in those who underwent surgical treatment of the
fractures less than 72 hours after injury. Although there may
have been other factors besides the timing of surgery that affected
the eventual outcomes in this study, it would seem prudent to
try to complete the fracture stabilization within 2 to 3 days from
the time of injury.

Operative Fixation. The type of operative stabilization of
closed fractures of long bones in multiply injured children com-
monly depends, as in other orthopaedic arenas, on the training,
experience, and personal preference of the orthopaedist. The
most common methods used are intramedullary rod fixation,
external fixation, and AO compression plating, though
Kirschner wires or Steinmann pins may be used in conjunction
with casts.

Intramedullary Rod Fixation. There has been a recent increase
in the use of flexible intramedullary rods of 2- to 4-mm diameter
for stabilization of unstable closed fractures of the radius and
ulna in patients up to the early teenage years and for stabilization
of closed femoral shaft fractures in patients between the ages of
5 and 11 years (85,90).

Forearm fractures generally can be reduced closed, with the

intramedullary implant passed across the fracture site under fluo-
roscopy to stabilize the fracture (48). The ulnar implant is placed
from proximal to distal and is inserted in the lateral proximal
metaphyseal area. The radial implant is contoured before inser-
tion in the radial aspect of the distal radius, just proximal to the
distal radial physis. Stability of both fractures may be achieved
by instrumenting only the radius or the ulna, but both bones
may require implant fixation. A cast is used for further immobili-
zation. The implants are easily removed from the wrist area and
the elbow region 6 to 12 months after insertion and after fracture
healing has taken place.

Despite the utility of flexible intramedullary implants for sta-
bilizing forearm fractures 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 immobilization often is sufficient treatment. Complications,
including loss of reduction, infection, hardware migration, nerve
injury, and delayed union, have been reported with the use of
pediatric intramedullary implants in the forearm, though 95%
of patients (19 of 20) had excellent or good results on follow-
up (21).

If flexible intramedullary nails are used in the femur, the most
common insertion site is the medial and lateral metaphyseal
region of the distal femur, just proximal to the physis. Two rods
are used to cross the fracture 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. 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. The implants are removed
before 1 year from the time of fracture fixation (35,39).

The use of reamed antegrade intramedullary rods to treat
femoral shaft fractures in the pediatric population should be
reserved, in my view, for those at least older than the age of 11
years who probably have closure of the proximal femoral physis.
In younger children, rod insertion at the piriformis fossa may
interfere with the vascular supply to the femoral epiphysis, may
cause growth arrest of the greater trochanter apophysis with re-
sultant 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 (14). The specific indications for intramedullary fixation
of the femur are discussed in more detail in Chapter 22.

Compression Plates. Some have advocated the use of compres-
sion plates to stabilize long bone fractures, especially in the femo-
ral shaft, in children with multiple injuries. Kregor et al. (47)
reported an average overgrowth of the femur of 9 mm, and all
fractures healed in a near-anatomic position. The disadvantages
of compression plating is the need for more extensive operative
exposure at the site of the fracture and the usual need to remove
the plate once healing is complete. In addition, 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. As a result, the number of cortices 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.

Although some authors have recommended open reduction
and compression plate fixation of displaced radial and ulnar
fractures (95), 1 prefer flexible intramedullary nails, as noted
earlier. The use of compression plates in the forearm requires a
larger operative incision with the resultant scar and a second
extensive procedure for plate removal. T do not believe that the
healing capability of the young child requires the rigid fixation
of compression plating to obtain fracture union.

External Fixation. The most common indications for use of
external fixation in a child with multiple injuries include open
fractures with significant soft tissue injury, fractures in associa-
tion with a head injury and coma, and so-called floating knee
fractures of the femur and tibia (3,8,9,43,49,69,73,84). The use
of an external fixator in these circumstances allows the child to
be transported for imaging studies or to the operating room
for management of nonorthopaedic injuries. A unilateral fixator
generally is sufficient to hold the fracture reduced in this age
group.

When applying the external fixator, the pin sites should be
predrilled and the pins placed in the operating room under fluo-
roscopic control. The caliber of the pin should be less than 30%
of the diameter of the bone into which it is to be inserted. The
distal and proximal pin sites must be chosen at a level to avoid
the physis, and I 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 cibial
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 usually is left in place until fraccure heal-
ing is complete, but it can be removed once the reason for place-
ment has resolved (such as waking from coma or healing of skin
wound) (23,84). 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. Once the fixator is removed, there is a risk of refracrure
thar varies widely among the published reports. When a rigid
wransfixion type of fixator was used, a 21% refracture rate was
noted (83). When a more flexible unilateral frame was used, the
refracture rate was lower (3,8). A recent report indicated that if
three of the four cortices at the fracture site appear to be healing
on anteroposterior and lateral radiographs of the fracture, the
refracture rate after frame removal should be small (77).

In one review of 74 children with multiple injuries, 59 (80%)
survived, bur 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 predicror
of long-term disability was the Glasgow Outcome Scale from 6
weeks after injury on (88). In a shorter term review, it has been

demonstrated that 6 months after injury 8% to 19% of injured
children and adolescents had some significant limitation (27).

Whichever method of fracture treatment—operative or non-
operative—is chosen for a child with multiple injuries, itis impor-
rant that the orthopaedist be involved in the care of the child
from the start. While recognizing the need to care for the other
organ systemn injuries the child has sustained, it is important to
advocate for the expedicious and appropriate treatment of the
fractures chart 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 problems relate to either sequelae of the head injury
or of the orthopaedic injuries.
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The growth plate (physis) of an epiphysis or an apophysis may
be injured in various ways (1-4). The most common injury is
fracture, but other insults such as disuse, radiation, infection,
tumor, vascular impairment, neural involvement, metabolic ab-
normality, frostbite, burns, electrical injuries, laser injuries,
chronic stress, and iatrogenic injury can also damage the physis
sufficiently to interrupt growth.

When the entire growth place is arrested, bone length is re-
tarded. If the physis at each end of a bone is arrested, longitudinal
bone growth ceases completely. When the bone is compared
with the contralateral mate, there is a discrepancy in bone length.
In the forearm or lower leg, the length inequality can also be
relative to the ipsilateral companion bone (the radius and ulna
or tibia and fibula, respectively).

When only part of the physis is damaged, length retardation
can be accompanied by angular deformity as the undamaged
portion of the physis continues to grow. The deformity and
length inequality depend on the site (specific bone), the location
within the site, the extent (quantity), and the duration of the
physeal damage.

This chapter is an overview of physeal injuries and is divided
into three parts: physeal fractures, other physeal injuries, and

Hamlet A. Peterson: Division of Pediatric Orthopaedic Surgery, Mayo
Clinic, Rochester, Minnesorta.

premature physeal arrest. Injuries at specific anatomic sites are
discussed in their respective chapters.

Fractures of the physis have been of interest since antiquity.
Historians note the fable of the Amazons, whose custom of sepa-
rating cthe epiphyses of newborn males ensured female supremacy
and beauty. Hippocrates receives credit for the first written med-
ical account of this injury (5,6). A Neapolitan surgeon, Marcus
Aurelius Severinus, noted the problem of separation of the proxi-
mal and distal tibial epiphyses in 1632. Written observations,
case reports, articles, theses, and treatises followed and are best
summarized in Poland’s 1898 book Traumatic Separation of the

Epiphysis (6).

Early Classifications

Poland’s book (6) established the fracture as a significant and
not rare entity. He documented four specific injuries, provided
drawings of each, and thereby produced the first true classifica-
tion (Fig. 5-1). Following Roentgen’s discovery of the x-ray



A
DR

Classification of Poland (1898). (Redrawn from Peterson HA. Physeal fractures: part 3,
classmcatlon J Pediatr Orthop 1994;14:439-448; with permission.)

S
A

7.4% 31.0%

i
50.0%

JU A )
GUNGS

Vi
6.1% 4.2% 1.3%

Classification of Bergenfeldt (1933), with percentage of each type. (Redrawn from Peterson
HA. Physeal fractures: part 3, classification. J Pediatr Orthop 1994;14:439-448; with permission.)

(1895), the subject was studied more scientifically; before chis,
all observations were made from compound fractures, dissections
of patients with fatal injuries, or of limbs with traumatic amputa-
tions (7—32).

In 1933, Bergenfeldt documented radiographically 310 phy-
seal injuries in 295 patients and defined six types (Fig. 5-2).
These six types included the first three of Poland and added a
fracture through the epiphysis, metaphysis, and physis. These
four fractures subsequently were used by Salter and Harris (28)
as their first four types.

In 1936, Aitken (7) described three types of physeal fractures
of the distal ribia (Fig. 5-3), two of which (I and II) were de-
scribed by Poland, and the third, by Bergenfeldt. Aitken docu-
mented the same three physeal fractures in the distal femur (10)
and the proximal tibia (9). After his 1965 article (8) discussing

/

|
.

" Classification of Aitken (1936). (Redrawn from Peterson
HA. Physeal fractures: Part 3, classification. J Pediatr Orthop 1994;
14:439-448; with permission.)

these chree rypes of fractures in a general context, Aitken’s three
types of fractures became the standard by which most physicians
reported physeal fractures.

Salter-Harris Classification

In 1963 Salter and Harris (28) published their classic article,
“Injuries Involving the Epiphyseal Plate,” in which five types
of injuries were described (Fig. 5-4). The first four types are
a combination of those described by Poland (types I to III),
Bergenfeldr (types I to V), and Aitken (types I to III). Salter
and Harris added the concept of compression injury, which they
designared type V. They proposed that the mechanism of this
injury is by longitudinal compression, which damages the ger-
minal layer of physeal cells. Because there was no osseous injury,
radiographs at the time of injury were by definition normal.
This differs from the crushing of physeal cells that can occur
with any physeal fracture, as described by Letts (18). Because
no structure is broken, this is not a fracture; cthe term “injury”
seems more appropriate.

Salter’s associate, Mercer Rang (26) added an injury in 1969
that has become known as a Salter-Harris, or Rang, type VI
This was described as a rare injury produced by a direct blow
to the periosteum or perichondrial ring (Fig. 5-5). It was never
specified whether the damage was produced by peripheral trans-
verse compression of physeal cells or ischemia due to vascular
changes. Because no mention was made of open trauma, it is
assumed that these were closed injuries. Like a Salter-Harris type
V, this should also be called an injury rather than a fracture,
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because nothing is broken and the original radiograph is normal.
Other authors (2,3,19-21) have interpreted this injury as an
avulsion of the perichondrial ring with portions of attached me-
taphyseal and epiphyseal bone, while still considering it a Salter-
Harris or Rang type VI. Although drawings have been provided,
the only case depicted radiographically (3) is an open lawn
mower excision of the metaphysis, physis, and epiphysis; this is
more appropriately classified as a part missing (see Classification
later). None of these Rang type VI injuries were found in a
recent population-based study of 951 cases. Neither Salter (29)
nor Rang (27) included this type in subsequent publications.

The Salter-Harris classification gained widespread acceptance
throughout the world (1-4). In recent years, however, several
authors have deviated from this classification. In 1980, Weber
(32), who was unable to find any type V injuries, returned to
the Aitken classification. In 1983, Rang (27) noted that the
Aitken classification is “widely used,” and in 1993, Kling (17)
stated that the Aitken classification is “now used in Europe.”
Other authors (12-14,19-21,30,32), finding the classification
incomplete or lacking in substantiation of prognosis, have devel-
oped new classifications, notably Ogden (19-21) in 1981 and
Shapiro (30) in 1982.

The classification of physeal fractures is a work in progress.
This search for a classification that will allow the collection of
meaningful statistical data and a better means of communication
is a progressive quest for knowledge. This knowledge, in turn,
should improve criteria for prognosis, management, and recom-
mendations for follow-up of patients with physeal fractures.

Vi

. Physeal injury of Rang (1969). (Redrawn from Peterson
HA. Physeal fractures: part 3, classification. J Pediatr Orthop 1994;
14:439-448; with permission.)

In 1994, a new classification (24) based on the first population-
based epidemiologic study (Fig. 5-6) arranged fracture types
from the least involvement or damage to the physis (type I) to
the greatest involvement (type VI).

Type 1 is a transverse fracture of the metaphysis with fracture
line or lines extending to the physis (Fig. 5-7) (23). There is no
fracture along the physis and no displacement of the epiphysis
on the metaphysis (Fig. 5-8). There may be a small eccentric
cortical fragment not attached to either the epiphysis or the
metaphysis. Comminution is common (Fig. 5-9), and com-
pounding is rare. The mechanism of injury is most likely longitu-
dinal compression as evidenced by the cortical torus or buckling,
widening of the metaphysis, or comminution. Radiographs 2 to
4 weeks after injury typically show transmetaphyseal sclerosis
indicative of a healing compression fracture (Fig. 5-8B). This
fracture made up 15.5% of fractures in the Olmsted Councy
population study, but it is probably much more prevalent, be-
cause metaphyseal fractures were not reviewed and neither the
hand surgeons or the pediatric orthopaedists were aware of this
fracture before the study. The most common sites are the distal
radius, finger phalanges, and metacarpals. Nonoperative treat-
ment by closed reduction and immobilization usually results in
a good outcome. Only one patient with this fracture type (0.7%)
was treated surgically in the Olmsted County study. Premature
physeal closure occurred in five (3.4%) adolescents, none of
whom required treatment.

Type 11 is a separation of part of the physis, with a portion
of the metaphysis attached to the epiphysis (Thurstan Holland
sign). Involvement and potential damage of the physis may be
minimal (Fig. 5-10A) or neatly all the physis may be disrupred,
leaving only a small metaphyseal fragment (Fig. 5-10C). Most
commonly, the metaphyseal potion attached to the physis is a
quarter to a third the width of the physis (Fig. 5-10B). Although
attention is usually focused on the size of the metaphyseal frag-
ment, the more important factor is the amount of physeal tissue
disrupted. Indeed, the Thurstan Holland metaphyseal fragment
may be so tiny that it is not seen on routine anteroposterior or
lateral radiographs (Fig. 5-10C). Tangential (oblique) views may
be necessary to reveal the fragment. In this context, it differs
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Salter & Harris |l Salter & Harris | Salter & Harris Il Salter & Harris 1V

. Classification of Peterson. (Redrawn from Peterson HA. Physeal fractures: part 3, classifica-
tlon J Pediatr Orthop 1994;14:439-448; with permission.)

Metaphysis —» physis
Epiphysis & physis intact

‘ Peterson type | fracture of the metaphysis with extension to the physis. A: Torus or buckle
complete transmetaphyseal fracture with one or more fracture lines extending to the physis. The fracture
does not extend along the physis, and the epiphysis is not displaced on the metaphysis. The metaphysis
is frequently wider than normal. The transmetaphyseal fracture is a compression fracture, often best
visualized 2 to 4 weeks postfracture as an increased sclerotic osseous density. B: Transverse metaphyseal
compression fracture with peripheral cortical fragment. This fragment may be displaced eccentrically,
indicating disruption of the physis in this area. C: Complete transverse metaphyseal fracture with fracture
line extension to the physis. D: Comminuted fracture of the metaphysis with multiple fracture extensions
to the physis. None of these fractures meets the requirements of a type Il fracture, which is a fracture
of only part of the metaphysis extending to and along the physis. The designations A to D are not an
attempt to subdivide or classify this fracture type but are used only to show the multiple possibilities.
(Redrawn from Peterson, HA. Physeal fractures: part 2, two previously unclassified types. J Pediatr Orthop
1994;14:431-438; with permission.)

Peterson type | fracture in the distal ra-
dius of a 6+ 5-year-old boy. A: AP view shows com-
plete transverse metaphyseal fracture with longitudi-
nal extension to the physis. The metaphysis is wider
than normal, and the epiphysis is not displaced on the
metaphysis. B: AP view 34 days postfracture shows
healing sclerosis transversely and longitudinally at
sites of fracture. (From Peterson HA. Physeal fractures:
part 2, two previously unclassified types. J Pediatr Or-
thop 1994;14:431-438; with permission.)
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Peterson type | fracture in the distal radius of a
14 4+ 1-year-old boy. A: AP view shows comminuted displaced
fracture of metaphysis. Longitudinal cortical buckling fracture
on radial side extends to the physis. B: AP view during reduc-
tion in fingertrap traction. Transmetaphyseal fracture with ex-
tension to physis and no displacement of epiphysis is now evi-
dent. The metaphysis is wider than normal. Fractured ulnar
styloid. C: AP view, 14 months postfracture. There is normal
function, and the distal radial physis is open and growing.
Nonunion of ulnar styloid is seen. (From Peterson HA. Physeal
fractures: part 2, two previously unclassified types. J Pediatr
Orthop 1994;14:431-438, with permission.)
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Peterson type Il physeal fracture. See text for discussion.
(Redrawn from Peterson HA. Physeal fractures: part 3, classification. J
Pediatr Orthop 1994;14:439-448; with permission.)

licele from a type I injury (Fig. 5-6), which involves complere
physeal disruption with no osseous fracture. Type II (Fig. 5-
10C) and T injuries can be managed similarly, usually by closed
reduction and immobilization. There are no recorded cases of
premature physeal closure berween the metaphyseal fragment
and the epiphysis. Brashear, applying longitudinal compression
by bending the knee joints of rats, produced a type II fracture
each time. None of these fractures developed physeal closure ar
the compression site (metaphyseal fragment/epiphyseal inter-
face). If premature physeal closure occurs, it is at the site of
the sharp edge of the fractured metaphysis, which excoriates or
compresses the physis (18).

Regardless of the amount of physis disrupted, the essencial
features of a type Il injury are disruption of part of the physis

Salter—Harris | fracture of the distal radial physis
in a 7+6-year-old girl with subsequent physeal arrest and bar
excision. A: AP and lateral show dorsally displaced distal radial
epiphysis. B: Seven and a half weeks postinjury. Physis and me-
taphysis are irregular and sclerotic. (Figure continues.)
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(continued) C: One year postfracture there is relative overgrowth of ulna. D: Age 14+ 4
years after physeal bar resection. The patient is normally active, participating competitive volleyball,
and is asymptomatic. The distal radius is growing (greater than 100%) faster than the ulna, as evidenced
by the reduction of the ulnar plus deformity and the increasing distance between the metal markers.

The Cranioplast plug stayed with the epiphysis.

between the epiphysis and the metaphysis, however small this
may be; fracture of only part of the metaphysis, with a metaphy-
seal fragment attached to the physis; and no continuity from the
epiphysis to the intact major metaphyseal/diaphyseal complex.
Comminution and open fracture are uncommon. This fracture
is the most common type in all previous series and is made up
53.6% of fractures in the Olmsted County study. The most
common site is in finger phalanges, where it occurred 47.6% of
the time. Initial management was surgical for 23 (4.5%) patients.
Thirty-three (6.5%) developed premature physeal closure.
Twelve (2.4%) underwent late surgical correction.

A type III injury is a separation of the epiphysis from the
diaphysis through any of the layers of the physis, disrupting the
complete physis (Fig. 5-6). This injury is rarely open and cannot
be comminuted. The only anatomic variations are the different
layers of the physis through which the fracture traverses. At
present, this can be determined only histologically. In two stud-
ies, the transphyseal fracture was histologically noted to involve
all zones of cartilage cells (germinal, proliferating, hypertrophy-
ing, and provisionally calcified) (16,31). This helps explain why
premature growth arrest may occur following fractures along the
physis (Fig. 5-11). This injury made up 13.2% of physeal injuries
in the Olmsted County study. It occurs most commonly in
the distal fibula. Thirteen acute fractures (10.3%) were treated
surgically. Nine patients (7.1%) had late corrective surgery.

Type IV is a fracture of the epiphysis extending to and along
the physis (Fig. 5-6). It may be comminuted or “double.” Open
fractures are uncommon. Because this fracture most often occurs
when part of the physis, usually central, has begun to close, itis

more common in older children. The distupted articular surface
requires anatomic reduction and maintenance of reduction,
often by open reduction and internal fixation. Premature growth
arrest is common, but it usually is complete racher than partial,
and rarely causes angular deformity. Most children with this
injury are relatively marure, and bone-length discrepancy is un-
common. Significant length discrepancy occurs only in young
patients (Fig. 5-12). This fracture made up 10.9% of fractures
in the Olmsted County study. The most common sites are the
finger phalanges and the distal tibia (medial malleolus and lateral
plafond). Eighteen fractures (17.3%) were treated initially by
surgery, and 15 (14.4%) underwent Jate surgery.

Type V is a fracture that traverses the metaphysis, physis,
epiphysis, and usually the articular cartilage (Fig. 5-6). The wi-
plane fracture (22) meets all of these criteria (Fig. 5-13) and is
therefore a complex type V fracture, which is otherwise depicted
in only one plane, usually the sagitral. Comminution and open
injuries are common. Type V fractures are best managed by
anatomic reduction and maintenance of reduction to align both
the articular cartilage and the growth cartilage. This is particu-
larly true in the young patient with significant growth remaining.
This usually requires open reduction and internal fixation. Pre-
mature growth arrest is common and occurs even with anatomic
reduction. This fracture made up 6.5% of fractures in the
Olmsted County study. The most common sites are the distal
humerus (lateral condyle), finger phalanges, and distal tibia,
where the fracture pattern is variable (11). Twelve fractures
(19.4%) were treated initially by surgery, and 12 (19.4%) were
treated by subsequenc surgery.



Salter—-Harris !Il fracture, distal radius in a 9+ 1-year-old girl with subsequent physeal
arrest and bar excision. A: Patient fell 8 feet, landing on her outstretched right hand. Fracture of the
epiphysis extending to the physis (arrow) might be better visualized with additional oblique radiographs
or tomograms. B: Two years 6 months postfracture (age 11+ 7). Physeal bar medial distal radius. The
right radius is 23 mm shorter than the left. The ulnae are of equal length. C: MRI transverse depiction
of distal radial physis using 3-D rendering (ANALYZE) shows linear bar comprising 10.5% of the physis.
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(continued) D: Physeal bar excised through peripheral approach and cavity filled with
Cramoplast Metal markers 11 mm apart. Note normal growth (relative overgrowth) of ulna. E: Eighteen
months after bar excision (age 13- 2). The distal right radius has not only resumed normal growth, but
is growing faster than normal (greater than 100%), as evidenced by improvement of radial-ulnar length
discrepancy. The metal markers are 29 mm apart. The radial articular angle is improved, and remodeling
has resulted in @ more ulnarward position of the proximal metal marker.

Type VI is a fracture in which part of the physis has been
removed or is missing (Fig. 5-14) (23). Usually an accompanying
part of the epiphysis or metaphysis, or both, is also missing.
This occurs only with open fractures such as those caused by
lawn mowers, farm machinery (e.g., auger, corn picker, power
take-off, corn sheller), snowmobiles, gunshots, and motorboat
propellers (Fig. 5-15). Premature partial closure of the remaining
exposed surface of the physis nearly always occurs but sometimes

. Triplane fracture (1957). (Redrawn from Peterson HA.
Physeal Tractures part 3, classification. J Pediatr Orthop 1994;
14:439-448; with permission.)

not until years later. This fracture made up only 0.2% of frac-
tures in the Olmsted County study, but it is more common
among referral patients. All type V1 injuries require initial sur-
gery, at least wound care; most if not all require late recon-
structive or corrective surgery, especially those in young children.

Salter-Harris Type V, Present Status

The Salter-Harris type V injury is not included in this new
classification of fractures because with this injury, there is no
fracture. Because the radiograph taken at the time of injury is
normal and growth arrest is discovered only in retrospect, this
entity, if icexists at all, cannot be suspected during the evaluation
or treatment of an acute injury. Therefore, it is included in the
later section, “Other Physeal Injuries.”

Comparison of classifications may have more than historical
value. New mechanisms of injury and new or improved imaging
techniques may lead to the inclusion of new fracture types, or
of a previously described bur discarded fracture type.

N

Mann and Rajmaira (35) reported that of 2650 long-bone frac-
tures in children, about 30% involved the physes (33—39). Wor-
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Peterson type VI fracture of the physis with a portion of the
physis missing. A: Longitudinal fracture with piece comprising epiphysis, physis,
and metaphysis missing. In rare cases a portion of the diaphysis may also be
missing. The absent portion may vary in location and in size from small to large.
Common mechanisms of injury are from lawn mowers, snowmobiles, automo-
biles, farm implements, and motorboat propellers. B: Penetrating injury may
remove physeal cartilage, along with adjacent epiphyseal and metaphyseal bone
in any plane. A transverse orientation of penetration causes the most severe
physeal damage. The most common penetrating object is a bullet. C: Lacerating
injury directly in the plane of the physis, removing some or all of the physis with
relatively little damage to the epiphysis or metaphysis. This injury is rare. The
designations A to C are not an attempt to subdivide or classify the fracture type
but are used only to show the multiple possibilities. These fractures have only
one criterion: part of the physis is missing. A physeal bar invariably develops,
sometimes years postfracture. (Redrawn from Peterson HA. Physeal fractures:
part 2, two previously unclassified types. J Pediatr Orthop 1994;14.431-438,;
with permission.)

Peterson type VI fracture
of the proximal tibia in a 10+ 4-year-old
girl. A: Standing teleoroentgenogram.
Right genu varum fotlowing removal of
right proximal tibial medial condyle in
lawn mower accident that occurred at
age 4+ 11 years. Patient had previously
undergone proximal tibial valgus osteot-
omy and physeal bar excision. Note lat-
eral subluxation of tibia on femur. B: To-
mogram confirms recurrent physeal bar
medially. Note this relative overgrowth
of the unopposed medial femoral con-
dyle. This patient was treated by bracing
and, at age 13, by medial tibial cadaver
allograft and physeal closure of the lat-
eral side of the proximal tibia, with con-
comitant physeal arrest of the contralat-
eral normal proximal tibial physis.




! 147 (15.5) 1(0.7) 0 (0)

Il - 510 (53.6) 23 (4.5) 12 (2.4)
- 126 (13.2) 13(10.3) 9(7.1)
v 104 (10.9) 18 (17.3) 15 (14.4)
Vv 62 (6.5) 12 (19.4) 12 (19.4)
\ 2(0.2) 2 (100) 1(50)
Total 951°(100) 69 (7.3) 49 (5.2)

* Data pértain to physeal fractures among children in Olmsted
County, Minnesota, 1979-1988.

From Peterson HA. Physeal fractures: part 3, classification. J Pediatr
Orthop 1994;14:439-448.

lock and Stower (39) reported that of 826 fractures of all bones
in children, 18.5% involved the physes. An epidemiologic study
of physeal fractures was performed over a 10-year period in
Olmsred County, Minnesota, from 1979 to 1988 (Table 5-1)
(38). This was the first population-based study in which both
the numerator (fractures) and denominator (population ar risk)
were known. No referral cases were included, thereby omitting
preselected difficulc or high-risk cases.

Of the 951 physeal fractures in the study, the male-to-female
ratio was 2: 1. The incidence rates were highest among boys age
14 and girls ages 11 and 12 (Fig. 5-16). The overall age- and sex-

adjusted incidence of physeal fractures was 279.2 per 100,000
person-years (95% confidence interval, 261.4 to 296.9). Frac-
tures occurred approximately equally on right and left limbs
(52.6% versus 47.4%, p >.05). The most common site was the
phalanges of the fingers, which accounted for 37% of all physeal
fractures, followed by the distal radius (18%) (Table 5-2). The
distal end of each long bone was fractured more frequently than
the proximal end. Seventy-one percent of fractures occurred in
the upper extremity, 28% in the lower extremity, and 1% in
the axial skeleton.

The history of injury and the clinical evaluation (symptroms and
physical findings) usually define appropriate body parts for ra-
diographic evaluation (40--71). Radiographs in two planes, usu-
ally anteroposterior and lateral, are sufficient to determine the
fracture type and the management plan for most fractures. If
the radiographs are indeterminate, oblique or three-quarter views
should be raken (51,63,64). Occasionally stress views, tomo-
grams, arthrograms, computed tomography (CT) scans, mag-
netic resonance imaging (MRI), or ultrasound is needed to ade-
quately display the fracture. Stress views are most useful when
the injury is near a uniplanar joint (e.g., the elbow, knee, or
ankle) (51). Tomograms help delineate fragmentation and orien-
ration of fragments. CT scans may best reveal the complexicies
of triplane fractures (22,64). Fractures involving a large volume
of cartilage, such as the proximal or distal humerus in infants,
in the past were best appreciated by arthrography (40,41,49,56,
57,71). Recently, this method has been replaced by MRI (54,
55,64,65,70) and ultrasound (43,52,57). MRI has also been

used in older children with acute injuries to identify possible
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- incidence of physeal fractures by gender for 1-year age groups with all types of fractures.
Boys peak at age 14 years, and girls peak at age 11 to 12 years. (From Peterson HA, Madhok R, Benson
JT, et al. Physeal fractures: part 1, epidemiology in Olmsted County, Minnesota, 1979-1988. J Pediatr

Orthop 1994;14:423-430; with permission.)



Phalanges (fingers) 21 &2 243 256 42 4.4
Distal radius 27 2.8 84 8.8 3 0.3
Distal tibia 6 0.6 45 4.7 26 2.7
Distal fibula 32 3.4 30 3.2 1 0.1
Metacarpal 2 0.2 27 2.8 7 0.7
Phalanges (toes) 6 0.6 30 3.2 8 0.8
Distal humerus 8 0.8 5 0.5 1 0.1
Distal ulna 5 0.5 7 0.7 9 0.9
Proximal humerus 4 0.4 13 1.4

Distal femur 4 0.4 6 0.6 3 0.3
Metatarsal 2 0.2 6 0.6 1 0.1
Proximal tibia 3 0.3 3 0.3 1 0.1
Proximal radius 1 0.1 3 0.3 1 0.1
Proximal ulna 1 0.1 3 0.3

Clavicle, medial 3 0.3 1 0.1
Pelvis 2 0.2 1 0.1

Clavicle, lateral 1 0.1 1 0.1

Proximal femur. 1 0.1

Proximal fibula

Total 126 13.2 510 53.6 104 10.9

No type V fractures were observed.

t Type B: Part missing; type 6 in Peterson classification.

—

* Type A: Fracture of the metaphysis to the physis; type 1 in Peterson classification

1.3 36 3.8 2 0.2 356 37.4
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physeal damage (44,53,59,60,67,70) and is recommended pri-
marily to identify complex fractures (60). The role of scintigra-
phy (47,68) in assessing acute physeal fractures is yet to be deter-
mined.

The goal of treatment of all physeal fractures is to maintain
function and normal growth (72-79). Maintenance of growth
is obviously more important in a young child than in an older
adolescent, who has little growth remaining. Consistent attain-
ment of these goals is most likely when all structures are anatomi-
cally reduced. Thus, the goal becomes to obtain and maintain
anatomic reduction. This may be done by closed or open means.
All reductions, whether closed or apen, should be gentle to pre-
vent damage to the delicate physcal cartilage. Forceful, repeated
manipularions should be avoided. During open reduction, plac-
ing direct pressure on the physis with inscruments should be
avoided.

Physeal fractures should be reduced immediately, because
delay makes reduction more difficult. The younger the child,
the more rapidly the healing callus blends with articular and
physeal cartilage, making reduction difficult.

Type | (Metaphyseal Compression With Extension
Into the Physis)

The type I fraccure has che least potential damage to the physis
and ctherefore needs the least aggressive treatment. Closed reduc-

tion and casting usually achieve satisfactory position and align-
ment of the fragments (Figs. 5-8 and 5-9). Fractures of the
metaphysis and physis heal rapidly, and cast immobilization for
3 to 4 weeks is usually sufficient. Because the physis is involved
in the injury, growth arrest is possible (3.4% in the Olmsted
study), and these fractures need follow-up long enough to ensure
that normal growth has resumed. This period varies depending
on the patient’s age and the site and severity of injury; at least
3 months is appropriate for most patients, longer for patients
with comminuted or markedly displaced fractures.

Safter-Harris 11

Most type I1 fractures can be reduced easily with closed manual
reduction. Scraping of the metaphyseal fragment across the in-
tact physis can be decreased by good patient relaxation to reduce
muscle tension. This is probably best achieved by general anes-
thesia or a nerve block such as an axillary or lumbar epidural
block. The metaphyseal fragment usually prevents overreduction
(Fig. 5-10A and B). The intact periosteum on the side of the
metaphyseal fragment imparts further stability to the reduced
fracture, and internal fixation is often unnecessary.

In a young patient, incomplete reduction may be more ac-
ceptable than repeated overzealous manipulation, which may
cause gouging of the physis. In an older patient, a more accurate
reduction is necessary because spontaneous correction with
growth is less likely. Occasionally, a type 1 fracture cannor be
satisfactorily reduced. A common example is the distal tibia,



where periosteum becomes impinged at the fracture site. Ten-
don, nerve, and vascular-structure impingement also has been
reported at various sices; these types also need surgical extrica-
tion. If the reduced fragments are unstable, internal fixation is
appropriate. This is best accomplished by pins or screws from
metaphysis to metaphysis, avoiding the physis. Occasionally, the
metaphyseal fragment attached to the epiphysis (Thurstan Hol-
land sign) is so small that it cannot be internally fixed to the
main metaphysis (Fig. 5-10C). In this case, small-diameter,
smooth pins may be placed from the epiphysis, across the physis,
and into the metaphysis. Growth arrest is less likely if the pins
avoid the perichondrial ring, are as longitudinally as feasible,
and remain in place a short time, preferably 3 weeks or less. The
insertion of biodegradable pins across the physis isa new concept
that is being evaluated, most intensely in Finland (72,74-76,
78,79). Whether these pins impart adequate stabilicy without
predisposing to physeal arrest remains to be seen. In one of the
more recent studies, growth arrest was noted and the authors
suggested that the procedure be limited to adolescents with little
growth remaining (78).

Type 1l fractures may involve a small (Fig 5-10A) or large
(Fig 5-10C) portion of the physis; the more of the physis in-
volved, the greater the chance of growth arrest. The prognosis
also depends greatly on che site of injury. When the physis is
irregular and undularting, as in the distal femur or proximal tibia,
displacement of the metaphyseal surface against the physeal sur-
face produces scraping of these irregular surfaces and an in-
creased likelihood of physeal arrest. A smooth, flat physis, such
as the distal radius, is much less prone to arrest. The degree of
displacement and the patient’s age are also obviously important.
Repeated reduction attempts increase the chance of arrest. Type
Il fractures may involve only a small amount of physis (Fig. 5-
10A) or a large amount of physis (Fig. 5-10C); the latcer increases
the chance of physeal damage.

Salter-Harris |

Type 11 fractures (Fig. 5-6) are similar to those type 11 fracrures
which have a very small metaphyseal fragment (Fig. 5-10C).
Because all layers of the physis may be involved (Fig. 5-11), the
prognosis for growth arrest is slightly greater than with type 11
fractures (Table 5-1). Type III fractures should be managed by
closed reduction because internal fixation would likely require
crossing the physis. In a young child, it is better to accept an
imperfect reduction than risk the hazards of internal fixation
across the physis.

Salter-Harris 111

In type IV fractures, the cartilage of the physis and the articular
surface are both disrupred (Fig. 5-6). The best resule is achieved
by anatomic reduction of the arcicular surface to reduce the
likelihood of degenerative archrosis and anatomic reduction of
the physeal cartilage to reduce the chance of growth arrest. Usu-
ally, these fractures occur in older children, when the physis is
beginning to close and growth arrest is not a problem. Anacomic
reduction often requires open reduction to expose the articular
surfaces, especially in young children. The most desirable inter-
nal fixation is epiphysis to epiphysis, if possible, especially in
young children.

Salter-Harris IV

For the type V fracture, anatomic reduction and maintenance of
reduction are essential to align both the physis and the artcular
surface. If there is any displacement, open reduction and internal
fixation are usually required. Closed reduction with percutane-
ous internal fixation may be acceptable in some sicuations (77).
Internal fixation is best accomplished from epiphysis to epiphysis
or metaphysis to metaphysis, particularly in young children.
Growth arrest is likely, and these fractures need observation for
at least a year, even if earlier evaluation is good.

Type VI (Epiphyseal and Physeal Loss)

Because type VI fractures are open injuries, all require initial
debridement, often with wound packing and secondary closure
and sometimes with skin graft or flap closure. Children with
these injuries must be followed until maturity, because most if
not all develop angular deformities and relative shortening of
the involved bone (Fig. 5-15A). There is a high likelihood of
physeal bar formation on the exposed bone surface (Fig. 5-15B).

The prognosis of a physeal fracture depends on the following
factors, in descending degree of importance: the severity of in-
jury, including displacement, comminution, and whether it is
open or closed; the patient’s age; the physis injured; and the
radiographic type of fracture (1-4,24,28,29,38,80-82). Trear-
ment depends on cthese factors and in itself has an important
bearing on the prognosis.

Severity of Injury

The mechanism of injury may be thought of as the activity the
patient was involved in at the time of injury (e.g., auromobile
accident, football, diving) or as an anatomic description of the
injury (e.g., varus, extension, rotation). The term Aigh-velocity
injury is often used ro describe fractures with significant displace-
ment, comminution, and compounding. The term severity of
injury is used here to include all of these features and is the most
important factor in prognosis. Any damage to or loss of the
germinal or proliferative Jayer of physeal cells has a negative
implication concerning growth.

Age of Patient

The patient’s age is also important. A physeal injury in a 13-
year-old girl or a 15-year-old boy rarely results in significant
length discrepancy or angular deformity, because little growth
remains. Any physeal injury in a young child, however, has the
potential for premarture arrest, and appropriate follow-up is re-
quired.

Site of the Injury

The site of injury influences the outcome. A type I fracture of
the distal femur or proximal tibia, both of which have large,
undulating, multiplanar physes, are prone to arrest, even with
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mild separation or displacement. Because these sites contribute
more longitudinal growth than any other site in the body, defor-
mity and length discrepancy are common. Conversely, the proxi-
mal radius and ulna and distal humerus contribute so little
growth to the forearm and humerus, respectively, that injury
and premature atrest from any fracture type at these sites rarely
causcs significant angular deformity or length inequality. A type
[ fraccure of the distal fibula, rarely develops arrest, and ankle
valgus deformity would occur only with arrest at a young age.
The proximal humerus has such good remodeling potential chat
significant displacement and angulation can be accepted, even
in older children.

The site of the injury also determines the blood supply of the
physis. The growth-producing germinal and proliferating cells re-
celve their nourishment through blood vessels from the epiphysis.
If this blood supply is destroyed, these cells die and growth ceases.
Fortunately, most epiphyses receive their blood supply directly
from multiple sources. When the arterial supply is limited roa few
arterics that must reach the epiphysis by crossing the periphery
of the physis (e.g., the proximal femur), any displacement of the
epiphysis may occlude the blood supply, resulting in avascular ne-
crosis of the epiphysis and physeal cell death.

Amount of Physis Injured

The type of fracture is determined by the mechanism of injury,
the patient’s age, and the site of injury. For example, a type 11
fracture of the distal radius is common at any age; a type Il
fracture of the distal humerus is rare at all ages. The type of
fracture also relates to the amount of physis damaged. Thus,
although this new classification is based primarily on anatomic

considerations from the least amount of physis involved (rype
) o the greatest amount (type VI), it also was found to be
correlated to the prognosis in a general way. In the Olmsted
study, the amount of surgery performed, both initially at the
time of injury and later to correct a complication, increased as
the type number increased (Table 5-1).

Sepsis can occur in any open physeal fracture, just as in any
open diaphyseal fracture (83-98). Practically speaking, this is
seen exclusively in open injuries, primarily type IV and VI frac-
tures. Precautions and treatment are similar to those for any
other open bone or joint injury. Overgrowth after physeal frac-
ture is essentially unknown, except of the capitel/lum in type V
fractures of the lateral humeral condyle, where overgrowth is
rarely sufficient to cause significant angular deformity or length
discrepancy. Hypoplasia of an epiphysis after trauma also is rare,
and it is usually associated with damage of the germinal layer
of the physis or with vascular impairment that produces avascular
necrosis. The accompanying angular deformity usually is minor,
butin the trochlea, it can be sufficient to cause ulnar nerve palsy
(92). Likewise, malunion of properly recognized and treated
physeal fractures is uncommon (86). Delayed union or non-
union of type V fractures occurs occasionally, and has been noted
in the lateral humeral condyle (85,89), the distal femur (87),
and the medial malleolus (Fig. 5-17). Nonunion may also occur
after open reduction and internal fixation (Fig. 5-18). This is
usually treated by attempts at osteosynthesis or reconstructive

surgery.

Nonunion of type V fracture. A: Type V fracture
of distal tibial medial malleolus in a 4-year-old boy. The frac-
ture was treated by cast immobilization. B: Age 6 +10. Union
of the small metaphyseal fragment to the metaphysis, but
nonunion of the epiphyseal fragment to the epiphysis. There
is no physeal bar. The physis is growing more rapidly medially,
as evidenced by the growth arrest line in the metaphysis. The
upward displacement of the fragment before union of the
metaphyseal fragment allows some ankle varus.
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Nonunion of Salter Harris [V fracture. A: Type V fracture of distal tibial medial malleolus
ina3+a- year-old girl. Treatment was open reduction, excision of metaphyseal fragment, and internal
fixation. B: Five weeks postfracture, medial malleolar fragment is not united. C: Five months postfracture

there is an established nonunion.

Compartment syndrome and arterial occlusion are not com-
monly associated with physeal fractures but have been reported
with fractures of the proximal tibia (83,93,94,97) (Fig. 5-19)
or the distal radius (88,91). Avascular necrosis of the proximal
femoral capital epiphysis is a dreaded complication of any frac-

Metaphysis

Physis

Epiphysis

Popliteal artery

Recurrent
tibial artery

Anterior
tibial artery

Posterior
tibial artery

Peroneal artery —

Occlusion of the popliteal artery by direct pressure from
posterior displacement of the proximal tibial metaphysis. (Redrawn
from Burkhart SS, Peterson HA. Fractures of the proximal tibial epi-
physis. J Bone Joint Surg Am 1979;61:996-1002; with permission.)

ture of the proximal femoral physis, particularly if the hip is also
dislocated (95). Avascular necrosis can occur at the proximal
(90) and the distal humerus (98) and at the proximal radius,
buc it is rare at all other anatomic sites.

All of these complications are uncommon. By far, the most
frequent complication of a physeal fracture is premature growth
arrest, resulting in diminished bone length, angular deformiry,
or both. This complication is so prevalent that it descrves special
attention and is discussed later in this chaprer.

Physeal injuries, other than fracture, that are sufficient to cause
premacture partial or complete arrest share two characteristics:
normal radiographs at the time of insult, and premature physeal
arrest noted weeks, months, or years later. These injuries are
uncommon. The injuries that meet these criteria can be classified
as follows:

Disuse

Radiation

Infection

Tumor

Vascular impairment
Neural involvement
Metabolic abnormalicty
Cold injury (frostbite)
Heat injury (burn)
Electric injury

. Laser injury

. Stress injury

. Longitudinal compression
. Developmental

. latrogenic
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Disuse of an extremity, from any cause, results in atrophy of
muscle and other soft tissue (99-111). If disuse is prolonged,
growth of bone length also is retarded. If disuse is marked, some
or all of the physis may cease growing completely. Bed rest,
crutches, cast immobilization, and traction, even in the absence
of fracture, are all associated with growth arrest of the distal
femoral physis and proximal or distal tibial physis. These modali-
ties have been used in the management of patients with congeni-
tal hip dislocation (100,104), rheumatoid archritis (104), polio
(101,108), tuberculosis (107,111), and Perthes’ disease, but are
now used more sparingly for various reasons, one of which is
the possibility of growth arrest.

Complete closure of one or all of the physes in an extremity
after a single diaphyseal fracture has been reported and was at-
tributed to disuse of the excremity (3,61,99,102-106,109,110).
Some of those multiple physeal closures have been actributed to
Salter-Harris type V compression injuries, but it is difficult to
envision multiple-site compression injuries with a single femoral
or tibial transverse or spiral shaft fracture. Conversely, some
Salter-Harris type V injuries reported in the literature may have
been caused by posttraumatic disuse racher than sudden trau-
matic physeal compression.

The precise etiology of physeal arrest associated with disuse
is unknown. Gill speculated that the accompanying osteoporosis

A

predisposed the patient to microfractures thart traversed the phy-
sis. Ross (110) suggested that the partially degenerated carrilage
cannot withstand the abnormal stresses of a faulty gait. Dimin-
ished arterial supply is a more likely possibility.

The growth-inhibiting and destructive effects of x-rays on phy-
seal cartilage have been demonstrated in both animals and hu-
mans (112—131). Growth-inhibiting effects are common when
a physis is in the treatment field during therapeutic irradiation
(115,116,119,127,129—-131) burt have not been shown to occur
with diagnostic x-ray studies or the use of repeated romograms.
The main variables determining the extent of demonstrable bone
change caused by radiation therapy are the patient’s age at the
time of therapy, the amount of the radiation delivered (including
both dose per treatment and total dose delivered), the field size,
the site to which the radiation was delivered, and the growth
potential of this site. The younger the patient and the greater
amount of radiation delivered, the greater is the extent of subse-
quent bone changes (Fig. 5-20). A radiation dose as low as 400
R can produce growth retardation, and as the dose increases, so
does the extent of cellular damage and eventual development of
dysplastic bone. All physes, including those in the spine, are at
risk (120,124—-126).

7° 159

' B

Physeal arrest associated with radiation. A: A 5+ 0-year-old with Ewing’s sarcoma proxi-
mal left flbula diagnosis was made by open biopsy. Metastasis to lung confirmed by transthoracotomy
biopsy. Patient received radiation therapy (5000 cGy to the left leg in 24 fractions over 8 weeks and
1500 cGy to the lungs in 12 fractions over 2 weeks). B: The left tibia did not grow, and at age 15+0, itis
still 12.2 cm shorter than the right despite numerous corrective surgical procedures. Ankle disarticulation
facilitated below-knee prosthetic fitting. The patient is tumor-free at age 22 years.



. Physeal arrest associated with metaphyseal osteomyelitis. A: An infant girl had a cutdown
inserted into the right ankle saphenous vein on her second day of life. Staphylococcal osteomyelitis in
the distal right femur was treated by incision and drainage on day 17 of life. Care was taken to avoid
contact of the curet with the physis. A scanogram 4 years 11 months postoperatively demonstrates right
distal femoral valgus and relative shortening of femur (1.2 cm). Coronal tomogram of right knee B:
shows central bar with tenting or cupping. A 4-year follow-up of this case following bar excision is
documented in Peterson HA. Partial growth plate arrest and its treatment. J Pediatr Orthop 1984;4:

246~258; with permission.

Septic arthritis and metaphyseal osteomyelitis often are followed
by physeal arrest (132-143). Because the interval berween infec-
tion and physeal arrest may be years (Fig. 5-21), intraarticular
and osseous infections need long-term follow-up. The arresc is
often partial, resulting in both angular deformity and lengch
discrepancy. Typically, there is no residual infection when the
arrest is noted. Physeal bar excision in patients with previous
infection may, however, have a higher incidence of postexcision
infection. Of 178 physeal bar excisions reviewed at the Mayo
Clinic, the only three postoperative infections were in partients
in whom the bar was due to metaphyseal osteomyelitis.

Physeal arrest also has been reported after some systemic in-
fections, particularly meningococcemia (61). In this instance,
the arrest may be associated with vascular impairment (Fig. 5-
22).

Several benign tumors often abut the physis, and the physis is
susceptible to injury during curettage and bone-grafting proce-
dures. The physis may close even when the cumor is untreated. In
addition to unicameral cyst (145,147-150) and enchondroma
(144,146), other childhood tumors that occur near growth plates
and might cause growth arrest are aneurysmal cyst, chondroblas-
toma, chondromyxoid fibroma, and fibrous dysplasia.

The germinal and proliferative layers of physeal cartilage cells are
primarily responsible for longitudinal bone growth (151-160).
These cells are nourished by vessels in the epiphysis, and any
vascular disturbance of the epiphysis can result in physeal dam-
age (157-160). Some investigators have suggested that the epi-
physeal blood supply is probably the most important determi-
nant in the development of bone bridges (3,81). If the blood
supply to the meraphysis is also disrupted, the likelihood of a
bone bridge increases.

Arterial spasm associated with traction (154) and even the
application of a cast reduces blood flow to the extremity (153),
which can alter physeal growth (3,158,159). Premature physeal
closure has been documented after temporary arterial insuffi-
ciency (Fig. 5-23) (155) and after intravenous fluid extravasation
(156). Some Salter-Harris type V and Rang type VI injuries
reported in the literature may have been caused by vascular dys-
function rather than by physeal germinal cell compression.

The exact mechanism of premature physeal closure with tha-
lassemia major is unknown (152). In sickle cell disease (61),
there is increased viscosity predisposing to sludging, erythrocyte
entrapment in small vessels, and blockade of small vessels pro-
ducing ischemia.

The etiology of impairment of physeal growth linked with nerve
deficits associated with poliomyelitis, cerebral palsy (spastic
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hemiparesis), sacral tumors, and major nerve transection is un-
known, but it is probably related to nutrition—more precisely,
to diminished vascular supply (161,162). The length inequality
in nerve-related disorders tends to progress slowly, and prema-
ture physeal closure is unlikely (162). Two exceptions are con-
genital insensitivity to pain (Fig. 5-24) and meningomyelocele
(161). The growth retardation in these conditions is partial or
complete arrest and may be caused by increased trauma and
repeated transphyscal fracrures in the insensate limb.

Vitamin A intoxication can cause premature physeal arrest
(167-173). The marked mctaphyseal and epiphyseal cupping
and growth retardation that sometimes occurs with vitamin C
deficiency may also produce physeal closure (170,172), the con-
dition may correct spontaneously wich an appropriace diet. Care-
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Physeal arrest associated with sys-
temic infection. A: A 7+ 0-year-old boy had menin-
gococcemia at age 2 years complicated by ischemia
of the lower extremities. He underwent fascioto-
mies, debridement of necrotic tissue, and extensive
skin grafting. The legs, however, survived with only
the loss of toes. Subsequently he had heel cord
lengthenings and soft tissue flap grafts to cover
both patellae. B: Scanogram show bilateral ankle
varus and physeal bars of the distal tibiae. He later
developed a bar of the proximal left tibia.

ful serial radiographic studies are necessary before considering
bar excision or contralateral epiphyseodesis (171).

Tissue resistance to growth hormone in patients with uremia
has been implicated as the cause of growth retardation in patients
with chronic renal failure (169). Also, high doses of calcitriol
may directly inhibit chondrocyte acrivity within physeal cartilage
and adversely affect linear growth in children with end-stage
renal disease (166). Insulin-like growth factor—binding proteins
may also contribute to growth inhibitors in children with
chronic renal failure (168).

With increasing use and success of bone marrow transplanta-
tion, more children survive cancer. Chemotherapy and irradia-
tion both have the potential to damage endocrine glands. which
contributes to growth impairment through epiphyseal growth
plate dysfunction (164). Immunosuppressive drugs may affect
growth by differencially decreasing rates of cellular multdplica-
tdon in the physis (163). The central portion of the physis is the



Physeal arrest associated with temporary arterial impair-
ment. At age 13 months, this girl with congenital dislocation of the
right hip had an open reduction, complicated by severing of the com-
mon femoral artery. Multiple arterial anastomotic grafting procedures
were successful in saving the extremity. A progressive asymptomatic
right ankle varus developed. This coronal tomogram at age 2 +6 shows
premature partial closure of the distal tibial physis. Further documenta-
tion of this case is provided in Peterson HA. Premature physeal arrest
of the distal tibia associated with temporary arterial insufficiency. J
Pediatr Orthop 1993;13:672-675; with permission.

most sensitive, and a cone-shaped epiphysis develops. This is
similar, if not identical, to the changes seen with vascular and
metabolic abnormalities.

s

Skeletal abnormalities after cold injury to the hands of growing
children are complex and unique (174-200). Premature closure
of the phalangeal physes is believed to result from direct injury
to vulnerable chondrocytes in the cartilaginous physis (195) or
from ischemic vascular changes (178,182,191,197). Children of
intermediate age (5 to 10 years) appear most susceptible, proba-
bly owing to a combination of carelessness and decreased adult
supervision. Radiographic signs of physeal closure become evi-
dent 6 to 12 months after cold exposure, and follow a pattern
of decreasing frequency from the distal to the proximal physes
(Fig. 5-25). The index and litte fingers are most often involved,
followed by the ring finger and the middle finger (176). The
thumb metacarpal, protected by the surrounding thenar muscles
and the proximity of the radial artery, is rarely involved (61,187).
Presenting complaints are joint pain, stiffness, and weakness of
fingers. Late sequelae include relative shortening of digits, skin
redundancy, joint laxity, and degenerative joint changes (184,
190,200).

The radiographic changes are characteristic. Usually, the phy-
sis disappears completely, resulting eventually in a short finger.

Physeal arrest associated with neural in-
volvement. A: A 4 + 3-year-old boy with congenital insen-
sitivity to pain. The left tibia is 22 mm shorter than the
right and has premature physeal closure at both ends.
The poorly visualized proximal tibial physis and exuber-
ant metaphyseal bone, as well as the deformity and
compression of both tali and os calcis, are typical of this
entity. B: Coronal tomogram of distal tibia shows central
physeal bar without the usual indistinct physis and exu-
berant metaphyseal bone (see proximal left tibia). The
patient was treated with bar excision.
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Physeal arrest due to cold. An 11-year-old boy 1 year after frostbite complains of swelling
and tenderness of finger joints accentuated by activity. Radiographs show absence or malformation of
the epiphyses of 12 finger phalanges and irregularity of corresponding articular surfaces. The thumbs
are normal clinically and radiographically. (From Wenz| JE, Burke EC, Bianco AJ. Epiphyseal destruction
from frostbite of the hands. Am J Dis Child 1967;114:668-670; with permission.)

The physis and epiphysis often have a V shape. There may be
no obvious destruction of the epiphysis, but eventual premature
fusion of part of the epiphyseal line may lead to angular defor-
mity. The affected phalanges are shorter and smaller than nor-
mal, and the juxraarticular bone is expanded and irregular, with
a coarse cancellous spongiosa. The same expanded and irregular
appearance is seen on the contiguous articular surface of the
more proximal phalanx, where there is no epiphysis (3).

In children, there is a striking lack of correlation between the
extent of initial soft tissue injury and eventual skeletal changes.
Many patients do not seek medical attention for the initial in-
jury. The relative absence of soft-tissue ischemic changes, com-
bined with late evidence of physeal damage, supports the hy-
pothesis of direct cellular damage to physeal cartilage as the likely
etiologic mechanism (190).

Very few children require surgical treatment (184). When
deformities do require treatment, physeal arrest, arthrodesis, an-
gular osteotomy, soft tissue archroplasty, or tenorrhaphy can be
performed as indicated (175,189). Function of the hand, how-
ever, generally remains satisfactory without surgery.

N ’

The mechanism causing physeal damage in severely burned
limbs is not well understood (3,201-207). Because physeal carti-

lage is more sensitive to irradiation and cold than articular carti-
lage, it may also be more sensitive to heat (207). The peripheral
zone of Ranvier, being more superficial, is more readily subject
to the effects of hear (3). Prolonged ischemia of soft tissues
around the physis might impair physeal growth, or the restrictive
or strangling effect of thick scar about the metaphysis and adja-
cent joint areas might inhibit physeal growth (175,202,205).

Physeal arrest caused by electrical injury, possibly including
lightning, is rare (208-212). Multiple factors determine the ef-
fects of electric current on chondro-osseous tissue: the type of
current (alternating current is three to four times as dangerous
as direct current), voltage, amperage, duration of contacr with
the electric current, the path taken through the body, the resis-
tance at the points of contact and exit, and the patient’s general
state of health (209). During electrical accidents, tissue tempera-
tures may momentarily reach several thousand degrees Celsius
and may cause heat-induced liquefaction and necrosis of carti-
lage and bone. In general, the tissues offering the greatest resis-
tance to tissue flow suffer the greatest damage. Electrical injury
may result in cell death or may alter cellular activity temporarily
or permanently (210). After electrical accidents, tissue repair,
including callus formation, is poor.
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Osseous changes in children are similar to those in adults but
may also include additional abnormalities secondary to the effect
of the current on the physeal cartlage (211) The epiphyseal
center and physeal cartilage may be affected by the current, and
the metaphyseal region remodels poorly. Partial premature arrest
of the distal femur has been reported (208). There are only two
reported cases of excision of physeal bars caused by an electrical
burn (212).

A laser beam applied directly to physeal cartilage damages the
cartilage selectively withour affecting the adjacent bone (213).
The damaged physis is replaced by bone, which forms a bone
bridge between the metaphysis and epiphysis identical to bone

bridges after fracture. Care must be taken when using lasers near
physes in growing children (Fig. 5-26).

Widening and Irregularity

Widening and irregularity of the physis without accompanying
displacement of the epiphysis have been recognized as “stress-
induced” changes in adolescent athletes (214-232). These char-
acteristics are common in the distal radial and ulnar physes of
elite gymnasts and often are bilateral (214,217,218,221,224,
229-231). Stress injury of the distal radial physis also occurs in
a significant percentage (up to 25%) of nonelite gymnasts (223,
224). These lesions initially involve the volar aspect of the radial
epiphysis and subsequently the entire physis. In about 20% of

Physeal arrests from laser injury. At age 5+ 6 years,
this girl had warts removed from the opposing sides of the left
dominant ring and long finger at the level of the distal interpha-
langeal joints. The parents report that the procedure was aggres-
sive and that the wounds took 3 to 4 months to heal. Physical
therapy aided in regaining joint motion. Progressive angulatory
deformity occurred. At age 6 years 2 months, corrective closing
wedge osteotomies on the middle phalanges were performed and
internally fixed with internal wire. Angulatory deformity recurred.
A: By age 10 years 9 months, there is deformity and relative short-
ening of both distal phalanges. The distal phalanx of the long
finger has a physeal bar on the ulnar side, and increasing angula-
tory deformity is anticipated. The distal phalanx of the ring physis
finger developed a bar on the radial side that caused deformity
of the distal phalanx. This physis is now completely closed, and no
further deformity or growth is anticipated. B: Normal right ring
and long fingers. C: Clinical appearance both hands (age 11 years
4 months).




patients, similar changes are present in the distal ulnar physis.
Similar changes involve the physes of the distal femur (226),
proximal tibia (219), and distal fibula (226) in adolescent run-
ners, and in the proximal ulna (222) and the proximal humerus
in baseball pitchers (220,221) and racket sports (216). The
changes are typically unilateral when they are associated with
throwing or racket sports.

Signs and Symptoms

Patients describe pain localized to the site of the involved physis.
Symptoms usually develop during training and become more
intense as the workout progresses. Initially, the pain is relieved
by rest. Clinical examination reveals painful limitation of ex-
tremes of motion ar the affected site. Tenderness is localized to
the line of the physis.

Radiographic Changes

Radiographs show evidence of widening of the physis and irregu-
larity and sclerosis of the metaphysis without accompanying dis-
placement of the epiphysis (Fig. 5-27). In patients with long-
standing symptoms—implying continued activity—premarure
physeal arrest may occur (215,218,225). Growth arrest has not
been described at sites other than the distal radius.

MRI has suggested metaphyseal and epiphyseal ischemia of
the physis (223) or metaphyseal injury (232).

Etiology

Most authors assume that these changes are due to repetitive
shearing or compressive stresses, as might occur with vaulting
or floor exercises. However, traction stress, as could occur with
the uneven and parallel bars, is also possible, especially in gym-
nasts who use dowel grips (231). Most gymnasts compete in all
events. In skeletally immature athletes, the growth plate is weaker
than the ligaments, joint capsules, and bone about the joint,
so stresses are focused in the physis. Compressive forces, both

intermittent and sustained, have been shown to injure chondro-
cytes (227).

A single episode of stress or injury could result in occult
microscopic fissures within the physis, which could, in rime,
proceed to widening of the physis and irregularity of the oppos-
ing bone margins of the metaphysis and epiphysis. Bright and
colleagues (80) reported that histologic examination of the tibiae
of rats loaded to 50% failure energy revealed internal cracks
within the physis. These cracks appeared in all layers of the
cartilage but were most common in the hypertrophic zone. Sub-
sequent growth of the cartilage resulted in widening of the phy-
sis. Thus, the initial radiograph would be normal, bur a subse-
quent radiograph 2 to 3 weeks later may demonstrate
radiographic changes within the physis.

Treatment

The treatment of stress injuries is symptomatic and consists of
reduction or temporary cessation of che activity that created the
injury. It may take up to 6 months for the patient to become
asymptomatic. An increased prevalence of ulnar positive variance
in gymnasts can be attributed to premature closure of the discal
radial physis. Surgical arrest of the distal radius and ulna has
been used for bilateral irregular closure of the distal radial physis
(215). There are no reports of bar excision for this problem.

,

The Salter-Harris type V classification (28,233-245) proposes
that a single, sudden, longitudinal force applied to an immature
bone can compress the physis sufficiently to kill the cartilage
growth cells without causing fracture of adjacent trabecular or
cortical bone. Radiographs at the time of injury do not show
osseous abnormality. The diagnosis is suspected only months to
years later, when growth arrest becomes manifest. Salter and
Harris’s original drawing shows partial arrest with subsequent
angular deformiry. Their itlustrative case (28,29) does not in-
clude the initial normal radiographs but does show a healed

" Stressinjury of the physis. Persistent wid-
ening and irregularity of the distal radial physis in a 13-
year-old female elite gymnast. A year earlier, right wrist
pain resulted in radiographs that showed similar but
less severe changes. Treatment consisting of cast and
rest resulted in improvement of both pain and radio-
graphic appearance. Return to competition resuited in
present picture. Earlier radiographs of this patient were
published in Ruggles DL, Peterson HA, Scott SG. Radial
growth plate injury in a female gymnast. Med Sci Sports
Exerc 1991;23:393-396; with permission.



proximal tibial fracture with many features of their type [V frac-
ture (displacement and angulation of the medial condyle only).

Examples of this compression injury are rare in the literature.
Most cases are recorded as part of a series with no individual
derails; there are a few case reports (233-236,238,245). When
details of individual cases are given, invariably it is an associated
nonphyseal fracture in the extremity that has been created by
immobilization, cast, or traction; thus, disuse and possible arte-
rial impairment are also present. In addition, in all reports, the
arrest was complete, not partial, as depicted by Salter and Harris,
further implicating the possibility of disuse or arterial insuffi-
ciency.

Deformities of the proximal tibia (Blount) (246,247) and distal
radius (Madelung) (250,251) appear to result from gradually
progressing physeal and epiphyseal abnormalities that may even-
wally result in pardal physeal arrest (248). These conditions are
never noted at birth, and the etiology is unknown.

A bracket epiphysis or delta phalanx may be noticeable at
birth, is therefore most likely congeniral, and responds well to
excision of the physeal bar (252).

Preexisting bone deformity may predispose the patient to
physeal fracture (249). In addition, premature physeal arrest may
occur at any physis at any age with no apparent etiology (104),
although this is rare.

Surgical Insults

In a sense, several of the above-mentioned “other physeal inju-
ries,” such as those caused by cast application, traction, radiation,
the prescribing of drugs (metabolic), and the use of laser can be
considered iatrogenic, or physician induced. The ones discussed
here (253-274) are primarily problems related to surgery. During
the trearmenc of deformiry, fracture, infection, or tumor, the phy-
sis may be damaged. Subperiosteal dissection extending to the
perichondrial ring of Ranvier may result in premature closure of
thararea of the physis. Italso may beimpossible to avoid the physis
during curettage of infected tissue or tumors, corrective osteot-
omy for malunion or deformity (261,265,270,274), or internal
fixation of physeal fractures. Each of these procedures can damage
a physis sufficiently to affect growth and should be avoided when
possible. Injury of the periphery of a physis is more likely to result
in physeal arrest than is an insult to its center (3).

Transphyseal Pins

Multiple factors determine whether the presence of a pin or pins
across a physis will affecc growth (256,271): the presence or
absence of threads, the pin’s obliquity to the physis, the pin’s
location in the physis (central or peripheral), the number and
size of pins, and the amount of time the pin is left in place.
Usually, a single, smooth, small pin perpendicular to the center
of the physis, left in place a short time (e.g., 3 weeks), does not
result in physeal closure. There are exceptions (Fig. 5-28). Of

Physeal arrest from transphyseal pin. This boy with clubfoot was treated in infancy by
serial casting. A: At age 4+5, he underwent osteotomy of all five metatarsals. The osteotomy of the
first metatarsal was 1 ¢m distal to the proximal physis. The single, smooth 0.062 Kirschner wire was
perpendicular to and in the center of the proximal physis of the first metatarsal. B: Eight years after
surgery, the right proximal first metatarsal physis is closed; the length of the right first metatarsal is 53

mm, and the left metatarsal is 74 mm.
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. Physeal arrest from traction pin. This 11+ 6-year-old girl has developed left genu recurva-
tum following proximal tibial skeletal traction for a distal femur fracture 3 years 6 months previously
(age 8+0). Lateral x-ray studies of both knees showed that there is 20 degrees recurvatum of the left
proximal tibia. There is a physeal bar of the left anterior tibial tubercle.

all of these factors, the presence of threads is most likely to result
in physeal closure. The presence of a traction pin across, or even
close to a physis, is sometimes associated with subsequent physeal
closure, particularly in the proximal tibia (Fig. 5-29) (106,254).
Whether the growth arrest is secondary to the pin or is an occult
physeal injury associated with diaphyseal fracture is unknown.

Staples

Staples are commonly used to retard longitudinal growth or to
correct angular bone growth (255,263,273). If they are left in
place too long, they can cause permanent arrest (257). Of equal
concern is the occasional peripheral bar that forms after staple

removal (Fig. 5-30) (264).

Other latrogenic Insults

Drilling across a physis is rarely done. The larger and more
numerous the drill holes, the greater the likelihood of physeal
arrest (259,260,262,269). However, drilling across che distal
femoral and proximal tibial physes for anterior cruciate repair
has not resulted in premature arrest (253,267,268), probably
because the drill hole is filled with a substance (tendon or foreign
material) that acts much like an interposition material used for
bar excision. The mean growth of the proximal tibial physis of
24 children treated with an uncemented sliding tibial compo-
nent that crossed the physis perpendicularly was 69% of that of
the contralateral normal side (258).

Premature complete physeal arrest produces bone-length recar-
dation with no angular deformity (275-281). If cthe physis ac
cach end of the bone is arrested, there is no growth at all.

Premature partial arrest of growth of a physis retards bone
lengthening and may cause progressive angular deformity of the
involved bone. The arrest is produced when bone forms from
metaphysis to epiphysis, crossing the physis. This continuity of
bone is known as a bone bar or a bone bridge. As the remaining
physis grows, angular deformicty occurs (Fig. 5-31). The sire,
size, location, and duration of the bar determine the clinical
deformity. If the bar is located laterally in a physis—for example,
the distal fernur—the normal physis medially continues to grow,
producing genu valgum deformicy (278-281). If the bone bar
is anterior, the normal physis grows posteriorly, producing genu
recurvatum (Fig. 5-29) (254). If the bar is cencral, the periphery
may grow, causing cupping, tentng, ot dip deformicy of the
metaphysis, combined with relative shortening of the bone but
lictle, if any, angular deformity (Figs. 5-21B and 5-23) (167,
260,275,276).

Bone bars may result after any injury to physeal cells. The
most common cause is fracture, although bars may occur after
other types of physeal damage [e.g., disuse, radiation, infection,
tumors, vascular abnormalirics; iatrogenic injuries (see previous
section)]. For some bone bars, no ctiology is apparent; these
have been called congenital or developmental (e.g., from Blount-
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Physeal arrest associated with staple removal. A: Or-
thoroentgenogram. A 10+ 11-year-old girl with right spastic hemi-
paresis. Twenty-one months previously, staples were placed in the
normal left distal femur and proximal tibia, resulting in overcorrec-
tion of 11 mm (the normal left lower extremity is 11 mm shorter
than the right). The staples were removed at this time. B: Thirteen
months later at age 12+0, there was progressive left genu varum
relative shortening (the left lower extremity is now 23 mm shorter
than the right). Two coronal tomograms of the left knee confirm
physeal bars on the medial side of both the distal femur and the
proximal tibia. Note increasing distance between the tracts from
the tines of the staples on the lateral side of the distal femur and
proximal tibia and no increase in this distance on the medial side.
Note that the angles of the tine tracks laterally are parallel, and
medially are converging. Also note growth arrest line of the distal
femur, with growth present laterally and not medially. Therefore,
these medial arrests had to occur at time of staple removal.

Physeal arrest following transphyseal fracture.
Left: A 3 +7 -year-old boy sustained a Salter—Harris IV fracture of
the distal tibia with proximal displacement of the medial malleo-
lar fragment. Treatment was cast immobilization without reduc-
tion. Right: Same child 22 months later (age 5+ 5). Note physeal
bar medially, growth arrest line perpendicular to longitudinal axis
of the tibia, asymmetric growth of remaining normal physis, pro-
ducing a 45-degree varus angulation of the physis, and adaptive
contouring of the lateral edge of the tibial epiphysis, allowing
ankle varus to be less than the physeal varus. There is normal
growth of the fibula (not overgrowth). The cartilaginous medial
malleolus is unossified. Long-term follow-up of this case has been
published in Peterson HA. Operative correction of post-fracture
arrest of the epiphyseal plate: case report with 10-year follow-up.
J Bone Joint Surg Am 1980,;62:1018-1020; with permission.




Barber syndrome). However, bone bars have never been reported
at birth.

Any fracture that involves the physis may result in a bone
bar. Posttraumatic bars result from damage to the germinal or
palisading layer of physeal cells. The physeal cell damage proba-
bly occurs at the cime of injury, but it may occur during fracture
reduction (closed or open), or it may be associated with internal
fixation. Bone bars can be anticipated after comminuted cype
IV and VI injuries and, if they are followed closely, they can be
detected as early as a few weeks after the injury. Some bone bars
do not become clinically evident until years after the injury,
underscoring the need to follow any significant physeal injury
for years, if not until maturity. This is particularly true after
metaphyseal osteomyelitis (Fig. 5-21).

Anatomic Factors

Anatomic differences in the various physes also are important
in the production of a bone bar. Factors include the size of the
physis, its rate of growth, and the contours of the physis (chat
is, whether the physis lies on one plane or is irregular). Although
physes of the phalanges and distal radius are by far the most
frequently injured (33,36,38), they are small and uniplanar, and
are an uncommon site of a bone bar. In contrast, the physes of
the proximal tibia and distal femur are large and irregular in
contour (multiplanar), and account for 60% t 70% of the
growth of their respective bones. Together, they account for
only 2.2% of all physeal injuries (Table 5-2) (36,38,281), but
they are responsible for 50% of the bone bars requiring treatment

(Table 5-3).

Influence of Age

The patient’s age at the time of physeal injury is perhaps the
paramount factor. Injury of the physis of a 14- or 15-year-old
girl or a 16- or 17-year-old boy is of little consequence because
they have so little growth remaining that deformity is unlikely

Distal femur 61 34
Distal tibia 51 29
Proximal tibia 29 16
First metatarsal 5 3
Proximal femur 2 1
Distal fibula 2 1
Proximal phalanx, great toe 2 1
Distal radius 15 8
Distal ulna 5 3
Proxima! humerus 3 2
Phalanges 2 1
Metacarpal 1 0.5
Pelvis (triradijate) 1 0.5
178 100

L

ro become clinically manifest. Any bone bar in an infant or
young child, however, is a significant problem with wide-ranging
clinical effects. Long clinical follow-up is mandatory in these

children.

Clinical Examination

Bone bars are usually first noted clinically because of the angular
deformity or relative shortening of the involved extremiry
(282~311). The history, physical examination, and routine ra-
diographs localize the involved physis. Clinical evaluation of
timb-length discrepancy, angular deformity, joint motion, and
functional impairment should be recorded. Radiographs of the
appropriate body area must be taken in at least two planes,
usually coronal and sagittal. The relation of the growth-arrest
line, the physis, and the joint surface needs close scrutiny (Fig.
5-31) (50,295,302,303). Much can be learned from good-qual-
ity plain radiographs. Depending on these findings, additional
studies become appropriate.

Imaging Studies
Skeletal Age

Skeletal age must be determined in older children to assess the
potential for remaining growth. There must be enough growth
remaining (2 years or 2 cm) to make the option of bar excision
worthwhile. Comparison of a radiograph of the hand with an
atlas is the most commonly used (291,309).

Leg-Length Measurements

Both the involved and the uninvolved extremity are measured
clinically, and the lengths are documented by radiographs. Three
radiographic methods are in common use: teleoroentgenogra-
phy, orthoroentgenography, and scanography.

A teleoroentgenogram (293) is a single radiograph taken from
a distance great enough (usually 6 feer) to reduce magnification
and to include all long bones of each extremity. It has the disad-
vantage of magnificacion, which increases as the child grows,
making serial evaluation less precise.

An orthoroentgenogram (290) is a multiple-exposure radio-
graph designed to obtain a straight projection through each joint
of the extremity to obviate magnification. It has the disadvantage
of recording an incorrect length if che child moves between
exposures. Additional films are necessary to assess alignment.

A scanogram (308) uses an x-ray tube in lincar motion with
a slit diaphragm. Any movement by the patient is detected by
motion. It includes all osseous structures so thar any angular
deformity or bone abnormality can be detected (Fig. 5-22B).
There is no magnification. The film can be measured directly
with a tape measure, and thus can be remeasured if there is any
discrepancy with the clinical findings. These true measurements
may be compared with previous and furure scanograms in longi-
cudinal studies. The quality of film detail is sufficient so that no
additional coronal view is necessary to assess alignment; this
reduces expense. Scanograms are superior to other methods, with
the only disadvantage being the modification of radiographic
equipment (306,308) (Figs. 5-15A and 5-30A).
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Metal markers using Kirschner wires. A: Close-up of a scanogram 5 months after bar

excision and insertion of Cranioplast in a girl, now age 5 + 4, whose preoperative radiographs are shown
in Figure 5-21. The physis is open, and the two metal markers inserted at the time of bar excision are
now 28 mm apart. The Cranioplast plug is close to the proximal marker and to the physis. B: Close-up
of scanogram 4 years postoperatively. Both femora had grown 9.8 cm; thus, growth of this femur is
100% of the contralateral femur. The metal markers are 83 mm apart, indicating 55 mm of growth
fromthe distal femur since A. The use of the scanogram obviates any magnification of distances between
markers. Angulation between the Kirschner wires is unchanged. The femoral shaft-femoral condyle
angle has improved from 63 degrees to 64 degrees. Note that the plug initially stayed with the epiphysis,
as evidenced by the increased distance of the plug from the proximal metal marker (compare with A).
Later, the epiphysis grew away from the plug, as evidenced by the increased distance of the plug from
the distal marker {(compare with A). The ultimate distance between the markers was 110 mm. This case
was illustrated more completely in Peterson HA. Partial growth plate arrest and its treatment. J Pediatr

Orthop 1984,;4:246-258, with permission.

Scanograms, having no magnification, become even more
valuable when analyzing growth between two metal markers after
weatment (Figs. 5-22B, 5-32A,B and 5-33A,D,H) and make
more elaborate techniques such as stereophotogrammetry (286)
unnecessary.

Additional methods of documenting bone length, including
CT scan, MRI, and microdose digital radiography (282,306),
are not commonly used because of their cost, poor osseous detail,
or alteration of length (too long or too short) on the film, requir-
ing the technician to determine loci for measuring the length
at the time of film procurement (306). Usually, films by these
techniques cannot be measured directly by ruler.

Localization of the Bar

A documenting image (map) of the location, area, and contours
of the bar is essential in determining the feasibility of bar excision
and the surgical approach. Several methods are available, includ-
ing tomography, CT, scintigraphy, and MRI.

Tomography. Until recently, tomography was the most com-
monly used method of evaluating the location, extent, and con-

tours of the bar. Tomographic techniques include linear, circu-
lar, ellipsoidal, spiral, and hypocycloidal (306). The latter two
are termed multiplanar (Fig. 5-34). False-positive and false-nega-
tive findings have been reported with standard uniplanar tomog-
raphy. Thin (1-mm) multiplanar tomograms taken every third
millimeter in two planes, usually the coronal and sagittal, are
used to construct a map of the physis as if it were laid out on
a flat surface (287). The contours and area of both the bar and
the entire physis can then be determined. Because of the muliiple
views required, the amount of radiation exposure is high (289)
and the mapping is time-consuming and subject to interpreca-
tion errors.

CT Imaging. CT images are difficult to make in coronal and
sagictal projections because of difficulty placing the body part
in the gantry. When possible, CT scans in an axial projection
show the bridge, although less clearly than multiplanar tomo-
grams (Fig. 5-35). The cuts are thicker and fewer in number,
making map determination less precise than with multiplanar
tomography. CT scans made in the transverse plane are difficule
to interpret because of normal undulations of the physis, with
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Bar recurrence successfully treated by
bar reexcision. A: Scanogram of a girl age 4+7 who
had a febrife iliness with swelling of the right knee in
infancy. The right leg is 35 mm shorter than the left
(femur —19 mm, tibia — 16 mm). B: Coronal tomogram
depicts bars of both distal femur and proximal tibia. C:
At the time of excision of bars and insertion of Crani-
oplast at both sites, metal markers (half of a silver vascu-
lar clip) were inserted in the center, longitudinal to each
other. The distance between the femoral markers is 17
mm and between the tibial markers 18 mm. A third
marker in the distal femur was inserted too far periph-
eral, laterally, thereby decreasing its value for measur-
ing future longitudinal growth. With growth and bone
remodeling, it became extraosseous, negating its value
as a marker. At the time of surgery, a marker was also
placed in the mid left contralateral normal tibia, which
provided useful information in assessing growth and
recurrence later. Scanograms at 6 months showed the
right leg to grow faster than the left leg (2 years 3
months postoperatively, the leg-length discrepancy had
decreased from 35 to 23 mm, and the growth of the
right leg was 121% of the normal left). Subsequently,
there was progressively less growth. D: Scanogram 4
years 8 months postoperatively (age 9 + 3) shows contin-
ued growth of both operative areas (metal markers far-
ther apart) but with a progressive reduction in the rate.
During the previous 6 months, the right femur grew 15
mm, the left 17 mm, 88%; the right tibia 12 mm, the
left 14 mm, 86% for this interval. Overall growth of the
right leg since surgery is now 102% of the uninjured
left leg. E: Close-up of D shows femoral markers 78 mm
and tibial markers 52 mm apart (total growth 95 mm).
The Cranioplast plugs stayed in the metaphyses. They
did not migrate; rather, the epiphyses grew away from
them. Although the metal markers in the proximal tibia
were continuing to become farther apart, much of the
growth of the tibia was distally, as determined by com-
parison with the metal marker in the normal mid-left
tibia. This caused suspicion of a developing recurrent
bar. The lateral peripheral marker in the femur (arrow)
is now nearly extracortical because of diaphyseal re-
modeling.
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. {continued) F: Coronal tomogram confirms recurrent bar formation in both the tibia and
femur. Note diminished cupping compared with Figure 5-33B. G: Repeat bar excision of both the proxi-
mal tibia and distal femur was performed at 9+5 years. Note clear visualization of remaining physes
of both bones. H: Scanogram at age 11+8 years, 7 years after first surgery. The femoral markers are
109 mm apart, and the tibial markers are 72 mm apart. All physes are closed. There has been no surgery
on the left leg and no osteotomies or lengthening on the right leg. The right leg is 26 mm shorter than
the left (femur —15 mm, tibia — 11 mm). Growth of the right femur from the time of original surgery
was 14.5 cmn on the right, 14.1 cm on the left (the operated right femur grew 103% compared with the
normal left). The operated right tibia grew 12.3 ¢m, and the left tibia grew 11.8 cm (the right tibia grew
104% compared with the left). An orthoroentgenogram sent from home at age 12+ 10 showed that
the total leg-length discrepancy was 21 mm (compared with 35 mm preoperatively). All physes were
closed, and no further treatment was recommended. There was no surgery on the normal left leg. This
case illustrates the need to follow patients continuously (6-month intervals) until maturity because bar
formation can recur at any time. Scanograms are indispensable for accurate measurement of both total
bone length and distance between markers. Placement of a metal marker in the contralateral unoper-
ated bone is the only way to determine accurately the relative growth of the operated physis and its
ipsilateral physis (same bone, other end) compared with the two physes of the contralateral bone. The
bar recurrence was successfully treated by bar reexcision. At completion of growth, growth of the
operated right leg exceeded growth of the normal left leg by 14 mm. This case was illustrated in Peterson
HA. Partial growth plate arrest and its treatment. In Morrissy RT, ed. Lovell and Winter’s pediatric
orthopaedics, 3rd ed. JB Lippincott, Philadelphia, 1990:1071-1089.

sion.)

Physeal arrest visualized by to-
mography. A: An 11 +4-year-old boy sustained a
type V fracture of the distal radius 3 years earlier.
This coronal 1-mm-thick trispiral
shows significant deformity and growth alter-
ation, but no physeal bar. B: A cut 3 mm away
reveals a large physeal bar. It is difficult to envi-
sion a transverse CT scan in any plane that would
add information about the location, size, or con-
tours of this bar. (From Peterson HA. Partial
growth plate arrest. In: Morrissy RT, ed. Lovelland
Winter’s pediatric orthopaedics, 3rd ed. JB Lippin-
cott, Philadelphia, 1990:1071-1089; with permis-



Physeal arrest visualized by CT scans. A: Plain radiograph of an 11+4-year-old boy 4
months after an undisplaced type V fracture illustrates a medial bar. The growth arrest line is wider
laterally. B: Tangential coronal views of the ankle obtained by flexing the knee maximally in the gantry.
This CT scan gives no additional information compared with the plain radiograph or tomograms. C:
Transverse CT scan through the distal tibia. The physis is not visualized on any cut. The physis and bar
are poorly defined despite the fact that this should be an ideal situation (a relatively even-contoured
physis with minimal deformity caused by the bar). (From Peterson HA. Partial growth plate arrest. In:
Morrissy RT, ed. Lovell and Winter’s pediatric orthopaedics, 3rd ed. JB Lippincott, Philadelphia,
1990:1071-1089.)



increased contour irregularity produced by the bar and its ac-
companying physeal contour abnormality. The entire physis can
rarely, if ever, be captured on one cut. The adjacent normal
juxtaphyseal bone sclerosis can easily mimic a bony bridge. In
the 1980s, CT scanning had no advantage over multiplanar to-
mography or MRI and were sometimes misleading (288,301,
307,310,311). The recent advent of helical computed tomogra-
phy has significantly improved the images so that they are now
superior to tomography and rival MR imaging (299).

Scintigraphy. Scintigraphy, using technetium, a pinhole colli-
mator, and a gamma camera aimed axially toward the epiphysis,
has been used to assess physeal bars (286,294). It can be used
only when there is no bone intervening between the epiphysis
and the camera—for example, the distal femur with the knee
flexed. All other physes would have intervening bone, making
the technique inapplicable. The computer-generated maps are
imprecise (306).

Magnetic Resonance Imaging. Adaprtation of MRI for evalua-
ton of physeal bars (301,307,310,314,315,322) has several ad-
vantages. The images are of excellent quality, and there is no
radiation (as for tomograms and CT scans). Acquisition time
averages 8 minutes, and sedation is usually not necessary. Thin
cuts can be assembled contiguously in any plane from the origi-
nal computerized data. These produce images clearer than recon-
structed CT images. The data can be processed to depict the
entire physis (and its bar) on one plane, despite contour irregu-
larities caused by the bar. This precludes the laborious and less
accurate mapping (287) (which can also be done on the multiple-
cut MRI images). Two compurterized techniques are available.

Three-Dimensional Rendering. A computer-generated illustra-
tion is formed by loading sagitral or coronal images from an
orthogonal series into a computer work-station that contains
rendering software (the program ANALYZE is an example)
(283). Each image is processed (rendered) manually by che cech-
nician, defining the physis (this may rake several hours of techni-
cian time). The rest of the image (bone and all soft tissue) is
then discarded. A series of sectional images of the physis is pro-
duced. The computer combines successive images into a three-
dimensional model. When this three-dimensional model is
viewed in an axial plane, the result is a physeal map with a defect
corresponding to the physeal bar (Fig. 5-12C). The computer
can determine the number of pixels in the entire physis and in
the bar, so that the bar can be calculaced as a percentage of the

entire physis (Fig. 5-11C).

Three-Dimensional Projection. A computer-generated image can
also be formed from a fat-suppressed three-dimensional volume
acquisition in the axial plane (283,304) (Fig. 5-36). Slice thick-
ness may be as thin as 0.7 mm (skip 0, up to 60 slices roral).
This three-dimensional information is processed on the MRI
console, using maximum-intensity projection image-analysis
software used in MR angiography (standard sofrware for all insti-
tutions performing MR angiography). No manual segmentation
of the physis is required. The clarity of the result is improved
by excluding surrounding soft tissues from this projection vol-

ume. The resulc is a true anatomic image based on volume data
(voxels), depicting only the physis and the physeal bar, and does
not depend on a technician rendering ecach image. Technician
time is needed only to outline the periphery of the physis and
of the bar with a computer mouse.

In comparing three-dimensional renderings and three-di-
mensional projections, the results were similar but were more
precise using three-dimensional projection. Three-dimensional
projections are less expensive because technician interpretation
and special software are unnecessary. In all patients who under-
went surgery, the bar found surgically, matched the illustration
on the image.

We have found the projection method to be the most reliable,
safe, cost-effective, and least time-consuming method, and we
now use it exclusively for physeal bar evaluation (304).

Complete Arrest

Premature complete closure of a physis causes cessation of
growth at that physis (312-346). Because the physis is com-
pletely closed, there is no progressive angular deformity. Contin-
uing growth of the contralateral physis produces length inequal-
ity between the two bones involved. The amount of inequality
is determined by the physis injured (specifically, its contribution
to the growth of that bone) and the patient’s age at the time of
growth cessation. In older children with lictle growth remaining,
no treatment is required. In younger children, consideration for
treatment depends on the specific physis injured and the amount
of length discrepancy calculated to be present ar maturity. Treat-
ment options include a shoe-lift for lower limb discrepancy,
physeal arrest of the contralateral or companion (radius/ulna
or tibia/fibula) bone, ipsilateral bone lengthening, contralateral
bone shortening, or a combination. Because no physis remains,
bar excision and physeal distraction are not options.

Upper Extremity Physes

Complete arrest of the proximal humerus physis rarely resules
in sufficient discrepancy to produce functional impairment. If
the discrepancy exceeds 6 cm, bone lengthening may be consid-
ered (142). The contralateral humerus should never be arrested
or shortened.

Complete arrest of the physes of the proximal radius or ulna
likewise never causes sufficient forearm length discrepancy to
consider physeal arrest of the contralateral forearm. Arrest of the
distal radial physis at a very carly age could cause sufficient distal
radial—ulnar variance to consider arrest of the distal ulnar physis,
ulnar shortening, or even radial lengthening. Because much
greater length occurs from the distal ends of these bones than
from the proximal ends, postinjury arrest of the distal end of
either is often treated by surgical arrest of the other or by length-
ening of the involved bone.

Lower Extremity Physes

In the lower extremities, limb-length inequality causes pelvic tilt
and spine curvature, which predispose the patient to low back
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Physeal arrest visualized by MRI. An 8-year-8-month-old-boy injured his right knee jump-
ing on a trampoline. A: He sustained a displaced type Ill fracture. B: Treatment was closed reduction
and percutaneous pinning. C: Two years 4 months later (age 114 0), the right femur was 32 mm shorter
than the left and there was absence of the central portion of the distal physis. Note growth arrest lines
on the proximal and distal tibia and the distal left femur but not the distal right femur. D: Coronal MR
image shows what appears to be multiple central physeal bars.



pain. Arrest of the capiral femoral physis ar a young age (e.g.,
from hip dysplasia, Perthes” disease, trauma, avascular necrosis,
or even slipped capital epiphysis) can result in significant femoral
length discrepancy. Surgical arrest of the contralateral capital
femoral physis is not warranted because of its surgical inaccessi-
bility and potential for avascular necrosis. It would be more
approptiate to have the patient wear a shoe-lift, arrest the contra-
lateral distal femoral physis at a later date, or lengthen the ipsi-
lateral femur at times determined by growth charts or ar matu-
nty.

Complete premature arrest of a distal femoral physis can be
treated by permanent use of a shoe-lift, physeal arrest of the
contralateral femoral physis, femoral lengthening, or contralat-
eral femoral shortening at maturity. The choice depends on the
degree of calculated discrepancy at maturity and the body height
and desires of the patient.

Complete arrest of the proximal or distal tibial physis can be
rreated similarly to the distal femur, with the addition of physeal
arrest of the ipsilateral fibula if significant relative overgrowth
of the fibula is likely. Contralateral tibial shortening should never

(continued) E: Projection MRI shows the
distal femur and patella cartilage (gray) and central bone
(black). This volume acquisition obviates contour abnor-
malities of the physis and depicts structures as a flat single
plane surface. This is not a transverse cut. Thus, it is not
necessary to determine the precise longitudinal level (as
for a CT scan). The dense white images are vascular struc-
tures. F: The technician has outlined the entire physis with
a computer mouse (white line). This technigue is much
more sensitive than other techniques, and the bars have
been found to be much more irregular than had been
previously thought. The irregularity of these two bars ac-
counts for the appearance of multiple bars on the coronal
MR images (D). G: The technician has outlined the medial
bar with the computer mouse. The number of voxels in
the bar compared with the entire physis is 6.3%. The lat-
eral bar measured 3.6% for a total bar of 9.9%. Note
position of the bars compared with position of the
crossed pins on Figure 5-35B.

be underraken as an elective procedure, because any significant
surgical tibial shortening will resulc in weakness of the anterior

tibialis muscle and footdrop.

Partial Arrest

Treatment Alternatives

Premature partial closure of the physis can be treated in many
ways (280,331-333). If the patient is a teenager approaching
maturity and little growth remains in the involved physis, no
treatment may be necessary. If the patient is young with signifi-
cant growth remaining, both length discrepancy and angular
deformity may occur. Management may require a combination
of modalities.

1. Shoe-lift. This is applicable when a lower extremity bar is
central and causes no angular deformity and the leg-length
discrepancy is expected to be minor at maturity (2.5 cm or
less). This is the only effective nonoperative treatment and
was used extensively for centuries before the advent of mod-
ern surgery.
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2. Arrest of the remaining growth of the injured physis. This
should be considered in an older child with a beginning or
progressive angular deformity when limb-length inequality
will be minor (lower extremity) or of relatively little func-
tional consequence (upper extremiry).

3. Arrest of the remaining growth of the injured physis and
the physis of the adjacent bone (forearm and lower leg).

4. Arrest of the remaining growth of the injured physis, the
physis of the adjacent bone if one is present, and the corre-
sponding physis or physes of the contralateral bone or
bones.

5. Open or closed wedge osteotomy to correct angular defor-
mity without operative arrest of the remaining normal phy-
sis (336,337,346). In a young patient, the untreated bone
bar would reproduce angular deformity after osteotomy.
Osteotomy can be repeated several times before attainment
of full growth if this method is used alone. Some final rela-
tive shortening of the involved bone should be expected.

6. Lengthening of the involved bone.

7. Shortening of the contralateral or companion (ulna or fi-
bula) bone.

8. Excision of the physeal bar and insertion of an interposition
material (see later).

9. Fracture of the bone bar by physeal distraction using an
external distractor, with or without excising the bar
(316-318,325,330,334). This has been done successfully
on small bars in optimal locations. The procedure can be
combined with correction of both angulation and length
discrepancy, but it should be done only in older children
nearing maturity because the procedure is likely to result
in complete closure of the physis (312,321).

10. Transplantation of an epiphysis and physis from another
bone to fill the defect following resection of a bar. Many
experiments using various strategies have been performed,
with varying success (313-315,319,320,322,323,326-329,
335,338-345) In humans, in addition to problems of vas-
cularity, growth, and tissue rejection, a major obstacle is
the availability of a suitable, dispensable donor physis. With
ongoing advances in microvascular techniques and tssue
rejection problems, this method might be considered in the
future, but is now not clinically applicable.

11. Combinations of the above-mentioned procedures. It is un-
usual for a patient to be treated optimally with only one of
the above-mentioned modalities. Even when bar excision
allows several inches of longitudinal growth, some other
modality, such as a shoe-lift, closure of the contralateral
physis, or osteotomy to correct angular deformity, is often
beneficial.

Functional Considerations

Leg-length discrepancy of 2.5 cm or less usually causes little, if
any, functional impairment or low back pain and can be left
untreated, or a shoe-lift can be used on the shortside. Leg-length
discrepancy anticipated to be 2.5 to 5 cm at maturity can be
managed by arrest of growth of the contralateral bone if the
child has sufficient growth remaining to correct the discrepancy.

Bone shortening on the contralateral side may be considered if
all physes are closed or the child is nearing maturity. Bone short-
ening should be considered only for the femur, because shorten-
ing of the tibia is usually accompanied by uncorrectable muscle
weakness, especially of foot dorsiflexion. Lengthening of the
femur or tibia, or repeated lengthenings, may be considered for
discrepancies of 4 to 5 cm or more. The patient’s anticipated
height at maturity is a factor in all of these instances.

Arm-length discrepancy results in functional impairment
only when the discrepancy is extreme. Discrepancies of 10 cm
or less are best left untreated. Surgical shortening of the contra-
lateral upper extremity has never been reported and, to the au-
thor’s knowledge, has no application. Lengthening of the hume-
rus (142) and forearm has been reported but carries potential
morbidity and should be done only by surgeons with experience
in the procedure.

All of the above-mentioned treatment options have been used
in the management of physeal bars and should always be consid-
ered. However, excision of the bar, when successful, may negate
the need for the other modalities and their potential morbidiry.
If excision is unsuccessful, the other options can still be used.

Treatment by Bar Excision

Experimental Studies

In animal studies, several investigators created a physeal bar,
allowed the bar to develop, excised the bar and inserted an inter-
position material, and then sacrificed the animal to observe the
result (347-356). Although the results have varied, there has
been enough success to confirm that a bar can be successfully
excised and growth reestablished. Interposition marerials used
include bone wax, fat, cartilage, silicone rubber, and polymethyl-
methacrylate. When no interposition material was inserted, a
bone bar promptly reformed (269,356). Because of variables in
the experiments, it is difficult to determine superiority of one
interposition material over another.

Because cartilage is the damaged tissue, cartilage would seem
to be the ideal interposition material. Possible sources of cartilage
are another physis, an apophysis such as the iliac crest, and a
laboratory-procured chondrocyte allograft transplant (347,
352-354). There are technical difficulties procuring and insert-
ing another physis. Apophyseal cartilage may not have the same
growth potential as epiphyseal cartilage. Chondrocyte allograft
transplants require initial cartilage procurement, followed by lab-
oratory time for the cartilage matrix to develop. Immune re-
sponse problems might occur if the material is transferred from
one human to another. Nevertheless, as cartilage is the damaged
tissue, cartilage would be the ideal interposition material. It is
hoped that more investigations will solve this problem in the
near future.

A load-sharing interposition material, such as polymethyl-
methacrylate, may be superior in resection of large bars in
weight-bearing areas (351).

A study in rabbits (356) suggested that re-formation of a bar
after excision can be inhibited by the use of oral indomethacin



without the use of an interposition material. Indomethacin pro-
duces a nonspecific inhibition of osteoblastic activity that is trig-
gered by fracture or postoperative inflammation. No clinical trial
using oral indomethacin in conjunction with bar excision in
humans has been reported. Whether indomethacin can be given
in sufficient doses in humans to prevent the bone bar from re-
forming without inhibiting normal bone growth remains to be
seen.

Clinical Experience (357-385)
The first bone bar in a human was reported in 1967 by
Langenskisld (374), who described a 15-year-old boy with genu
recurvatum secondary to a bone bar in the anterior proximal
tibia; the etiology was unknown. The bone bar was excised, and
the space was filled with autogenous fat. During the 1.5-year
follow-up, the angle of genu recurvatum improved by 10 de-
grees, but there was no documentation of longitudinal growth.
Longitudinal growth was first documented in the distal tibia
of a 5-year-old boy in 1968 (381). During a 10-year follow-up,
the involved tibia grew 16.7 cm. Sheet Silastic and Gelfoam
were used as interposition materials.

Interposition Materials

Fat (361,368,369,371-374,384,385), bone wax and far (212,
252), Silastic (349,350,360,365,384), methylmethacrylate (375,
376), and Cranioplast (331-333,367,377~381) are the most
popular interposition materials, but too few patients have been
followed to maturity to determine superiority of one interposi-
tion material over the others.

Fat has the distinct advantage of being autogenous.
Langenskiold used buttock fat because of its more firm and
globular consistency. Fat has the disadvantage of a lack of hemos-
tasis in the resected cavity. When the tourniquet is released, fat
tends to float out of the cavity. Closing periosteum over the
cavity to contain the fat predisposes the patient to new bone
formation peripherally. This is undesirable because it tends ro
tether growth again. The operative defect weakens the structure
of the bone, and a cast is used to protect a weight-bearing bone
from fracture (385). When fat grafts work well, the intraopera-
tive cavity enlarges as the bone (and fat graft) grow (368,369).
Postoperative fracture has been reported (368).

Silastic (1,349,350,360,365,384) has many properties similar
to Cranioplast but has not been used since its withdrawal from
commercial markets by Dow Corning in 1987.

\/

The objectives of surgical excision of a bone bar are to remove the
bar completely and to preserve as much of the normal remaining
physis as possible. This requires knowledge of surgical anatomy
(358) and careful preoperative evaluation and planning. The
excision may be difficult if the bar is irregular or the epiphyseal/
metaphyseal complex is deformed (Fig. 5-34).

il

In 1984, I grouped physeal bars into one of three types based
on location and contour: (a) peripheral, (b) elongated, and (c)
central (333). Subsequently, Bright (1) and Ogden (3) classified
these as types 1, 11, and III, although they used the terms linear
or longitudinal instead of elongated.

I approach peripherally located bars directly from the periphery
(Fig. 5-37). 1 am careful to excise the periosteum overlying the
bar to prevent subsequent bar re-formation. Under direct vision,
the bar can then be removed until normal physis is visible on
all sides of the cavity (Fig. 5-37B). 1 find that optical loupes are
helpful and ordinary surgical light is satisfactory. The bone bar
is then removed initially using an ostcotome, curet, and rongeur.
The final exposure of the normal physis is done more precisely
with a mororized bur. This allows excellent visualization of the
physis and removal of as lictle metaphyseal bone as necessary,
and facilitates contouring of the cavity in the physis. The heat
generated by the bur has no apparent deleterious effect on the
viability of the remaining physis.

An elongared, linear, or longitudinal, bar extends completely
across the physis and is common after Salter—Harris IV fracture
(Fig. 5-38A,B,C). 1 first carefully evaluate these bars with MRI
maps to determine the surgical approach and to ensure complete
removal of the bar. Headlamp light to illuminate the depth of
the excision is beneficial and is preferable to optic loupes.

Centrally located bars have normal physis peripherally and
an intact perichondrial ring of Ranvier (Fig. 5-39A). T almost
always approach these bars through the metaphysis by removing
a window of cortical bone and cancellous metaphyseal bone to
expose the bar from inside out (Fig. 5-40; Fig. 5-39B). This
preserves the perichondrial ring of Ranvier. Again, headlamp
tight here is extremely helpful. After removal of the entire bar,
I am careful to inspect normal physis circumferentially in the

A B

Peripheral bar shown in AP view (above), transverse sec-
tion through physis (below). A: With map of bar composed from MRI.
B: Bar exposed by direct approach. (Redrawn from Peterson HA. Partial
growth plate arrest and its treatment. J Pediatr Orthop 1984;4:246-258;
with permission.)
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Elongated bar extending from anterior to posterior sur-
faces. Although these three bars have the same appearance as the an-
teroposterior view (above), they have different contours and areas on
transverse orientations (below). To achieve complete bar removal with
retention of as much normal physis as possible, the bar in B would
be optimally approached posteriorly, and that in panel C anteriorly.
(Redrawn from Peterson HA. Partial growth plate arrest and its treat-
ment. J Pediatr Orthop 1984;4:246-258; with permission.)

A B

cavity. I have found that using a small (5 mm in diameter) dental
mirror (Fig. 5-39C) makes this easier.

Other authors have reported modificacions of this basic cech-
nique. Some use an operating microscope to aid visualization
of the bar (212,252,370,371,373). Ultraviolet visualization of
retracycline-labeled bone in rabbits has been reported to allow
complete excision of experimentally creaced physeal arrests while
minimizing excision of normal physis (382). [ have not found
these modifications to be necessary and have no personal experi-
ence with them.

[ always try to make the sides of the cavity flat and smooth (Fig.
5-41A). Enlarging the cavity in the epiphysis may encourage the
interposition material to remain across the physis, but I have
not found this feature 1o enhance results (Fig. 5-41B). Care
must be taken not to weaken the epiphysis, predisposing it to
fracture. 1 do not undermine the metaphyseal and epiphyseal
bone away from the physis, as advocated by Ogden (Fig. 5-

o AP radiograph of distal femur of an 11 + 0-year-old boy
taken at time of bar excision to document desired depth of bur, removal
of bar, and presence of remaining normal physis. Previous radiographs
of this patient are shown in Figure 5-36.

41C) (3). I am concerned thart the protruding physis would be
deprived of its blood supply and more of the physis would have
been removed chan necessary.

[ place mertal markers in the metaphysis and the epiphysis to
allow accurate radiographic measuremenc of subsequent growth
(Fig. 5-42). These metal markers in the metaphysis and che
epiphysis also help differentiate overgrowth of the physis at the
other end of the bone, which may falsely enhance the result.
try to place these markers carefully in cancellous bone, not in
contact with the cavity, because they might become artached to
the interposition macerial, or if fac is used, they might migrare
into the cavity. Tam also sure to place them in the same longitu-
dinal plane proximally and distally to the defect. A position in

Central bar as seen anteroposteriorly (above)

&
C and transvérsely (below). A: Bar in center with growth periph-

(e (O

erally results in cupping or tenting of the physis. B: Excision of
central bar through window in metaphysis. C: Visualization of
the entire physis using a dental mirror. (From Peterson HA.
Partial growth plate arrest and its treatment. J Pediatr Orthop
1984;4:246-258; with permission.)



the center of the bone is preferable because eccencric markers
may become extraosseous due to growth and metaphyseal re-
modeling. Any metal marker will do; half of a vascular clip,
stainless steel, or silver was commonly used in early cases. Trans-
versely oriented Kirschner wires (K-wires) parallel with each
other and with the physis, one in the metaphysis and one in the
epiphysis, allow accurate assessment of angular growth (Fig. 5-
32). Titanium Kirschner wires avoid artifact on subsequent MRI
evaluation. At present, 10-mm lengths of Tiranium 0.062 K-
wires are used.

Next, I place the interposition material into the cavity. The
object is to fill the cavity to prevent blood from occupying the
cavity, organizing, and re-forming a bone bar.

I prefer Cranioplast as an interposition material because of
its several advantages. It is easily available and inexpensive, there
is no Food and Drug Administration (FDA) control (as for Si-
lastic), and no second incision is needed (as for far). It is light,
easy to handle and mold, thermally nonconductive, and radiolu-
cent. Both the liquid (monomer) and the powder (polymer) are
sterile as packaged and can be mixed in the operating room. It
is unnecessary to take culrures. It provides hemostasis because
it occupies the entire desired portion of the cavity; it is strong,

J o\ A

. Metal markers. A: Metal markers are placed in cancel-
lous bone of the epiphysis and metaphysis, away from the interposition
plug, longitudinally oriented to each other and as close to the center
of the bone as feasible. B: A plug that stayed with the epiphysis as the
physis grew away from the proximal marker and the growth arrest line.
C: A plug that stayed with the metaphysis as the physis grew. The plug
has not migrated. (Redrawn from Peterson HA. Partial growth plate
arrest and its treatment. J Pediatr Orthop 1984;4:246-258; with permis-
sion.)

' Contour of cavity. A: As normal physis is exposed,
a smooth surface helps to identify and visualize the physis. B: Bone
of the epiphysis may be undermined in an attempt to allow the
plug to stay with the epiphysis as the bone grows in length. If this
is done, a small rim of epiphyseal bone (arrow) should be pre-
served to maintain viability of the physis. C: Undermining bone
away from the physis may improve visualization of the physis but
will deprive it of its blood supply. (Redrawn from Peterson HA.
Partial growth plate arrest and its treatment. J Pediatr Orthop
1984,4:246-258; with permission.)

so that no postoperative immobilization is necessary; and there
are no apparent side effects. I find it especially useful to support
the epiphysis after excavation of a large bar (351,385).

In a cavity that is gravity dependent, I pour the Cranioplast
in a liquid state. If cthe caviry is not in a dependent position, 1
place the Cranioplast in a syringe and push it into the defect
through a short polyethylene cube (Fig. 5-43A). Alternatively,
I may allow the Cranioplast to set partially and then push it
into the defect like purty. As little Cranioplast as possible should
be allowed to remain in the metaphysis. After the Cranioplast
has set, the rest of the metaphyseal cavity is filled with previously
removed cancellous bone (Fig. 5-43B).

Misunderstandings concerning methylmethacrylate are re-
lated to terminology. Pure methylmethacrylate, or Cranioplast,
was first produced in 1927. Tt has been used for over five decades
by neurosurgeons to repair skull defects and has been found to
be an inert and safe material. When used as an isolated substance,
it has caused no rejection, infection, or neoplastic change (362).
Its thermogenic properties are minor, as evidenced by the neuro-
surgical practice of pouring it in a semiliquid form directly on
dura and brain tissue before setting. It is also radiolucent.

When initial results from total hip arthroplasty revealed pros-
thesis loosening, a search for a bone cement was undertaken.
Cranioplast was found to work well, but the radiolucent property
made subsequent loosening difficult to detect. Barium was added
to the methylmethacrylate. This achieved radiopacity, but it de-
creased the setting time and increased the exothermic property
significantly. Thus, the material that is now generally referred
to as methylmethacrylate is, in fact, Cranioplast with barium

", Insertion of Cranioplast. A: Only enough Cranioplast is
inserted, here shown by use of a syringe and catheter, to bridge all
physeal surfaces. B: The remainder of the defect is filled with bone
chips harvested at the time of exposure. (Redrawn from Peterson HA.
Partial growth plate arrest and its treatment. J Pediatr Orthop 1984;4:
246-258; with permission.)
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added. This type of methylmethacrylate is undesirable as an
interposition material for bar excisions because of its radiopacity
and possibly because of its exothermic property. The radiopacity
obviates detection of recurrent bar formation.

Mild angular deformity secondary to peripheral bars may correct
spontaneously with growth after excision of the bar. Angular
deformities of more than 20 degrees will probably not correct
spontaneously and usually require osteotomy (212,336,337).
This can be done at the same time as bar excision, or later.

Postoperative Care. Postoperatively, if Cranioplast is inserted
and no osteotomy is performed, no cast or other immobilization
is necessary. Joint motion and weight-bearing are encouraged on
the day of operation, or as soon as operative discomfort subsides.

The major complication of bar excision is bar re-formation. Al-
though this may occur after excision of a bar of any size, in any
location, and at any site, it is more likely to occur with large
bars (those thar occupy 50% or more of the entire physis). A
recurrent bar may form at any time, early or late, after initial
excision. If it occurs soon after excision and significant growth
remains, the recurrent bar can be reexcised with some hope of
success (Fig. 5-33F,G,H). More commonly, when bar formation
occurs, it occurs near the completion of growth, which under-
scores the need for careful follow-up (see the next section). Bar
re-formation signals a less-than-desirable outcome but does not
preclude application of all other types of bar management (see
earlier).

In addition to the size of the bar and the adequacy of bar re-
moval, other factors that may be associated with bar re-formation
are the patient’s health and the rate of growth of the physis at
the time of excision. A protocol for using growth hormone after
bar excision to enhance the short-term growth activity was used
in one patient with equivocal results.

Other complications of bar excision are primarily rechnical.
Fracture of the medial portion of the distal tibial epiphysis has
been noted after too-generous removal of epiphyseal bone of a
medial distal tibial bar. A referral case, in which a large bar had
been completely replaced with bone wax, resulted in recurrent
rranscutaneous extrusion of small bits of wax until the wax was
entirely surgically removed.

Postoperative infection can occur, as in any orthopaedic surgery.
However, in the author’s experience, it has occurred only in three
patients in whom the original cause of the bar was infection. This
infection is chronic and requires debridement and antibiotics
like other bone infections. Once the infection is cleared, bar
management proceeds using any of the previously discussed
methods.

Reexcision May Be Necessary. Follow-up until maturity is es-
sential. Reestablished physeal growth may cease at any time.
Recurrent bar formation has been successfully treated by reexcis-
ing the bar (Fig. 5-33) (331,364,367). If a bar re-forms near
maturity or if the entire physis ceases growing on the injured
side earlier than its contralateral counterpart (a fairly common
finding), physeal arrest on the contralateral side may be consid-
ered.

Scanograms

Scanograms (305,306,308) are the most precise way to measure
the increasing distance between the two metal markers (Fig. 5-
33A,D,H). As the child grows, length and circumference of the
extremity increase, allowing magnification of the distance be-
tween the markers on regular roentgenograms, teleoroentgeno-
grams, and orthoroentgenograms. This magnification falsely en-
hances the result. Scanograms have no magnification. They can
be measured and remeasured directly on the film by tape mea-
sure. They also show any deformity or other abnormality of the
entire bone.

It is suspecced chac che physis on the opposite end of an
injured or operated bone sometimes overgrows to compensate
for any damage at the other end (364). Although the amount
of growth of bone attributable to each physis has been fairly
well established (for example, distal femur, 70%; proximal tibia,
60%; distal tibia, 40%), the only way to determine precisely the
amount and percentage of growth contributed by each physis
of a bone after bar excision, compared with its contralateral
member, is to place a single metal marker in the diaphysis of
the normal contralateral bone. This has been found valuable
in determining comparative growth, which aids in finding bar

recurrence (Fig. 6-33D and H).

Assessing results is difficult because so many factors are involved.
When the procedure works well, it is most gratifying and may
be the only procedure needed. This renewed growth may dimin-
ish the angular deformity and the rate of progression of limb-
length inequality; occasionally, there may even be reduction of
the length inequality (e.g., the treated limb grows faster than
the normal limb; Fig. 5-33A and H).

Only patients followed to maturity should be included in
any reported series. Some operated physes, although growing



well after the procedure, close eatlier than their contralateral
physes. Thus, in some patients, surgical arrest of the contralateral
physis is performed toward the end of growth to negate addi-
tional discrepancy. This approach favorably influences the result
expressed as a percentage.

Fifty Percent Rule

Excision of bars constituting 50% or more of the entire physis
usually fail to restore satisfactory longitudinal growth. Bars more
than 50% of the physis may be excised in very young children
because the alternatives are undesirable, because the procedure
occasionally works, and because if the procedure is unsuccessful,
all other methods of management can still be used.

The Mayo Clinic Experience

From 1968 through 1996, 178 patients were treated by bar
excision at the Mayo Clinic (Table 5-3). Bar formation was at
the knee (distal femur and proximal cibia) in 50% of the cases,
whereas these sites account for only 2.2% of all physeal injuries
(Table 5-2). This disparity is explained by the anatomy of these
physes. Their undulations and irregularities in muldple planes
insulate them from injury, but when injury occurs, the same
undulations predispose the patient to damage of the growth
layer of the physis. All operations were performed by four scaff
pediatric orthopaedists, with little variation in rechnique. Crani-
oplast was used for the interposition material in 153 patients,
fat in 23, methyl methacrylate in 1, and sheer Silastic and Gel-
foam in 1 (381).

In 98 patients followed to maturity, the average growth of
the operated side was 84% of that of the unoperated side. The
average was 78% for the discal femur, 88% for the proximal
tibia, and 93% for the distal tibia (Table 5-4).

Thirteen of these 98 patients (13%) had no accompanying
surgery. Adjunctive surgery in the remaining 85 patients (87%)
was usually performed for length discrepancy and angular defor-
mity existing before the bar excision, which did not correct even
with a successful bar excision. Resumption of normal growth
that stops progression of angular deformity and length discrep-
ancy is a successful outcome of bar excision. Improvement of
angular deformjty and length discrepancy (the operated side

Ut
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grows more than the normal side) sometimes occurs, but parents
should not be led to believe that it will. There were 37 osteoto-
mies to correct angular deformity, performed either concomi-
tantly with the bar excision or later. Forty parients had epiphysi-
odeses of the contralateral bone or of the adjacent bone in the
case of the lower leg. Thirteen patients had lengthenings of the
involved bone. Eighteen recurrent bars were reexcised.

Of the 43 distal femoral lesions, 30 were in boys and 13 in
gitls. The interval between injury and bar excision was 2.8 years.
The average age at time of bar excision was 10.5 yeass. The area
of the bar was more than 45% in 11, less than 30% in 12, and
less than 30% in 20. The site of the lesion was medial (13),
lateral, central (10), posterior (9), and anterior (6) (some lesions
occupied more than one locus). The operated side grew 78%
as much as the normal side. Additional procedures included
epiphysiodesis (23), osteotomy (11), and lengthening (9). There
were nine recurrent bars and two infections (the cause of the
bar in these two was osteomyelitis).

Of the 18 proximal tibial lesions, nine were found in boys
and nine were found in girls. The interval between injury and
surgery was 2.1 years. The average age at time of surgery was
11.7 years. The area of the bar was more than 45% in two
patients, more than 30% in one paticnt, and less than 30% in
15 patients. The site of arrest was central (6), lateral (5), medial
(4), anterior (4), and posterior (1) (some lesions occupied more
than one locus). The average growth of the operated side was
88% of the uninjured side. Additional procedures include oste-
otomy, epiphysiodesis (9), and lengthening (3). There were two
recurrences and one infection (the cause of the bar in this case
was ostecomyelitis).

Of the 37 distal tibial lesions, 26 were in boys and 11 were
in girls. The interval berween injury and surgery was 1.9 years.
The average age at time of surgery was 11.1 years. The area of
the bar was more than 45% in three patients, more than 30%
in four patients, and less than 30% in 30 paticnes. The site of
the bar was medial (14), anterior (10), central (5), posterior (5),
and lateral (3). The average growth was 93% of that of the
contralateral nonoperated side. Additional surgery included oste-
otomy (15), physeal arrest (8), and lengthening (1). There were
7 recurrent bars, 2 fractures, and no infections.

From this daca, it can be seen that the more distal the lesion,
the better the result (Table 5-4). The overall result, expressed

Distal femur 43 78 10.45
Prox tibia 18 88 11.66
Dist Tibia 37 93 1.1

Time lapse = interval between injury and-bar excision

2 Growth = % of growth of operated vs. contralateral non-operated physis

“Bar area = area of bar expressed as a percentage of entire area of physis. Number is number of cases. {) = percentage of cases

3 11 (26) 32 (74) 10 (23)
2.1 2(11) 16 (89) 6 (33)
1.9 3(8) 34 (92) 5 (14)




as a percentage of growth of the contralateral normal physis,
improves as the site progresses distally and correlates directly
with the percentage of lesions smaller than 45% of the physis.
Factors favoring the distal tibia were the short time interval
between injury and bar excision, the few larger lesions (8%),
and the many smaller lesions (92%). Factors contributing to the
less satisfactory results in the distal femur include the long time
interval, the greater number of large lesions (26%), the fewer
small lesions (74%).

There was no correlation of result with gender or location
of the bar within the physis. However, several spectacular results
were obrained in central bats, and the presence of an intact
cartilage ring of Ranvier is believed to be beneficial.

The criteria for the subsequent removal of interposition material
or for bone grafting of defects left by far have not been estab-
lished. If the physis grows away from the interposition material,
the material becomes located in the metaphysis or diaphysis. As
the metaphysis remodels, the interposition material, although
remaining the same size, occupies a greater proportion of the
transverse plane of the shaft of the bone (compare Figs. 5-33C
and E). This may predispose the bone to pathologic fracture and
has done so in one patient after the Cranioplast was removed. In
one patient, remodeling of the cortex allowed the Cranioplast
to extrude and become extraosseous. Patients should be advised
that the interposition material may have to be removed in the
future. All Cranioplast plugs have been embedded firmly in the
bone. There has been no loosening, such as occurs when methyl-
methacrylate is used wich a prosthesis. In the few that have been
removed, histologic evaluation revealed only a thin surrounding
layer of fibrous tissue and no untoward reaction. The material
is not easily removed, and usually a thin area of surrounding
bone must be excised. A motorized bur or an osteorome has
been used to remove Cranioplast plugs. The author’s practice
is to not remove the Cranioplast.
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PATHOLOGIC FRACTURES
ASSOCIATED WITH TUMORS AND
UNIQUE CONDITIONS OF THE
MUSCULOSKELETAL SYSTEM
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Aneurysmal Bone Cysts
Tumors of Bone
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Fibrous Dysplasia
Osteofibrous Dysplasia of the Tibia and Fibula
Neurofibromatosis
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Gaucher’s Disease
Sickle Cell Disease
Leukemias
Hemophilia

Definitions

Clinical Presentation
Radiographic Evaluation
Injury

Treatment

Osteogenesis Imperfecta
Osteopetrosis
Pycnodysostosis

Rickets

Idiopathic Osteoporosis
latrogenic Osteoporosis
Hyperparathyroidism
Cushing’s Syndrome

Scurvy
Copper Deficiency and Scurvy-like Syndrome

IR B oo . Sl
Cerebral Palsy
Myelomeningocele
Muscular Dystrophy
Arthrogryposis and Poliomyelitis
Spinal Cord Injury

As a child grows, the pattern of injury and the response to injury
and treatment change. One of the more difficult situations en-
countered in caring for children occurs when the diagnosis and
treatment of a complex injury are complicated by a preexisting
underlying disease process or condition of the skeleton. The
diagnosis of both the injury and the underlying condition de-
pends on an accurate understanding of how these conditions
alter the presentation of the child, given that evaluation of the

John P. Dormans and John M. Flynn: University of Pennsylvania School
of Medicine; Division of Orthopaedic Surgery, The Children’s Hospital of Phila-
delphia, Philadelphia, Pennsylvania.

traumatic injury may reveal the underlying condition for the
first time. This chaprer describes the pertinent clinical and radio-
graphic features of the conditions of the pediatric musculoskele-
tal system that can predispose a child to pathologic fracture,
including specific patterns of injury and special concerns of treat-
ment. For most orthopaedic surgeons, experience with these con-
ditions is limited, and diligence is needed to avoid pitfalls of
treatment. The physician must always be aware of the possibility
of a pathologic fracture, especially when a patient presents with
a fracture following minimal trauma.

A pathologic fracture is defined as a fracture that occurs
through abnormal bone. These fractures occur in bone that lacks
normal biomechanical and viscoelastic properties. Pathologic



- Afracture through the vascular foramina of this 5-year-old boy's left clavicie. The fracture

healed uneventfully.

fracrures may result from intrinsic or extrinsic processes. Exam-
ples of intrinsic processes include the osteopenia of osteogenesis
imperfecta or replaccment of bone with tumor. With exrrinsic
processes, the weakness is caused by something that lessens the
inherent structural integrity of bone, such as radiation or a hole
in bone from biopsy or internal fixation. Additonally, patho-
logic fractures may result from localized (a bone cyst, for cxam-
ple) or generalized processes (such as osteopetrosis), and the
fraccure may be correcrable (rickets) or noncorrectable (meta-
static cancer). A fracture similar to a pathologic fracture can
occur through anatomically normal bone that is weakened by
normal structures such as a vascular foramina (Fig, 6-1).

Pathologic fractures can occur in children with generalized
bone conditions and in those with tumors or tumor-like pro-
cesses of bone. Although the presenting episode of a child with
generalized bone disease (osteogenesis imperfecta, osteopetrosis,
and rickets) may be a fracture, more commonly, the diagnosis
has been made based on clinical findings such as history, physical
examination, radiographs, ot laboratory findings. Often, the his-
tory is most helpful. For example, pathologic fracture secondary
1o generalized osteopenia associated with chronic drug therapy
(steroids or anticonvulsancs) may become evident through the
patient’s history. Some of the key points in analysis of a pediatric
patient with a musculoskeleral cumor or tumor-like lesion are
shown in Table 6-1.

Hipp and colleagues proposed a way of quantifying the risk
of pathologic fracture in 1995 (3). They defined the fictor of
risk as the load applied to the involved bone divided by the load
required for bone failure. Other attempts have been made to
measure the risk of pathologic fracture in patients with underly-
ing conditions of bone (5,27,34). Unfortunatcly, retrospective
studies have failed to {ind any predictive methods based on radio-
graphic findings that can accurately forecast fracture in most
situations. New methods that apply engincering principles to
information from computed tomography (CT) scans may pro-
vide better noninvasive estimates for the risk of pathologic frac-
ture (3).

With pathologic fractures through a tumor or tumor-like
lesion, the age of the patient can also be helpful in making the
diagnosis (Table 6-2). Most tumors and wumor-like processes
are recognizable by radiographic appearance; the location of the
lesion can also be helpful (Table 6-3) (2).

Biopsy is sometimes needed to determine the cause of a
pathologic fracture, especially wich pathologic fractures through
tumors or tumot-like processes. In this situation, the surgeon
must ensure that biopsy is performed on represencative areas of
the bony lesion.

Pachologic fractures differ from fractures in normal bone in
that the etiology, natural history, and treatment of cthe underly-
ing abnormality of the bone must be raken into account. Accu-
rate and careful determination of these underlying diagnoses
is critical for the appropriate care of these fractures. Fracture
management principles often are altered for pathologic fraccures
because of the abnormal condition responsible for the fracture.
The teatment plan must consider both the treatment of the
fracture and treatment of the underlying cause of the fracture.

Once a fracture occurs secondary to a previously unrecog-
nized condition, subsequent fractures often can be prevented,
usually chrough patient education. latrogenic pathologic fracture
often can be prevented by the appropriate use of internal fixation
(avoidance of unnecessary cortical penctration with drills and
guide pins for example), protection of an extremity with internal

1. Age of patient (see Table 6-2)
2. Location of lesion (see Table 6-3)
Epiphysis, metaphysis, diaphysis?
Central or eccentric?
3. What is the lesion doing to the bone? (Pattern of
involvement)
a. Zone of transition {narrow or wide; can measure)
b. Geographic versus “moth eaten’ versus permeative
4, What is the bone doing to the lesion?
Periosteal response or “walling off”
No response?
Early, immature?
Late, mature?
5. Is there a characteristic appearance of the lesion, ie matrix?
Lytic, calcified, ossified, ""Ground-glass’




0-5 Langerhans cell histiocytosis
: Osteomyelitis

5-10 Unicameral bone cyst
Aneurysmal bone cyst
Nonossifying fibroma
Fibrous dysplasia
Osteoid osteoma
Langerhans’ cell histiocytosis
Osteomyelitis

10-20 Unicameral bone cyst
Aneurysmal bone cyst
Osteoid osteoma
Fibrous dysplasia
Chondroblastoma
Osteofibrous dysplasia

Ewing’s sarcoma

Leukemia

Neuroblastoma (metastasis)
Wilms’ tumor (metastasis)
Neuroblastoma (metastasis)

Ewing’s sarcoma
Osteosarcoma
Rhabdomyosarcoma

Osteosarcoma
Ewing’s sarcoma
{Chondrosarcoma)

Rhabdomyosarcoma
Synovial cell sarcoma

=="""" LOCATION OF TUMOR AND TUMOR-LIKE LESI

Metaphyeal—Any lesion
Epiphyseal
Chondroblastoma
Brodie's abscess of the epiphysis-subacute epiphyseal os-
teomyelitis
Giant cell tumor
Fibrous dysplasia
Diaphyseal
Fibrous dysplasia
Osteofibrous dysplasia (child), adamantinoma {adult)
Langerhans’ cell histiocytosis
Ewing’s sarcoma
Leukemia, lymphoma
Subacute osteomyelitis
(Occasionally osteoid osteoma and UBC)
Multiple lesions,
Histiocytosis :
Fibrous dysplasia (Albright's syndrome)
Leukemia, metastasis
Enchondroma (Ollier’s disease)
Multiple hereditary exostosis
Hemangioma of bone
Anterior elements spine
Eosinophilic granuloma (Langerhans’ cell histiocytosis)-
Leukemia
Hemangioma
Metastasis !
Infection {end plate, unless tuberculosis)
Giant cell tumor :
Chondroma (usually adult)

IE

Posterior elements spine

Aneurysmal bone cyst
Osteoblastoma

Osteoid osteoma
Metastatic {(usually adult)

Pelvis |

Ewing'’s sarcoma

Osteosarcoma
Osteochondroma

Metastasis

Fibrous dysplasia
Chondrosarcoma (usually adult)

Rib

Fibrous dysplasia

LCH

Ewing’s sarcoma

Metastatic lesions :
Chondrosarcoma (usually adult)

Benign but locally aggressive tumors:

Chondroblastoma
Aneurysmal bone cyst
Chondromyxoid fibroma
Giant cell tumor
Ostecblastorma
Chordoma
Adamantamona




fixation by cast or brace when appropriate, and the use of
rounded edges of bone biopsy sites (1).

Benign tumors can be classified according to their aggressiveness
(Table 6-4). Stage 1, or latent benign lesions, are usually asymp-
romatic, discovered incidentally, and seldom associated with
pathologic fracture. Stage 2 lesions are intermediate in behavior,
and stage 3, or aggressive benign lesions, are usually symptom-
atic, grow rapidly, and may be associated with pathologic frac-
ture.

Unicameral bone cysts (UBCs) are radiolucent expansile fluid-
filled cystic lesions found most commonly in the metaphyses of
long bones. The term unicameral suggests a single-chambered
cyst, bur often, especially after trearment or fracture, the lesions
are multiloculated with radiolucent fibrous sepra segregating the
primary lesion into multiple small chambers (11). The cysts
usually contain yellow serous fluid. In order of decreasing fre-
quency, the cysts most commonly occur in the proximal hume-
rus, proximal femur, proximal tibia, distal tibia, distal femur,
calcaneus, distal humerus, radius, fibula, ilium, ulna, and rib
(34). Approximately 70% of these cysts are found in either the
proximal humerus or femur. Some authors have suggested that
UBCs evolve from an accumulation of incerstitial fluid in the
bone because of a defect in venous or lymphatic drainage (14,
15,24).

Approximarely 75% of patients who have UBCs present with
pathologic fractures (7,12,18,19,36,44). These cysts usually are
diagnosed within the first two decades of life (13,15,21), and
the ratio of males to females is about 2:1 (26). Fractures are
often incomplete or minimally displaced. Patients with patho-
logic fractures through UBCs present with mild to moderate
pain in the extremity after either mild trauma or no history of

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

injury. In one series (8), 40% of pathologic femoral neck frac-
tures in children were due to UBCs. Pathologic fracture with
collapse of the articular surface of the femoral head and joint
incongruity also has been reported (17).

Although the fracture commonly heals within 6 weeks of
injury, the UBC usually persists, often with further fracture.
Only about 10% of cysts heal after fracture. In a 1993 report
of 52 pathologic fractures due to UBC, Ahn and Park (4) found
that only 8% of cysts healed at an average of 5.5 years after

injury.

Radiographic Findings

The classic appearance of a UBC is a centrally located, radiolu-
cent, slightly expansile lesion of the metaphysis (Fig. 6-2) (38).
The width of the lesion seldom exceeds that of the adjacent
physis [a feature characteristic of the more expansile aneurysmal
bone cyst (ABC)]. Occasionally, UBCs are located in the diaphy-
sis when the physis has migrated away from the lesion with
growth (Fig. 6-3) (23). The so-called fallen fragment sign, de-
scribed by Reynolds (38) in 1969, is a fracture fragment seen
on plain radiographs at the bottom of a cyst suggesting a hollow
cavity in the bone rather than a solid tumor (Fig. 6-4). A cortical
fragment also may be tilted into the interior of the lesion. The
differendial diagnosis of UBC includes ABC, fibrous dysplasia,

enchondroma, giant cell tumor, and eosinophilic granuloma.

Natural History—Predicting Fracture

The natural history of UBCs is variable, but typically they gradu-
ally improve with growth. Most UBCs persist into adulthood,
but some disappear spontaneously at puberty (24). The cysts are
wraditionally described as active if they are adjacent to the physis
(24) or latent if more than 0.5 cm from the physis (35) (Table
6-5). Ahn and Park (4) noted that pathologic fracture occurred

Age of the =10-12 years >12 years
patient
Location Abutting the Separated from
physis physis by a zone
of normal

cancellous bone

X-ray appearance - Single cavity Multiloculated cavity
Intralesional >30 ¢cm H,0 6-10 cm H,O
pressure

Pathology Thin shiny Thick membrane,
membrane, frequent giant
few osteocytes, cells, cholesterol
little or no slits, hemosiderin,
hemosiderin, osteoblasts

osteoclasts




S
N

———
—

. A: A 14-year-old girl presented with right hip pain. X-ray study reveals a large lytic expansile
lesion of the proximal femur. B: A technetium scan was performed, and the anterior cortex was thin
with fluid within the lesion. C: MRI was performed, and signal intensity was equal to that within the
bladder, and a diagnosis of unicameral bone cyst was made. D: It was treated with curettage and bone
graft.



A 12-year-old boy sustained a pathologic fracture while
throwing a tennis ball. A: Radiographs at presentation revealed a lytic lesion
of the proximal humerus with pathologic fracture seen distal to the lesion.
There is also the suggestion of a pathologic fracture through the cyst. The
lesion was believed to represent a unicameral bone cyst, and the fracture
was treated in a hanging arm cast. B: At 8-weeks follow-up, fracture lines
were beginning to obliterate but the cyst persisted. A nondisplaced healing
fracture through the cyst is also well visualized. C: At 8-week follow-up, the
patient was believed likely to be prone to have a recurrent fracture and
was taken to surgery. With the patient under general anesthesia, the lesion
was injected with radiopaque dye and was found to be a cystic lesion. Ste-
roid injection was done. (Figure continues.)



(continued) D: At 12-week follow-up, the patient is
asymptomatic, with radiographic improvement of the lesion.

when the transverse diameter of the cyst was 85% or more,
whereas Nakamura et al. (33) reported that the chance of fracture
was high if the cyst wall was less than 5 mm in width.

Complications after fracture of the proximal femur include
malunion, growth arrest, and avascular necrosis of the femoral
head. Kay and Nason (30) noted growth disturbance in five of
their 21 patients (24%) with pathologic proximal humeral frac-
ture before treatment of the UBC. Moed and LaMont (31)
reported three patients in whom premature closure of the medial
proximal humeral physis resulted in humeral shortening of 2 to
5 cm. Malunion may be a problem in fractures through cysts
of the proximal femur (15), and avascular necrosis of the femoral
head has been reported after displaced femoral neck fractures
(26) and after an undisplaced femoral neck fracture in an 8-
year-old boy (48). Infrequently, the cyst may extend from the
metaphysis into the epiphysis (5,7,20) and collapse of the surface
of the femoral head has been reported.

A 13-year-old boy sustained a pathologic fracture. A: X-
ray studies at presentation revealed a lytic lesion of the proximal humer-
us with pathologic fracture. A so-called fallen fragment sign is seen at
the bottom of a cyst suggesting a hollow cavity in the bone rather than
a solid tumor. The lesion was believed to represent a UBC, and the
fracture was treated in a hanging arm cast. B: At 8-week follow-up,
fracture lines were beginning to obliterate. (Figure continues.)
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(continued) C: At 6 month follow-up, the cyst has partially
healed.

Treatment

Pathologic fractures through UBCs invariably heal with simple
immobilization; the cyst, however, persists in nearly 85% of
paticents, and additional fracrures are common. Neer er al. (34)
obscrved an additional 2.5 fractures per patient during observa-
tion periods after the inidal injury, and Oppenheim and Galleno
(36) emphasized that prolonged observation with inevitable re-
fracture may be stressful to padents and may adversely restrice
children from normal childhood activities.

In the upper extremity, minimally displaced, stable patho-
logic fractures through UBCs are treated wich simple immobili-
zation for 4 o 6 weeks to obuain healing. Usually, a sling is
adequate treatment for stable fractures of the proximal humerus,
and once healed, the options for further treatment are discussed
with the patient and family (see later).

With pathologic fracture through UBC in the proximal
femur, preliminary traction before surgical intervention may be
appropriate (49). Most authors recommend internal fixation if
the (racture is unstable or displaced (7,26,29,34). Malunion is
common in these fractures (15). Intertrochanteric osteotomies
may be necessary later to correct alignment (25).

Curettage and Bone Grafting. Many surgical techniques have
been developed for the treatment of UBCs, with varying rates

of success. Earlier interventions consisted primarily of curettage
and bone grafting. Lesions treated with this technique have a
recurrence rate varying from 18% to 40% (6,7,19,34,35,47).
Delaying the treatment until the cyst converts from an active
to a latent stage has been advocated by some physicians, but a
2-year period of observation may be necessary (7). Some data
suggest that the response to treatment may be the same for latent
as for active cysts (23). After fracture, most authors advocare at
least a 6-week delay in treatment to allow the fracture to heal
before curertage and bone grafting (15,39). There secems to be
no substantial difference in the rate of healing with the use of
either aurogenous bone graft or allograft.

Open curertage and bone grafting has fallen out of favor for
the treatment of upper extremity and smaller lower extremity
UBCs due to the invasive nature of the operation and also the
scill significant persistence and recurrence rates associated with
this option. Curettage and bone graft remains a popular method
of trearment for larger UBCs of the proximal femur, however;
the reported recurrence rates range from 10% to 40% (6,7,19,
36). Although partial persistence or recurrence of the UBC may
occur, interim healing usually occurs such thac the risk of patho-
logic fracture and displacement is lessened and subsequent per-
sistence or recurrence can be treated with corticosteroid injec-
tions (Fig. 6-5). Follow-up of the treated lesions with periodic
x-ray studies is suggested.

The patient with a calcaneal UBC usually presents with pain
due to microfracture (22,32,37). UBCs in this location may not
respond as well to injections with methylprednisolone (22,32),
and several authors have recommended primary curettage and
bone grafting (22,32).

Because of the high rates of recurrence after curetrage and
bone grafting, a number of approaches were developed., includ-
ing intentional fracture of the cyst (46), crushing of cthe lesion
with onlay bone grafting (5), and packing of the defect with
plaster of Paris pellets (37). Radical excision of the lesion with
or without grafting produced recurrence rates of 9% or less (19,
21,30), buc this procedure is a larger operation with greater risk,
can be difficult technically, and requires substantial bone graft.

Aspiration and Injection. In 1974, Scagletti et al. began em-
piric injection of UBCs with methylprednisolone and in 1979
(43), reported healing rates (mostly radiographic improvement
of the cyst) of 96% in 72 patienes. Two needles were inserted
into each cyst, and the initial corticosteroid dose varied from
40 to 200 mgs for Jarge cysts. Complete healing was iniially
reported in 55% of cysts undergoing this treatment. Local recur-
rence in 45% of cases was treared with up o five additional
injections of 40 to 80 mg of methylprednisolone at 2- to 3-
month intervals until healing occurred.

The mechanism for cyst healing after methylprednisolone
injection remains unknown. Scaglictti et al. (43) suggested that
an antiinflammarory response initiated by the corticosteroids
promoted cyst healing. Shindell et al. (45) observed elevated
levels of prostaglandins in cysts; after serial injections of cortico-
steroid, levels decreased. Because prostaglandins stimulate osteo-
clastic activity, these authors suggested thar a corticosteroid-in-
duced repression of prostaglandins may indirectly aid in cyst
healing. In animal experiments, however, corticosteroids are rap-
idly cleared from the medullary canal of long bones after injec-



: A 7-year-old boy was playing basketball and
felt a severe pain in his left hip and was unable to bear
weight on that side. A: X-ray studies revealed a comminuted
pathologic fracture through a large lytic lesion extending
from the base of the femoral neck to the subtrochanteric
region (comminuted type |—B hip). The appearance of the
lesion is believed to be most compatible with a UBC. B: The
fracture and cyst were approached laterally. Open reduction
and internal fixation were performed using a pediatric hip
screw and side plate. The cyst contents were consistent with
UBC; it was curetted and packed with cancellous bone graft.
The patient was placed in a hip spica cast for 6 weeks with
healing of the fracture. C: At 4-month follow-up, the fracture
has healed and the cyst appears to be consolidating. (Figure
continues.)



{continued) D: At 2-year follow-up, x-ray studies
show a partial recurrence or persistence of the cyst. The cyst was
subsequently grafted again. E: At 4-year follow-up, x-ray studies
show no evidence of recurrence or persistence of the cyst. The
patient has no discomfort and has returned to full activities.



tion (16). Others have suggested that cyst healing occurs through
decompression of cyst fluid pressure by multiple trephination
(13,16,42).

Methylprednisolone injection for UBCs became popular be-
cause of its relatively low morbidity and an apparent long-term
effectiveness approaching that of more invasive techniques.
However, incomplete healing and recurrence are common after
the initial injection of corticosteroid, and multple injections
of corticosteroid may be necessary in 50% to 92% of patients
(intervals ranging from 2 to 6 months) (11,36).

In those cysts that respond to methylprednisolone treatment,
the cortical margins of the lesion usually thicken. By 6 months,
the central portion of the cyst assumes a frosted-glass appearance,
and by 12 months, the cyst may heal with dense sclerotic bone
(12,40).

Aspiration and Injection— Operative Technigue. A two-needle
injection technique is most commonly used. Some authors (36)
recommend the use of two Craig-type needles or Jamshidi biopsy
needles so that a biopsy specimen can be obtained at the time
of injection. The initial dose of methylprednisolone varies from
40 to 200 mgs (11,18,43), and the volume can be adjusted to
match radiographic volume of the cyst. The injection can be
given under local anesthetic (10), but most prefer general anes-
thesia. Several authors (11,36,37) have emphasized the impor-
tance of outlining the cyst with radiopaque dye injection before
placement of the methylprednisolone. With this technique, in-
tracystic fibrous septa were found in 92% of lesions in one series
(11) and these may prevent complete filling of the cyst by cort-
costeroids with later incomplete healing. This cystogram also
allows the surgeon to verify that the cyst is indeed fluid filled.
If it does not fill with contrast material, other diagnoses, such
as fibrous dysplasia or enchondroma, should be considered. Ca-
panna et al. (11) recommend vigorous saline irrigation of the
cyst through two needles to lyse che fibrous septa, whereas Op-
penheim and Galleno (36) simply reinject the areas of cyst that
are not filled by contrast material in the initial injection.

Aspiration and Injection— The Humerus. With fluoroscopic
guidance, the humerus is rotated until an area of thin cortex is
identified, and two 20-gauge spinal needles are passed through
this area into the cyst so that the needle tips are at opposite ends
of the cyst cavity. A more stout, disposable biopsy needle can
be used for areas of thicker bone. The presence of serous fluid
with removal of the needle styler is indicative of UBC. A cysto-
gram is then performed by injection of several milliliters of Reno-
grafin dye both to confirm the fluid-filled nature of the cyst and
to ascertain whether the cyst is indeed unicameral or multilocu-
lated. If the dye does not fill a cyst cavity, the diagnosis of UBC
should be questioned. If the cyst is multiloculated, the needles
can be used to break up any seprtations that exist. Methylprednis-
olone is then injected through one of the needles using a dose
ranging from 40 to 200 mgs (Fig. 6-6). To guard against recur-
rent fracture, the arm is protected in a sling for 2 to 6 weeks
and x-ray studies are performed every 6 weeks initially to moni-
tor healing. Incomplete healing or persistence of the cyst can
be treated with additional injections or with other techniques.
Aspiration, cystogram, and steroid injection can also be done
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for small, stable UBCs of the lower extremity, bur if the cyst is
potentially unstable and there is a risk of malunion (e.g., varus
of the femoral neck), one should consider surgical fixation and
bone grafting.

Complications

In addition to recurrence of the cyst, complications that occur
with corticosteroid treatment include recurrent pathologic frac-
tures (12,20,36) and avascular necrosis of the femoral head (8,
12). Nakamura et al. (33) measured the bone mineral content
of the corticosteroid injected cyst by densitometer and found
that if there was no increase in density 2 months after injection,
then the chance of refracture was high. In one series, growth
disturbance was a problem in 20% of 141 patients with bone
cysts treated by corticosteroid injection (8). Systemic reactions
to the corticosteroid injection, such as corticosteroid flush or
increased appetite and temporary weight gain, are rare (16,36).

Newer Methods

Some authors believe that relieving the pressure of the interstitial
fluid in the lesions can heal the cyst. Chigira et al. (13) treated
six patients by puncturing the cysts with multiple Kirschner
wires, which were then left in place; cysts subsequently recurred
in 6 to 8 months in two patients. Santori et al. (42) decompressed
UBCs with Enders nails or Rush pins without curettage or graft-
ing, and during short-term follow-up, they noted healing in all
11 patients. The effect of the fixation on the adjacent physes
awaits long-term follow-up.

New grafting materials also are becoming available. Deminer-
alized bone matrix (DBM) or commercial product paste is com-
posed of demineralized bone particles ranging from 100 to 500
pm in a glycerol base. It has been used in the treatment of delayed
unions and nonunion, in some primary bone-healing situations,
and more recently, for the treatment of UBCs (27,28,41). Killian
et al. (27) used DBM in 11 patients with UBCs, and nine cysts
healed (within 4 to 5 months) after a single injection. At 2 years’
follow-up, no cysts were deemed active or recurrent (26).

Other materials also have been used. Packing of the defect
with plaster of Paris pellets (calcium sulfate) was described by
Peltier in 1978 (37). Osteoset pellets bone void filler is a new
material made of medical grade calcium sulfate. This radiopaque
product can be used in an open grafting situation or can be
injected percutaneously. The biodegradable pellets are resorbed
in 30 to 60 days when used according to labeling. This product
is not intended to provide structural support during the healing
process and therefore is contraindicated when structural support
is required.

Adjuvants such as liquid nitrogen have been used for the
treatment of UBCs (46), but their efficacy or safety has not been
established. Current research includes the use of aspirated bone
marrow injected into UBCs.

Internal Fixation of Proximal Femoral Pathologic
Fractures

If there is a significant loss of proximal femoral bone because
of the UBC, there is a high risk of a coxa vara deformity after
treatment without internal fixation. Both the location of the
UBC and the amount of bone loss dictate whether fixation can



A: A radiopaque dye injection of a
unicameral cyst of the proximal humerus. Note the
poor filling of the inferior portion of the cyst (large
arrow) and the proximal portion (small arrow).
This suggests that fibrous septa are present in the
cyst. B: More radiopaque dye was placed in the
distal portion of the cyst through a second needle,
and a venous drainage of the lesion is now visual-
ized (large arrow). The proximal portion of the cyst
is still poorly filled (swag arrow). C: With a third
needle superiorly, the proximal portion of the cyst
is now filled. The total dose of corticosteroid is di-
vided into equal portions and injected separately
through the three needles to ensure complete dis-
persal throughout the lesion. A single dose
through the first needle might not have saturated
the entire cyst.



MATURE

IMMATURE

ABCD Type I-A Type I-B Type TI-A" Type II-B”
+ Lat buttress - Lat buttress + Lat buttress - Lat buttress Type III-A Type ITI-B
+ Bone in neck + Bone in neck - Bone in neck - Bone in neck

+ Lat buttress - Lat buttress

* Traction & cast or pins as shown

For all: Curettage (with biopsy) and bone grafting with stabilization (as shown above) and spica cast

‘ Our dassification system for the treatment of pathologic fractures of the proximal femur
associated with bone cysts in children. A: In Type IA, 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 after curettage and bone grafting. B: In Type IB, a large cyst
is present at the base of the femoral neck. Although there is enough bone in the femoral neck, 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 lIA-B, a large lesion is present in the
femoral neck, so there is not enough bone beneath the physis to accept screws. There are 2 options for
treatment of these bone cysts: (1) After curettage and bone grafting, parallel pins across the physis can
be used in combination with a spica cast. (2) 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 llIA-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 following surgery.

stabilize the fracture after grafting and what type of fixation is
appropriate. We have classified pathologic fractures of the femo-
ral neck in children into six types (Fig. 6-7) (9).

We recommend simple immobilization for most fractures
occurring through UBCs. Spontaneous healing of the cyst can
occur, although infrequently. Once the fracture has healed, gen-
erally by 6 to 8 weeks, further teatment of the cyst can be
rendered, if necessary.

Displaced pathologic fractures of the proximal femur are
based on the location of the cyst. The amount of bone loss
dictares whether fixation can stabilize the fracture after grafting
and what type of fixation would be best o use. We use the
classification of pathologic fractures of the proximal femur in
children shown in figure 6-7.

/ .

Overall, methylprednisolone injection has a favorable rate of
success compared with open surgical treatment; the ease of treat-
ment, relatively low operative morbidity, and the information
obtained with aspiration and cystogram make it a favorable ini-
tial choice for treatment of UBCs in the upper extremity and
smaller cysts in the lower extremity. Because incomplete healing

ABCs are eccentric or central, expansile osteolytic lesions usually
and recurrence are common after the initial injection of cortico-

occurring in the metaphyseal ends of long bones or in the poste-

steroid and because multiple injections of corticosteroid ate nec-
essary in most patients, new grafting materials are being used
more commonly at our institution, especially if the first steroid
injection fails. Grafton demineralized bone martrix (Osteotech,
Fatontown, NJ) and Osteoset pellets (Wright Medical Technol-
ogy, Arlington, TN} are the two most often used at present.

rior elements of the spine during adolescence. Nearly 75% of
ABCs are found in patients younger than 20 years old, and 50%
are seen in individuals berween 10 and 20 years of age (50,
54). Girls are affected slightly more often than boys. ABCs are
relatively rare, accounting for approximately 1.5% of all primary
bone tumors (50).
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. An 8-year-old girl presented with a 4-week history of back pain. A: Radiographs show
absence of the pedicle of T5 on the left. B: Close-up view of the same areas. C: The axial T2-weighted
image through the body of T5 shows multiple blood-fluid levels within the left sided expansile destruc-
tive mass. D: Sagittal proton density MRI of the thoracic spine shows a blood fluid level (arrow) within
an expansile mass. (Figure continues.)



(continued) E: Postoperative x-ray studies showing instrumentation and fusion after ex-
tended curettage and removal of tumor. The patient is pain free without recurrence or deformity at 4
years after surgery. (From Cohen RB, Dormans JP, Guttenberg ME, Hunter JV. Back pain in an 8-year-
old girl. Clin Orthop 1997;343:249-252; with permission.)

The long bones are involved in 65% of patients. In order of
decreasing frequency, the most commonly involved bones are
the distal femur, proximal tibia, proximal humerus, and discal
radius. The vertebrae are involved in 12% to 27% of patients
(54,59), some of whom have symptoms of radicular pain. The
lumbar vertebrae are most commonly affected. The primary sice
of involvement is the posterior elements of the spine with fre-
quent extension into the vertebral body (58).

The lesions are not true cysts but rather sponge-like collec-
tions of interconnected fibrous tissue and blood-filled spaces
(59). They tend to be destructive lesions, which replace bone and
thin the cortices of the host bone. The elevated viable periosteum
usually maintains a thin osseous shell.

The etiology of ABCs is unknown. Some have considered
them primary lesions of bone (79), whereas others have noted
a secondary association with other lesions such as UBCs, nonos-
sifying fibromas, fibrous dysplasia (52), and osteogenic sarcoma.
They also can occur in association with fractures of the long
bones (58,63). The most common presenting symptom is local-
ized pain of less than 6 months’ duration (54,79). Patients with
ABCs are three times more likely to have pain during exercise
rather than pain at rest (71).

Radiographic Findings

ABCs are eccentric or central lytic lesions of bone, sometimes
with extension beyond the cortex (50,52,79). Seprartion is com-

mon, giving rise to the so-called soap bubble or honeycomb
appearance. Lesions in the short tubular bones, such as the meta-
carpals and metatarsals, are commonly more central. Spinal
ABCs usually are located in the posterior elements of the spine
but may also occur in the vertebral bodies and can be associated
with pathologic fracture and vertebral collapse (Fig. 6-8) (66,
79).

The x-ray picture often evolves with time. Initially, there is
frank osteolysis of the margins of the bone, and periosteal eleva-
tion; with growth of the lesion, there is progressive destruction
of bone with poorly demarcated margins. A stabilization phase
follows, with formation of a bone shell with sepra. Later, with
further ossification, a bony mass begins to form (59).

Campanacci et al. (54) have classified the ABCs into three
groups (Fig. 6-9). An aggressive cyst has signs of reparative os-
teogenesis with ill-defined margins and no periosteal shell. An
active cyst has an incomplete periosteal shell and a defined mar-
gin between the lesion and the host bone. An inactive cyst has
a complete periosteal shell and a sclerotic margin berween the
cyst and the long bone.

Angiography may aid diagnosis and treatment; abnormal pe-
ripheral vascularization is often present (71). Percutaneous dye
injection has been used as an additional diagnostic technique
and in evaluation of vertebral lesions (72). Technetium bone
scan usually shows an increased uptake of the isotope in the
periphery of the lesion, but homogeneous uptake is also seen

{68). Magnetic resonance imaging (MRI) often is helpful in
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Classification of morphologic types of ABC. (From Capanna R, Bettelli G, Biagini R, et al.
Aneurysmal cysts of long bones. ftal J Orthop Traumatol, 1985;X1:421-429; with permission.)

demonstrating the characteristic septations and fluid levels, but
these findings are not pathognomonic for ABC (Figs. 6-8 and
6-10) (78).

Natural History

ABCs are benign bur usually behave in a locally aggressive man-
ner. Pathologic fractures occur in 11% to 35% of patients with
ABCs of the long bones (67,71). The humerus and femur are
the most commonly fractured long bones (57,71). Other sites
of fracture occur, bur these are rare. In one series, vertebral body
ABC was associated wich fracture in 27% of patients (79).
Although rare, epiphyseal involvement by the lesion through
metaphyseal extension has been reported (51,60,69). Capanna
et al. (56) reported nine patients with invasion of the physis
by large metaphyseal ABCs. In five of these patients, growth
disturbance of the involved physis subsequently developed.
Conservative treatment with immobilization is inappropriate
as a definitive trearment for pathologic fractures of ABCs. Al-
though the pathologic fracture will heal, the ABC will persist
and enlarge and a recurrent pathologic fracture will occur.

Treatment

Although ABC healing after simple biopsy has been reported
(54), this does not occur often and observation is not recom-
mended because these lesions usually are locally aggressive. Sim-
ple curetrage and bone grafting have been associated with high
recurrence rates (51,54,59,66,79), ranging from 20% to 30%
(54,59). There appears to be a higher rate of recurrence in pa-
tients younger than 15 years of age (79). Freiberg cr al. (62)
treated ABCs with curettage and bone grafting in seven patients
younger than 10 years of age and noted recurrence in five of the
seven paticnts at an average of 8 months after the first procedure.

Selective arterial embolization is used most commonly in lo-
cations where a tourniquer cannot be used and control of bleed-
ing can be difficult (e.g., spine, pelvis, and the proximal portions
of the extremities). Green et al. (64) reported on eight patients
treated with selective arterial embolization. In seven patients,
embolization was performed in conjunction with open bone
grafting and, in one patient, as definitive treatment. At a follow-

up of 3 years, there were no recurrences and no complications
related to embolization.

Trearment of ABCs by cryotherapy in conjunction with cu-
rettage has a recurrence rate of between 8% and 14% (51,73,
77). Dabezies et al. (58) obrtained healing of ABCs associated
with fractures by collapsing the cyst manually after curerrage.
Polymethylmethacrylate cementation also has been described as
an adjuvant to curettage for the treatment of ABCs. Ozaki er
al. (74) compared curettage and bone grafting in 30 parients
with curetrage and cementation in 35 patients. At follow-up
ranging from 24 to 161 months, the recurrence rate was 37%
for curettage and bone grafting compared with 17% for curctrage
and cementation.

Injection has been used by some physicians (61). Guibaud
etal. (65) reported on the use of percutaneous embolization with
an alcoholic solution of Zein (Ethibloc; Ethnor Laboratories/
Ethicon, Norderstedt, Germany) in 18 patients. In two patients,
the cystogram showed marked venous drainage and emboliza-
tion was not attempted. Six patients underwent repeat emboliza-
tion. At follow-up ranging from 18 months to 4 years, there
were no recurrences.

Complete en bloc resection is reserved for active or recurrent
ABCs (50,56,66,71) and is most feasible in the proximal fibula,
distal ulna, ribs, pubic rami, metatarsals (54), and metacarpals
(53). Resection of metacarpal lesions with replacement by a fibu-
lar autograft often results in soft tissue scarring with reduced
joint motion (53). Campanacci et al. (54) recommended saucer-
ization of peripheral active and aggressive cysts.

[rradiation should be avoided. Its use has been associated
with the development of sarcoma (79). It has been used for
lesions that are surgically inaccessible (57), but it is contraindi-
cated in the pelvis, where the reproductive organs may be af-
fected, and in areas of active growth of the long bones (54).

ABCs of the spine can be difficult to treat because of the
relative inaccessibility of the lesion, proximity of the lesion to
the spinal cord and nerve roots, and the potential for spinal
instability (75,81). Papegelopoulos et al. {(75) reported on 52
consecutive patients with spinal ABCs treated over an 83-year
period and recommended preoperative selective arterial emboli-
zation, intralesional excisional curettage, bone grafting, and fu-
sion of the affected area if instability is present (Fig. 6-8). Turker
et al. (81) described three patients with ABCs of the spine and
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A 14-year-old-girl presented with distal thigh pain from microfractures through the
thinned wall of an aneurysmal bone cyst of the distal femur. A: X-ray studies show an eccentric, expansile,
lytic lesion of the lateral aspect of the distal femoral metaphysis. There is a narrow zone of transition
with a sclerotic border. B: MRI shows septation of the lesion with the fluid-fluid levels, which are charac-
teristic of ABC. The patient was treated with extended curettage and bone grafting.



emphasized the need for spinal stabilization and fusion in con-
junction with removal of the lesion.

VO

The first step in effective treatment of a patient with an ABC
is to confirm the diagnosis with open biopsy and frozen section;
this biopsy usually is done at the same surgical secting as the
definitive surgical procedure. It is important to remember that
ABC can be secondary to other tumors such as nonossifying
fibroma, giant cell tumor, and chondroblastoma; telangiecraric
osteosarcoma may be difficult to distinguish from ABC with an
inadequate biopsy specimen because the aplastic tumor cells are
seen only ar the periphery of the lesion (70,76).

Once the diagnosis is made, treatment should be initiated as
soon as possible because most ABCs are aggressive and often
grow and invade rapidly. Preoperative planning is important to
ensure adequate exposure, preparation for blood loss, internal
fixation, grafting material, and in selected cases, preoperative
cmbolization.

Achieving adequate exposure with a large cortical window for
thorough extended curetrage is a key component for successful
rreatment. The use of a high-speed burr allows systemaric intrale-
sional excisional curettage. Adjuvants phenol and alcohol, liquid
nitrogen, and polymethyl methacrylate (PMMA) usually are re-
served for large or recurrent ABCs but may be considered in the
initial management. Bone grafting is done for all lesions and
can consist of autograft, allograft, bone substitutes, or a combi-
nation of these methods, depending on the circumstances. Most
patients with fractures through ABCs have microfractures that
do not alter trearment. For those with more significant or un-
stable fractures, internal stabilization is used when appropriate,
particularly in the hip, femur, or tibia. The classification and
recommendations in figure 6-7 are applicable for those with
proximal femoral fractures associated with ABCs. A walking hip
spica cast (i.e., a unilateral hip spica cast with the hip and knee
in 20 to 30 degrees of flexion) is sometimes appropriate for
young children with stable fractures. Close follow-up is recom-
mended initially because recurrence can be rapid and aggressive.

For ABC of the spine, we recommend preoperative selective
arterial embolization, intralesional extended excisional curettage
and bone grafting. Instrumentation and fusion of the affected
area should be performed if instability or the potential for insta-
bilivy exists. Ifinstcrumentation is used, fitanium instrumentation
allows follow-up MRI with less meral artifact compared with
stainless steel implants (Fig. 6-11) (80).

Fibrous Cortical Defects and Nonossifying Fibromas

Fibrous cortical defects (FCDs) and a larger variant known as
nonossifying fibroma (NOFs} may be associated with pathologic
fractures in children. Both lesions contain fibrous tissue, foam

cells, and multinucleated giant cells (84). Most pathologic frac-
tures occur in boys (83), and age at presentation varies from 6
to 14 years (91).

FCDs are small metaphyseal lesions ranging from 1 t 2
cm in diamecer and most commonly occur in the distal femur,
proximal tibia, and fibula. They are eccentric and usually are
surrounded by the thinned cortex, with the medullary wall of
the lesion tending to be sclerotic. FCDs are common and can
be seen on x-ray studies of the lower extremity in approximately
25% of pediatric patients (93). In view of cheir usually asymp-
tornatic nature, it is difficult to estimate the true incidence. They
usually require no treatment other than observation.

Radiographic Findings

NOFs also are eccentric Jesions of the mecaphysis, bur they may
achieve a length of 5 cm (90) or more and can extend across a
substantial portion of the width of the long bone. They present
at a similar age as FCDs, and follow a similar distribution of
bone involvement, and multiple lesions are present in approxi-
mately one third of patients (83,87). On x-ray study, the lesions
are usually eccentric, radiolucent cystlike areas that can be eicher
uniloculated or multiloculated; in small bones such as the fibula,
they may occupy the entire width of the shaft (84). Sclerotic
scalloping is often present along the endosteal margin (89). Usu-
ally, NOFs are asymptomatic unless a pathologic fracture is pres-
ent (84). They become clinically significant when they present
with or predispose to pathologic fracture.

Natural History

Araca ec al. (82) found thac 43% of pathologic fractures chrough
NOFs were in the distal tibia. Several previous reports suggested
that these lesions regress spontancously (83-85,87,90,92)
Ritschl et al. (92) described the radiomorphic course of NOFs,
demonstrating chat the defects become sclerotic and resolve.
Typically, this tcumor remains asymptomatic and is commonly
an incidental radiographic finding. However, lesions with exten-
sive cortical involvement can cause pathologic fractures.

Previous reports suggest that the absolute size of the lesion
correlates directly with the risk of pathologic fracture (82). Based
on this factor, prophylactic curettage and bone grafting of larger
NOFs have been recommended. Arata et al. (82) noted thar all
pathologic fractures associated with NOFs in the lower extremicy
occurred through lesions involving more than 50% of the trans-
verse cortical diameter. These large lesions were defined as exhibit-
ing more than 50% cortical involvement on anteroposterior (AP)
and lateral x-ray scudies and a height measurement of more than
33 mm (82). Although the authors recommended careful obser-
vation of these large NOFs, they suggested that “prophylacric
curetrage and bone grafting be considered if there is a reasonable
chance of fracture.” Their series does not include any large le-
sions meeting their size criteria that did nor fracture, and their
hypothesis has never been tested in any published series. Dren-
nan et al. (87) suggested that large NOFs causing pain may
predispose to fracture and recommended prophylacric curcrrage
and bone grafting for selected larger lesions.
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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 MR! for the detection of tumor recurrence as compared with standard
stainless steel instrumentation. A: Postoperative MRI of the spine with standard stainless steel instrumen-
tation showing a large degree of artifact that makes interpretation difficult. B: Preoperative CT scan of
a patient with an ABC of the spine. 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 ade-
quately showing the surgical site to monitor for recurrence or persistent tumor.




. A: An 8-year-old boy was referred after being casted at an-
other institution for a pathologic fracture of the right femur. The x-ray
studies in the cast show a pathologic fracture of the right distal femur
through an NOF. B: At 14 weeks after the injury, the fracture has united
with some posterior displacement of the distal fragment. C: At 7 months
after fracture, there has been good remodeling at the fracture site with
persistence of the NOF. The patient returned to full activities and has had
no further problems at 7-year follow-up.
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FiclieE £.143 - A 13-year-old athlete presented with a pathologic frac-
ture through the distal tibia after a fall on the ice. A: The patient was
treated with a long-leg cast immobilization. After the fracture had
healed, the patient underwent open currettage and bone grafting of
the lesion. B: Follow-up x-ray studies show healing of both the fracture
and the lesion, and the patient has returned to full activities.

Fractures through NOFs exhibit excellent healing potential
(82,84,87), but the lesion usually persists after healing of the
fracture (Figs. 6-12 and 6-13). Recurrent fracrures have been
reported, but the incidence of documented refracture is low (82,
87). Fracture union takes place normally, but often multiple
radiolucencies remain (84). Overall, fracture healing does not
usually obliterate the lesions so recurrent fracture can occur (82,
89).

Large lesions, defined as having a diameter more than 50%
of the width of a long bone on both AP and lateral x-rays, are
believed to be prone to pathologic fracture; most authors have
recommended curettage and bone grafting for these large lesions
(83,84,86,87,89,91).

Easley and Kneisel et al. (88) 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
pathologic fracture despite exceeding the previously established
size threshold. In the nine (419) patients in whom pathologic
fracture occurred, healing was uneventful after closed reducrion

st

and cast immobilization, and no refractures occurred. They sug-
gested that most partients with large NOFs can be monitored
without intervention, because previous studies support sponta-
neous resolution of most of these lesions (82,84,87). All frac-
tured NOFs in their series healed with closed reduction and
immobilization. It may be reasonable to restrict the activity of
patients with large NOFs based on the nine patients in their
study with pathologic fractures caused by trauma.

Fractures usually are treated with immobilization until heal-
ing is obrained (83,86). Surgery is necessary only if the residual
lesion is of significant size to predispose the patient to further
pathologic fractures or there is doubt about the identity of the
lesion (84). Displaced pathologic supracondylar fractures of the
distal femur may require open reduction, bone grafting, and
intramedullary fixation (87). Subperiosteal resection of a patho-
logic humeral shaft fracture followed by bone grafting has re-
sulted in pseudoarthrosis (89).

\/

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 (83). Substanrial lesions of the lower extremity in active
children, even if they are asymptomatic, should either be fol-
lowed carefully with serial x-ray 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 curet-
tage and bone grafting. Most patients with large NOFs can be
monitored without surgical intervention, and fractures can be
successfully managed with nonoperative treatment. Our experi-
ence Is that a considerable number of incidentally discovered
large NOFs do not fracture. Although we cannot readily identify
an accurate denominacor, we infer that many large NOFs remain
unidentified and nonproblematic. Patient and family wishes and
the individual’s activity demands also obviously influence the
decision. Given the historic evidence for spontaneous resolution
and favorable healing characteristics of NOFs, patients with le-
sions larger than 50% of rthe width of the bone should be ap-
proached individually.

Giant Cell Tumors of Bone

Giant cell cumors of bone are rare in the pediatric population;
most occur in skelerally mature individuals. In a sertes of 221
patients with giant cell tumors of bone (96), only 20% of pa-
tients were younger than 20 years of age. In order of decreasing
frequency, these tumors most commonly occur in the distal
femur, proximal tibia, proximal humerus, and distal radius. The
incidence of pathologic fractures with these lesions is approxi-
mately 16% (94-98).

Radiographically, they are osteolytic, metaphyseal lesions that



An 18-year-old girl presented
with left medial knee pain. A: X-ray studies
showed an eccentric, lytic, destructive lesion
involving the distal portion of the medial
metaphysis with extension into the epi-
physis. B: CT scan showed the destructive le-
sion with thinning of the cortex and no ex-
ternal soft tissue mass. Open biopsy and
frozen sections were consistent with giant
cell tumor of the distal femur. An extended
curettage was then performed with phenol
as an adjuvant and subsequent cementation
using methylmethacrylate bone cement. C
Follow-up x-ray studies at 2 years after sur-
gery showing no evidence of recurrence. The
patient is asymptomatic and has full range
of motion and function of the knee.




can extend into the epiphysis, usually after physeal closure (Fig.
6-14). They can be eccentric, but larger lesions can involve the
full widch of the bone. Little or no sclerosis usually is present
around the margin of the tumor. Although heavy trabeculation
may be present, new periosteal bone formation is uncommon.

Gianr cell tumors usually are treated by extended curettage
in combination with adjuvants, such as phenol or liquid nitro-
gen, and filling with material such as PMMA (Fig. 6-14)
(94-96). En bloc or wide resection is a more aggressive option.
Simple curettage and bone grafting are associated with a high
recurrence rate. In one series (96), simple curettage and bone
grafting had a 34% recurrence rate, whereas wide resection of
the lesion resulted in only a 7% recurrence rate. Wide resection
is most appropriate for giant cell tumors involving expendable
bones and for aggressive lesions with significant involvement of
the articular surface. The location and extent of the lesion and
the proximity of the tumor to articular cartilage and physis influ-
ence the treatment of giant cell tumors in children.

Pathologic Fractures Associated With Giant Cell
Tumors of Bone

Pathologic fractures are associated with giant cell tumors in 6%
o 30% of patients. The complexity of treatment is markedly
increased if a pathologic fracture is present. Management de-
pends on the type of fracture and fracture displacement (Table
6-6).

A biopsy may be needed before fracture treatment if the diag-
nosis is not certain. Most pathologic fractures are undisplaced,
structurally insignificant, or nonarticular, and require no change
in the rreatment plan. For more significant fractures, an attempt
at preserving the joint should be made. Overall, the presence of
a pathologic fracture itself does not seem to directly influence
the recurrence rate of giant cell tumor; it may influence the
reconstruction options and the overall functional result.

Enchondroma

Solitary enchondroma is a rare lesion in children. In one series
of enchondromas (101), 57% of patients were berween 11 and
30 years of age. The common presenting symptom is pain, ust-
ally associated with a pathologic fracture. Most common sites of
involvement in decreasing order of frequency are the phalanges,
mertacarpals, metatarsals, humerus, and femur. Pathologic frac-
wre is commonly the presenting symptom for enchondromas
located in the phalanges of the hands or feet, but is rare for
enchondromas in cther locations.

On x-ray studies, the lesions can be central or eccentric and
a stippled calcification of the cartilage tumor matrix may be
seen. In the long bones, lesions tend to be central with only
slight bulging of the cortex. The short tubular bones with en-
chondromas show a cloudy radiolucency with bulging and thin-
ning of the cortex (Fig. 6-15) (101).

Children can also have multiple enchondromas or enchon-
dromatosis (Ollier’s disease), which is commonly seen berween
2 and 10 years of age (Figs. 6-16). X-ray scudies show lesions

1. Fracture undisplaced,
structurally insignificant,
non-articular

No change in treatment plan
(Usually extended
curettage and cementation
with adjuvant such as
phenol)

2. Fracture simple, but Joint preserving options:

displaced

a. Fracture can be

reduced closed

a) closed reduiction and

delayed extended

curettage?

Open reduction,

extended curettage,

simultaneous internal

fixation and

cementation®

Resection or partial resection
of the joint

b.. Fracture cannot be b
reduced closed

=

3. Fracture displaced,
intraarticular; Open
reduction, extended
curettage and internal
fixation cannot be
achieved satisfactorily
(uncommon in _children)

21f a-fracture can be reduced and held by closed methods, it may
be preferable to delay the definitive surgery until initial fracture
healing has occurred. Fracture healing is biologically faster than
the growth of the tumor; a delay of 4 to 6 weeks will have a
minimal effect on tumor progression.

2 A technically demanding and difficult procedure: i.e.
mechanically removing all tumor (with curets and high-speed bur),
use of adjuvant such as phenol, reduction and fixation of thin
"shell” of bone and cementation around the internal fixation
device.

similar to solitary enchondroma, but usually with deformity and
shortening of the extremity due to growth disturbance (Fig. 6-
16E). A unique x-ray finding that is believed to be pathogno-
monic for enchondromatosis is the presence of linear radiolucen-
cies extending from the metaphysis down the shaft of the long
bone.

When these lesions are associated with multiple hemangio-
mas, the general condition is known as Maffucci’s syndrome
(100,102). In this syndrome, 30% of patients have one or more
pathologic fractures (102). Approximately half of these fractures
go on to delayed union or nonunion. Unilateral skelecal involve-
ment occurred in 48% of patients, with involvement in the order
of frequency of the hand, foot, tibia, femur radius and ulna,
humerus, and ribs. Skeletal deformities tend to stabilize at martu-
rity. Sarcomatous degeneration has been reported in approxi-
mately 15% of parients.

Asymptomatic lesions can be observed. Biopsy may be
necessary when the identity of the lesion is uncertain. Symp-
tomatic lesions respond well to curettage and bone grafting
(99,100). Treatmenc is individualized for displaced fractures

(Fig. 6-15).



- An 8-year-old boy presents with pain and swelling of the ulnar border of his right hand.
A: X- ray studies showed and expansile, lucent lesion of the diaphysis of the patient’s right fifth metacar-
pal with microfractures. The patient had an open incisional biopsy with frozen section, which was consis-
tent 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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Multiple enchondromatosis. A: A 10-year-old girl with multiple enchondromas sustained
a spontaneous pathologic fracture of the femur while running. Nine months before the injury, she had
sustained a fracture of the same femur, which had been treated with a one-and-a-half hip spica cast
for 3 months. B: The lateral x-ray study shows overriding of the fracture. C: The fracture was treated
with 3 weeks of skeletal traction, and then the extremity was placed in a cast brace for 9 weeks. On x-
ray, the excessive anterior bow of the femur has been somewhat corrected by deliberate posterior
angulation of the fracture. D: At 3-year follow-up, the fracture is well healed. E: The anteroposterior
x-ray study of the hand in this patient demonstrated multiple expansile enchondromas of the small
bones. F: An x-ray study of the humerus shows the streaked-mud appearance of the lateral humerus
(arrow).

E.F
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Solitary enchondromas often require biopsy to escablish the diag-
nosis. For asymptomatic patients wich small lesions with classic
x-ray findings, biopsy usually is not necessary. Curettage and
bonc grafting is necessary for those lesions with acute or impend-
ing pathologic fracture. Fixation is not necessary for chose lesions
of the short tubular bones but may be necessary for lesions of the
proximal femur or long bone of the lower extremiry. Standard
fracture care is adequate to treat most injuries.

Osteochondromas

Osteochondromas are one of the most common tumors of bone
in children, and clinical symptoms usually are related to irrita-
rion of the surrounding soft tissue structures. Peroneal nerve
palsy may occur in association with osteochondroma of the prox-
imal fibula (103). Radiation induced osteochondromas also can
occur (104).

Although they are rare, fractures may occur through the base
or stalk of a pedunculated osteochondroma (105); conservative
reatment is adequate (Fig. 6-17). Fractures through solitary os-
teochondromas should be observed, and excision should be re-
served for those patients with persistent symptoms after healing,

A 10-year-old-boy with pain over the right mediai tibia
after a direct blow. An exostosis is present, and the transverse radiolu-
cency at its base may represent a fracture. The patient continued to
have symptoms after healing of the fracture and the osteochondroma
was excised.

Eosinophilic Granuloma (Langerhans’ Cell
Histiocytosis)

Eosinophilic granuloma of bone is a benign condition with
either solitary or multiple lytic bone lesions. It is considered part
of a general family of diseases collectively known as Langerhans’
cell histiocyrosis (LCH) or histiocyrosis X, which also includes
Hand-Schiiller-Christian and Letterer-Siwe diseases (111,115).
Bone lesions contain large coffee bean—shaped histiocytes, eosin-
ophils, and multinucleated giant cells (117).

Nearly 75% of patients with eosinophilic granuloma of bone
are younger than 20 years old, and 34% are younger chan 4
years old. The ratio of male to female is approximarely 3:2
(117). Nearly 50% of patients present with localized pain and
tenderness (108,117); the duration of symptoms ranges from 2
weeks to 2 months, with occasional associated trauma. Swelling
may be present over superficial bones such as the skull, clavicle,
and tibia (108). In order of decreasing frequency, the sites of
involvement are the skull, femur, pelvis, ribs, humerus, spine,
clavicle, mandible, tibia, radius, scapula, and fibula. In one series
(113), 14% of patients with solitary eosinophilic granuloma of
bone had additional lesions within 2 years of diagnosis, whereas
85% of patients with muldple lesions at the time of initial diag-
nosis had additional bone involvement. The incidence of patho-
logic fraccure in patients with LCH is approximately 14% (108,
117). Laboratory tests usually are not very helpful; eosinophilia
is infrequent (117).

Patients with vertebral body involvement present with back
pain and may have neurologic signs or symptoms. Although the
thoracic spine is the most commonly involved part of the spine,
both cervical and lumbar lesions have been reported (113).

Radiographic Findings

In children, long bone lesions may occur in both the diaphysis
and metaphysis, with destructive osteolysis that erodes the cortex
and overlying expansion by periosteal layering (108,113,114).
Epiphyseal involvemenc is rare. Defects in bone may be lobu-
lated, and aggressive subperiosteal bone formation may suggest
malignancy. The size of the lytic area may vary from 1 to 4 cm
(117).

Classic vertebral plana is uncommon with eosinophilic granu-
loma of the spine in a child. When present, however, usually
only one vertebra is involved, and it assumes a coin-on-end ap-
pearance with intact adjacent disk spaces. X-ray studies of pa-
tients with skull involvement show characteristic punched-out
round lytic lesions that are beveled on tangential views.

The lesion may mimic osteomyelitis, Ewing’s sarcoma, Bro-
die’s abscess, metastatic disease, and osteogenic sarcoma (108).
Bone scans rend to be unpredictable, with the incidence of false-
negative scans ranging from 28% to 35% (1006). In one series
(106), the increased uprake of isotope was scen in 60% of pa-
tients, and there was an 11% incidence of cold lesions found
only in the vertebral column and the ribs. Alchough bone scans
may be useful in identifying recurrent lesions (106), the skelctal
survey is most valuable in identifying the lesions. A bone scan



should be used only when the x-ray studies are normal or equiv-
ocal.

Treatment
Biopsy usually is needed for diagnosis because of the lesion’s
tendency to mimic more serious conditions. Once the diagnosis
is established, treatment options may include curertage, curet-
tage and bone grafting, irradiation, chemotherapy (108,117),
and corticosteroid injection (115). All of these forms of treat-
ment result in healing of the lesions (108). For small lesions and
an established diagnosis, observation may be the best option;
marginal sclerosis about the lytic area suggests healing.
Sbarbaro and Francis (117) reported an average healing time
of 16 months after curettage without grafting. McCollough
(113) noted that if a lesion increased in size after surgery, then
additional bone or soft tissue lesions usually appeared. Yasko et

al. (119) described a percutancous needle biopsy technique for
diagnosis with subsequent methylprednisolone injection for pa-
tients with localized LCH; 34 of 35 lesions injected with methyl-
prednisolone healed, and there were no complications. Other
investigators (107) have had similar results. Radiation therapy
has been recommended for some inaccessible lesions (108), buc
one series suggested an association of this treatment with subse-
quent lymphosarcoma (108). Chemotherapy, usually consisting
of oral methotrexate and prednisone, is used in patients with
severe, painful, or progressive lesions or visceral involvement
(115).

Fracture bracing is useful for both acute fractures and prophy-
lactic use for impending fracture or after biopsy of lower extrem-
ity lesions (109). Surgery may be necessary for unstable fractures
(Fig. 6-18). The diagnosis of vertebral lesions usually is best
established by biopsy, especially if there are any atypical radio-

Eosinophilic granuloma. A: A 4-year-old boy
with a pathologic fracture of the right femoral neck sec-
ondary to eosinophilic granuloma (arrow). B: The pins were
removed, and at 3-month follow-up, the fracture was
healed with acceptable alignment.
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Eosinophilic granuloma. A: A 5-year-old boy presented with mild back pain and normal

results of physical examination. A lateral x-ray study showed equivocal posterior wedging of L4 (arrow).

Bone scan was read as normal. B: Nineteen days later on follow-up, he had marked spasm of the lower

back. The lateral x-ray study now shows vertebral plana of L4 (arrow). C: CT scan shows marked expansion
and erosion of the pedicle (arrow) and vertebral body. (Figure continues.)
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(continued) D: MRI shows marked collapse of L4 with thickening of the adjacent interver-
tebral disks. Soft tissue mass is also seen adjacent to L4 (arrow). Eosinophilic granuloma was diagnosed
by Craig needle biopsy guided by CT scan, and the patient was treated with a spinal orthosis. Radiation
treatment was also recommended, and a total of 600 rads was given in three divided doses. E: At 2-
month follow-up, the compressed vertebra was beginning to regain density (arrow). The patient was
asymptomatic. Bracing was continued for a total of 6 months.

graphic feature of a lesion such as a soft tissue mass. After diagno-
sis, they usually are treated with activity modification and a
spinal orthosis (Fig. 6-19) (110,112). Seimon (118) recom-
mended biopsy “only if there is any uncertainty in diagnosis,”
and irradiation only for progressive disease. Surgery may be nec-
essary when there are associated neurologic deficits (113). Re-
modeling is scen with some spinal lesions but does not seem to
correlate with patient age (110,112,116).
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Pathologic fracture is uncommon in patients with LCH. The
correct diagnosis should be established with biopsy for most
lesions, and the use of newer diagnostic methods such as immu-
nohistochemistries (such as CD1A) can be helpful in confirming
the diagnosis of these lesions. The nartural history is one of grad-

ual regression and healing. Standard fracture care is usually suffi-
cient for pathologic fractures.

Malignant Bone Tumors and Metastasis

The two most common primary sarcomas of the long bones
in children are Ewing’s sarcoma and osteosarcoma. Destructive
lesions also can be caused by merastatic cancer to bone.

Careful staging (124,130) and subsequent biopsy (121,131,
132,135) are critical in the evaluation of children with malignant
bone tumors. To avoid pathologic fracture from biopsy of bone,
an oval hole with smooth edges should be used and should be
filled with PMMA (130). Many malignant tumors have a large
soft tissue mass that can be biopsied, obviating the need to make
a hole in the bone. There has been a great deal of progress in the
understanding of the molecular biology and genetics of cancer
(125-128). These advances have already led to better diagnostic
analysis of these tumors. Immunohistochemical, molecular ge-
netic, and cytogenetic tests often are cridcal in establishing the
correct diagnosis, especially small round blue cell tumors. The
evaluation and biopsy of these children should preferably be
done at a center where these techniques are known and available
(121,129,131,132).

One of the major advances in the care of children with iso-
lated extremity sarcoma has been the development of limb-spar-
ing surgical techniques for local control of the tumors. Patho-
logic fracture has been cited as a contraindication to this
procedure because of concerns about tumor dissemination by
fracture hematoma (Fig. 6-20). Until recently, there has been
little clinical data in the licerature on which ro base the treatment
of these patients. A number of recent studies, however, have
shown that pathologic fractures heal with neoadjuvant chemo-
therapy and do not affect survival rates (123,133,137). Abudu
et al. (120) reviewed the surgical treatment and outcome of
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A 15-year-old girl was referred with a pathologic fracture of the femoral shaft after a
fall while going down stairs. On close questioning, she stated that she had had pain in her thigh for
several weeks before the fall and that the fall occurred after her leg gave way while going down the
stairs. As an infant, she had already been treated with a cast for 2 months. A: The patient had been
casted at another hospital, and x-ray studies in the cast show a transverse fracture of the mid-femoral
shaft with destructive changes and worrisome periosteal elevation. B: MRI showed destructive changes
of the mid-shaft of the femur with a soft tissue mass and bleeding from the fracture. An open biopsy
established the diagnosis of Ewing’s sarcoma of the femur, which was treated with neoadjuvant chemo-
therapy.



pathologic fractures in 40 patients with localized osteosarcomas
and found that limb-sparing surgery with adequate margins of
excision could be achieved in many patients without compromis-
ing survival, but that 19% of those treated with limb-sparing
surgery had local recurrences. Scully et al. (134) reviewed the
surgical treatment of 18 patients with osteosarcomas 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 sig-
nificance. All patients who developed local recurrence died. The
authors stated that surgical treatment should be individualized
(134). Limb-sparing surgery is possible and appropriate in care-
fully selected patients as long as wide margins can be safely
achieved and the function of the child will be better than that
achieved with an ampurtation and a well-fitting prosthesis.

Pathologic fracture after limb-sparing surgery is a major com-
plication, occurring most commonly after allograft reconstruc-
tion (122,136). Berrey etal. (122) reviewed 43 patients in whom
allografts used in reconstruction after resection of tumors had
subsequently fractured. Four fractures healed with immobiliza-
tion alone, and the remainder of patients atrained satisfactory
resules with open reduction and grafting, replacement of the
internal fixation device, or total joint replacement (122). San-
Julian and Canadell (136) reported on 12 patients with 14 frac-
tures (10.2% of 137 patients with allografts for limb-sparing
surgery in their series). They recommended intramedullary fixa-
tion whenever possible to reduce the incidence of allograft frac-
ture.

Pathologic fractures also can occur in children with metastatic
disease bur are less common in children than in adults. Most are
microfractures and can be managed with conservative fracture
management techniques.
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In all suspicious lesions, careful staging and biopsy are the appro-
priate treatments by individuals who have experience in the man-
agement of children with musculoskeletal sarcomas. Further-
more, access to special diagnostic modalities, such as
immunohistochemistry and cytogenetics, will lessen the chances
of misdiagnosis. The decision for or against limb-sparing surgery
in patients with pathologic fractures should be individualized
based on factors such as the fracture displacement, fracture sta-
bility, histologic and radiologic response to chemotherapy, and
most important, the ability to achieve wide margins for local
tumor control. Pathologic fractures that occur after reconstruc-
tion through allograft or endoprosthetic reconstruction often
can be successfully treated with bone grafting or exchange of
allograft or endoprosthesis.

Fibrous dysplasia, a developmental abnormality of bone present-
ing as expansile fibrous lesions, can result in pathologic fracture

and deformity. Three forms exist: monostotic fibrous dysplasia,
polyostotic fibrous dysplasia, and McCune-Albright syndrome
(MAS). In 1937, McCune and Bruch (154) and Albright et al.
(138) described patients with these osseous lesions in association
with cutaneous pigmentation and endocrine dysfunction. Later,
Lichtenstein and Jaffe (152,153) coined the term fibrous dyspla-
sia and further divided the entity into monostotic and polyos-
totic forms without endocrine disorder. The common factor is
expansile fibrous tissue lesions of the bone, which contain woven
bone formed by metaplasia with poorly oriented bone trabec-
ulae.

Studies have demonstrated that MAS is caused by activating
mutacions in the gene for the alpha subunit of the heterotrimeric
stimulatory G protein of adenylate cyclase (GNASI gene), lo-
cated on the long arm of chromosome 20 at locus 20ql3.2-
ql3.3 (139,155). The mutation in this gene likely occurs in
embryonic development and is expressed in a mosaic pattern,
resulting in the often lateralized pattern of skin and bone in-
volvement in patients with MAS. This mutation is not present
in tissue from patients with aggressive fibromatosis involving
bone or osteofibrous dysplasia (139).

Monostotic Fibrous Dysplasia

Clinical Presentation

The diagnosis usually is made berween the ages of 10 to 15 years
of age, although neonatal fibrous dysplasia of the fibula has been
reported. The lesions usually are asympromatic until a fracture
occurs, then patients may have pain and swelling (146). Incom-
plete fractures are most common. The sites of fracture in order
of decreasing frequency are the proximal femur, tibia, ribs, and
bones of the face (146). Cutaneous lesions usually are not present
in monostotic fibrous dysplasia. Although pregnancy may stimu-
late the lesions (176), overall progression is rare after initial pre-
sentation. Sarcomatous degeneration has an incidence of approx-
imately 0.5% and generally occurs approximately 15 years after
inicial diagnosis.

The central dilemma in monostotic fibrous dysplasia is distin-
guishing the lesion from ocher benign disorders. The differential
diagnosis usually includes eosinophilic granuloma, UBC, giant
cell tumor, enchondroma, solitary fibroma, and osteomyelicis.
MRI can be helpful in evaluating these lesions, but biopsy is
sometimes necessary to establish the correct diagnosis.

Radiographic Findings
Radiographically, lesions of monostotic fibrous dysplasia usually
are elliptical, central lesions in the mid-diaphysis. The borders
of the lesion are commonly sclerotic; trabeculation is more com-
mon than a ground-glass appearance. There often is a slight
bowing of the tibia, but bowing of the femur is uncommon.
With evaluation by CT scan, the extent of cortical thinning
can be studied and relative central densities measured. Eosino-
philic granuloma, neoplasm, and osteomyelitis have a density
on CT scan ranging from 20 to 40 Hounsfield units, whereas
fibrous dysplasia has a higher density, ranging from 70 to 130
Hounsfield units. MRI may be useful to differentiate fibrous
dysplasia from other lesions, especially UBC.
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Injury

Pathologic fractures occur in nearly 45% of patients. Fractures
of the long bones are generally not displaced; many are micro-
fractures. Although the fractures heal rapidly, endosteal callus is
poorly formed and periosteal callus is normal (148). With mild
deformity, the cortex thickens on the concave side of the long
bone. Nonunion is rare.

Treatment

Conservative treatment with immobilization is indicated for
most fractures that occur in conjunction with monostotic fibrous
dysplasia. Traction with subsequent casting can be used for fem-
oral shaft fractures in young children; casts or cast-bracing for
upper and other lower extremity fractures is often appropriate
(146).

Operative intervention is indicated for fractures of severely
deformed long bones and those through large cystic areas. Bone
graft can be resorbed, but tortal obliteration of the lesion often
can be accomplished with grafting. Deformity can occur, and
internal fixation may be required for stabilization. Complete e
bloc extraperiosteal excision with grafting has been shown to be
successful for severe lesions but is seldom needed. Both painful
lesions without fracture and impending pathologic fractures can
be treated with bone grafting.

Proximal femoral lesions with pathologic fracture are espe-
cially troublesome because of the propensity for malunion with
coxa vara. For fractures through small lesions, either cast immo-
bilization or curettage with grafting can be used; osteotomy can
be done for residual deformity (145). For larger lesions, internal
fixation is necessary. Proximal femoral pathologic fractures have
been stabilized with lag screws, blade plates (146), intramedul-
lary nails, and Enders nails. Cast immobilization and protected
weight bearing are necessary after these procedures to protect
the reduction. Spine fractures are rare but can be treated with
bed rest followed by immobilization with an orthosis (146).

Polyostotic Fibrous Dysplasia

Clinical Presentation

Most patients with polyostotic fibrous dysplasia present before
age 10 years with pain, limp, deformity, or pathologic fracture
(146,152). The bones most commonly affected are the femur,
tibia, humerus, radius, facial bones, pelvis, ribs, and phalanges
(152). Involvement is often unilateral, usually affecting a single
extremity. In one series, 50% of patients had facial involvement
(146). Spine involvement occurs with polyostotic fibrous dyspla-
sia, and limb-length discrepancy is common (146,148). Al-
though most laboratory studies are normal, serum alkaline phos-
phatase levels may be elevated (148). Some authors believe that
polyostotic fibrous dysplasia does not usually progress signifi-
cantly after adulthood (146,158), but others (148) believe that
puberty does not affect the bone lesions.

Both intramuscular myxoma and myositis ossificans
progressiva have been associated with polyostotic fibrous dyspla-
sia. When it occurs, sarcomatous degeneration of the lesions
occurs 10 to 12 years after the initial diagnosis of fibrous dyspla-
sia; osteogenic sarcomas, chondrosarcomas, and giant cell sar-

comas also have been reported. The warning signs for sarcoma
in existing lesions of fibrous dysplasia are pain and rapid enlarge-
ment of the lesion.

Radiographic Findings
Polyostotic fibrous dysplasia appears as multiple expansile lesions
with cortical erosion. Most have a multilocular appearance asso-
ciated with a scalloped pattern of endosteal erosion (175). A
ground-glass appearance on x-ray study is caused by the meta-
plastic woven bone comprising the lesion. A radiolucent cystic
appearance also is common. Cartilage may be present in approxi-
mately 10% of lesions, and radiographic stippling may be seen
(153). In contrast to those in monostotic fibrous dysplasia, the
lesions in the polyostotic form have little increased peripheral
density, and they usually form a characteristic fusiform expan-
sion of the bone (Fig. 6-21). Bowing of the long bones is com-
mon, and normal tubulation may not occur with growth (148).
Distinguishing polyostotic from monostortic fibrous dysplasia
may be difficult. Plain x-ray skeletal surveys usually are done;
technetium bone scans are helpful in identifying multiple lesions
that may not be present on plain x-ray studies (143,149). Harris
et al. (148) suggested that the hallmarks of polyostotic fibrous
dysplasia is the characteristic long bone lesions with extension
from epiphysis to epiphysis and increased density at the base of
the skull. They suggest that a survey of the pelvis and femurs is
most helpful in noting multiple lesions. Epiphyseal lesions can
also occur (148).

Injury

In one series of 37 patients with polyostotic fibrous dysplasia,
nearly 85% had at least one fracture and 40% had an average of
three fractures (148). Fractures are most common in the femur,
humerus, radius. and wrist (152,153). Like fractures in monos-
totic fibrous dysplasia, fractures in the polyostotic form generally
are not displaced and healing is not delayed; nonunion can
occur, however (148). Rib fractures are rare, and generally rib
lesions are asymptomatic. A shepherd’s crook deformity of the
humerus associated with polyostotic fibrous dysplasia has been
reported (143,157). Compression of the spinal cord by fibrous
tissue also has been reported.

Treatment

The fractures of polyostotic fibrous dysplasia usually occur
through very diseased bone and are associated with marked de-
formity. They often require more aggressive treatment than frac-
tures seen in the monostotic form. Conservative immobilization
techniques usually are appropriate for most shaft fractures in
children before puberty. Fractures of the femur can be treated
with traction and subsequent casting in young patients. After
adolescence, however, the recurrence of deformity after surgery
is less, and curettage and grafting should be considered for frac-
tures, especially for large lesions with associated deformity (148,
153). Stephenson et al. (156) found that in patients younger
than 18 years of age, closed treatment or curettage and bone
grafting of lower extremirty fractures gave unsatisfactory results,
but internal fixation produced more satisfactory outcomes. A
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Polyostotic fibrous dysplasia in a 10-year-old girl. A: A fusiform expansile lesion is present
in the mid-shaft of the humerus. B: A more eccentric expansile lesion is seen in the tibial shaft. There
is scalloping due to endosteal erosion with a central ground-glass appearance. The lesion was painful
and was treated with curettage and bone graft. (Courtesy of Jack Henry, M.D., San Antonio, Texas.) C:
Polyostotic fibrous dysplasia in a 26-year-old woman. A large erosive lesion is present in the inferior
neck of the femur. This lesion was treated by curettage with both fibula and iliac crest bone graft.
(Courtesy of Gregorio Canales, M.D., San Antonio, Texas.)

Sofield procedure (osteotomy and intramedullary nailing) can
be used for tibial deformity.

The greatest challenge in polyostotic fibrous dysplasia is treat-
ment of fractures of the proximal femur. With recurrent fracture
and deformity, a severe coxa vara resembling a shepherd’s crook
develops. Curettage of the lesion with abundant bone grafting
has been recommended for mild deformiries (149,153), and fixa-
tion usually is needed for large lesions. Femoral neck fracture
or osteotomy for deformity can be stabilized with internal fixa-
tion. For severe shepherd’s crook deformity, medial displace-
ment valgus osteotomies with plate fixations are needed to re-
store the biomechanical stability of the hip (147). For severe
lesions, Funk and Wells (145) recommended complete excision
of the intertrochanteric area and advancement of the psoas and
gluteus medius tendons. Breck (140) recommended securing the
side plate of the femoral nail with bolts and washers rather than
with screws to obtain better stability. Massive autogenous bone
grafting is believed to be superior to donor bone graft (148),
but it may be impractical because the iliac crests of a young
child may be small and the pelvis may have coexisting disease.

The use of bisphosphonates may offer hope for a medical
treatment for patients with severe fibrous dysplasia. Radiation
therapy is not recommended (152).

McCune-Albright Syndrome

Clinical Presentation

McCune-Albright syndrome is a rare variant of fibrous dysplasia
associated with endocrine dysfunction (such as precocious pu-
berty in females), characteristic bone lesions (osteitis fibrosa dis-
seminata), and areas of cutaneous pigmentation (138,154). It
affects both women and men and has been associated with picui-
tary adenoma, gigantism, hyperthyroidism, and Cushing’s syn-
drome (150). The skin lesions generally are flat, multiple mela-
notic areas that stop at the midline and parallel the distribution
of bone lesions (146). The irregular margins have been compared
to the coast of Maine in contrast to the smoother lesions found
in neurofibromatosis, which are likened to the coast of Califor-
nia. Skin lesions may also be absent.

On x-ray studies, a polyostotic presentation is seen. Wich
precocious sexual development, there is rapid bone maturation
with early physeal closure and short stature (146). Pathologic
fracrures in childhood occur with a pattern and appearance simi-
lar to those in polyostotic fibrous dysplasia.

Treatment
The literature is limited regarding specific treatment of
McCune-Albright syndrome, but both conservative treatment
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. A: A 7-year-old girl presented with McCune-Albright syndrome. Skull radiographs show
multiple lesions consistent with this condition. B: Expansile rarefied lesions are present throughout the
humerus and the radius. C and D: Both proximal femurs have areas of rarefaction with expansile lesions
(arrows). E: Both tibiae and fibulae show areas of expansile fibrous dysplasia (arrows).



and aggressive surgical intervention have been used with appar-
ent success. Internal fixation may be necessary in severe cases
(Fig. 6-22). With the recent progress in understanding the ge-
netic basis of this disorder, newer treatment alternatives may
become available.
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Conservative treatment with immobilization is indicated for
most fractures in children with monostotic fibrous dysplasia. In
younger children, immediate casting, or traction and subsequent
casting are used for most femoral shaft fractures. Because frac-
tures in patients with polyostotic fibrous dysplasia usually occur
through very abnormal bone and can result in marked deformity,
they often require more aggressive treacment (e.g. internal fixa-
tion).

After adolescence, the occurrence of deformity after surgery
is less frequent. Nonoperative treatment of fractures and curet-
tage and cancellous bone grafting do not generally produce satis-
factory results in children with fibrous dysplasia of the lower
extremity. Curertage and grafting are indicated for fractures of
severely deformed long bones and those through large cystic
areas, with internal fixation appropriate for the location and age.
Bone graft can be resorbed after placement in extensive lesions,
and proximal deformity can occur after corrective osteotomy.

Proximal Femoral Lesions

One of the most common sites of fracture and deformity is
the proximal femur. Proximal femoral lesions with pathologic
fracture are especially difficulc because of the tendency for varus
deformity and repeated fracture. Stable fractures through small
lesions can be treated with cast immobilization, but one must be
vigilant and ready to intervene ar any sign of varus displacement.

Femoral neck fractures can be stabilized iz situ with a cannu-
lated screw, or compression screw and side plate, depending on
the extent of involvement and the nature and location of the
fracture. Fixation can be combined with valgus osteotomy if
there is preexisting deformity or with curettage and grafting if
there is a large area of bone loss. Postoperative cast immobiliza-
tion and protected weight bearing usually are necessary. Varus
deformity is best treated with valgus osteotomy of the subtro-
chanteric 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 (such as flexible intra-
medullary nails) can be used for juvenile patients with femoral
shaft fractures.

For larger lesions with more severe deformity, and in older
patients, rigid fixation often is necessary. Depending on the situ-
ation, intramedullary load-sharing fixation devices that support
not only the femoral neck but also the shaft of the femur (such
as custom intramedullary reconstruction nails) are better and
should be used when possible. For severe shepherd’s crook defor-
mity, medial displacement osteotomies are needed to restore the
biomechanical stability of the hip.

Patients with McCune-Albright syndrome should have care-
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ful preoperative evaluation in preparation for anesthesia and sur-
gery. The reader is referred to an excellent review by Langer et
al. (151) for further information.

Clinical Presentation

The term osteofibrous dysplasia of the tibia and fibula is advo-
cated to describe specific, uncommon fibrous lesions of the tibia
and fbula in young children (160). These lesions superficially
resemble monostotic fibrous dysplasia but exhibit unique natural
history, response to treatment, and specific histology.

Most patients present before the age of 5 years, but the range
varies from 5 weeks to 15 years of age (160,163). There usually
is painless enlargement of the tibia with slight to moderate ante-
rior or anterolateral bowing. The disease process is almost always
confined to one tibia, but the ipsilateral fibula can also be in-
volved. Solitary involvement of the fibula is infrequent, and bi-
lateral involvement of both tibias is rare. Boch distal and proxi-
mal lesions can occur, and with fibular involvement, the lesion
is located distally.

Biopsy specimens distinguish this entity from fibrous dyspla-
sia or adamancinoma. The fibrous tissue present is less cellular
than in fibrous dysplasia. Woven bone is at the center of the
lesion, with newly formed bone trabeculae bordered by active
osteoblasts and lamellar structure near che periphery of the le-
sion. This pattern is unusual in fibrous dysplasia. A particular
zonal architecture is present in large blopsy specimens and shows
increasing size and marurity of the bone trabeculae toward the
edge of the lesion. Some authors believe that osteofibrous dyspla-
sia may be related to adamantinoma (164,165).

Radiographic Findings

An eccentric intracortical lesion of osteolysis usually is present
in the middle third of the tibia, with extension proximally or
distally (Fig. 6-23) (163). 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. A single area of radiolucency may be present and has
a ground-glass appearance, bur often there are several areas of
involvemnent with a bubble-like appearance.

The differential diagnosis usually includes both monostotic
fibrous dysplasia and adamantinoma, but some authors (160)
believe that the characteristic x-ray appearance and the early
onset of the disease effectively exclude these two disorders and
that biopsy is not necessary. Others support the need for biopsy
to establish diagnosis. Bracing with orchotics is advisable after
open biopsy for diagnostic purposes.

Injury

Pachologic fractures are present in nearly one third of patients
(160). These fractures are either incomplete or minimally dis-
placed and heal well with both closed and open methods (160),
although delayed union may be a problem. Pseudarthrosis is
rare.



Osteofibrous dysplasia of the tibia. A: An 8-year-
old girl presented with slight bowing of the left leg. X-ray study
showed a circumscribed sclerotic and lytic lesion of the diaphysis
of the tibia. Lateral radiographs show bowing of the tibia with
a disphyseal intracortical lesion. The patient was thought to have
osteofibrous dysplasia, and was braced and followed yearly. B:
Eight years later, the lesion has become slightly more extensive
and is associated with slight progression of anterior bowing of
the tibia. The patient underwent open biopsy, and pathologic
diagnosis was consistent with adamantinoma. Chest CT showed
no sign of lung involvement. The patient was treated with wide
excision of the entire lesion and free vascular fibula bone graft
reconstruction. C: The patient has had no evidence of further
recurrence at 16-month follow-up.




Treatment

The natural hiscory of this disorder in untreated parients is vari-
able. Most lesions show slight or moderate progression in late
childhood, but others may show aggressive expansion with bow-
ing of the tbia in patients up to 15 years of age. Rarely, the
lesions may even regress or remain stationary over 3 to 4 years.
Most lesions stop expanding after completion of skeletal growth.
What appears to be osteofibrous dysplasia may actually be carly
adamantinoma (164). MRI showing a soft tissue extension is
indicative of adamantinoma. Open biopsy also may be needed
to establish the biphasic histology of adamantinoma.
Curettage and grafting were associated with a local recurrence
rate of up to 64% in children 14 years old or younger in one
series (160). Others reported a lower local recurrence rate. Ozaki
etal. (162) showed the course of six tibial lesions in five patients
with osteofibrous dysplasia who were followed longer than 10
years (average: 16.8 years). Curettage and autogenic bone graft-
ing were performed on two lesions, which then healed. Of four
lesions on which curettage and autogeneic bone grafts were per-
formed, three healed and one recurred. The recurrent lesion
healed after curettage and xenogeneic bone grafting. Three le-
sions healed without surgical treatment. During long-term fol-
low-up, this disease showed a clear tendency for healing (162).
Wide extraperiosteal resection can be performed, but graft re-
sorption can still occur (160). Some authors (159,161) believe
that bracing until skeletal marturity is preferable to surgery.
Pathologic fractures in this disorder should heal with cast im-
mobilization in plaster casts. If fractures recur, or if the lesion is
rapidly progressive, wide extraperiosteal resection with grafting is
necessary (160). Open reduction with bone grafting and internal
fixation is recommended for fractures with angular deformity.
Early osteotomy is recommended for severe bowing deformiry.

Neurofibromatosis, also known as von Recklinghausen’s disease,
is an autosomal dominant condition with variable penetrance
that occurs in 1 in 2,500 to 3,000 live births (177). It affects
neural cissue, vascular structures, skin, and che skeleton. The
diagnosis of neurofibromatosis can be based on the presence of
two of the four following criteria, according to Crawford and
Bagamery (177):

. Muldiple café-au-lait spots

Positive family history for neurofibromarosis

Diagnostic biopsy of a neurofibroma

Presence of pseudarthrosis of the tibia, hemihypertrophy, or
a short, angular scoliosis

N N

Crowe and Schull (178) pointed out that adult patients wich
neurofibromatosis usually had more than five café-au-lait spots
with a diameter of more than 1.5 cm. The presence of café-au-
lait spors, however, is not pathognomonic for neurofibromacosis.
Whitehouse (214) noted that 23% of normal children have one
or two café-au-lait spots with a diameter of more than 0.5 cm,
and the presence of five or more café-au-lair spots is needed to
suggest the diagnosis of neurofibromarosis. Although café-au-
lait spots may be present ac birch, usually they are not seen until
the padent is 5 or 6 years old (177). Generalized soft tissue

hypertrophy of the limbs is present in 37% of adults with neuro-
fibromatosis {196), whereas children have an 11% incidence of
limb-length discrepancy and only a 3% incidence of soft tssue
enlargement of the extremities (177).

A diagnostic biopsy of a dermal neurofibroma is considered
a valuable criterion for the diagnosis of neurofibromatosis. These
tumors, however, tend not to be clinically apparent until the
child is older than 12 years of age (177). Plain x-ray studies are
not helpful in identifying these soft tissue tumors. MRI can be
helpful in identifying the soft tissue masses. Technetium
99m—labeled diethylenetriaminepentaacetic acid (DTPA) accu-
mulates in the soft tissue tumors of neurofibromatosis (191,
192). Routine isotopic imaging with this technique can identify
lesions as small as 1.5 cm. Lesions as small as 0.8 cm were seen
through a more advanced technique known as single proton
emission computed tomography. Such techniques may be useful
in identifying occult neurofibromatosis and pseudarthrosis of
the long bones.

Injury

Pseudarthrosis of the long bones in patients with neurofibro-
martosis can be a therapeutic dilemma. The appearance of pseud-
arthroses and their resistance to treatment has been postulated
to be due to a deficiency of bone formation secondary to meso-
dermal dysplasia. More recently, the abnormal soft tissue associ-
ated with these pseudarthroses has been postulated to be the
major associated factor in causing pseudarthrosis (216). Wright
et al. (216) developed a rabbit tibia congenital pseudarthrosis
model and suggested that a possible underlying abnormality in
congenital pseudarthrosis might actually be the abnormal soft
tissue surrounding the bone rather than the bone itself (216).

Approximately 5% of patients with neurofibromatosis are
thought eventually to have pseudarthrosis of the long bones.
The ribia is the bone mosrt often affected, but only 55% of the
cases of congenirtal pseudarthroses of the tibia are thoughe to be
associated with neurofibromatosijs (176).

The term congenital pseudarthrosis in neurofibromatosis is
misleading because a substantial number of patients do not have
a pseudarchrosis at birth but racher develop it later after a patho-
logic fracture (199). Brown et al. (175) found that in six children
with neurofibromatosis, anterior bowing of the leg developed at
an average age of 8 months and then went on to fracture and
pseudarthrosis an average of 4.5 months after the initial clinical
observation of deformiry.

The focus of the recent orthopaedic literature has been treac-
ment of congenital pseudarthrosis of the tibia (199), but pseud-
arthroses in other locations in children with neurofibromarosis
also occur and can be a challenge. Pseudarthroses have been
reported in the radius (171,175,184,185-194,195), ulna (166,
167,170,171,189,200,201), both the radius and the ulna (167,
170,193,195,205,207), femur, clavicle, and humerus. Most pa-
tients had associated neurofibromarosis, but some with pseud-
arthroses in each of the above-mentioned locations did not.

Radiographic Findings

Ancerolateral bowing of the tibia with loss of the medullary canal
usually is present before fracture (Fig. 6-24) (175). Another x-
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A: A 2-year-old boy with neurofibromatosis presented
with anterolateral bowing, sclerosis, 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 x-ray studies of the tibia after prophylactic
bypass grafting. D: Three years later, x-ray studies show continued
growth of the tibia without fracture but some absorption of the allo-
graft and relative loss of structural support by the allograft related to
continued growth. E: X-ray studies after a second prophylactic bypass
grafting. (Figure continues.)



{continued) F: Clinical photographs of patient’s lower ex-
tremities. G: Current x-ray study 5 years after the initial presentation. The
patient has had no fractures and is functioning well without pain. (From
Dormans JP. Modified Sequential McFarland Bypass Procedure for pre-
pseudarthrosis of the tibia. J Orthop Tech 1995;3:176-180.)



QG

KH

EF

A and B: Two examples of untreated congenital pseudarthrosis of
the tibia in children with neurofibromatosis. C: After resection and reconstruction
with a vascularized free fibula interposition.




Pseudarthrosis of the fibula is associated with valgus
deformity of the ankle.

ray characteristic is a prefracture cystic lesion of the tibia with
anterolateral bowing (176). Biopsy specimens of these pseud-
arthroses invariably reveal fibrous tissue, but there are reports
of (167,194) found evidence of neural tissue in biopsy speci-
mens. None of these findings, however, has been confirmed by
clectron microscopy to document the presence of Schwann cells.
X-ray findings in patients with established pseudarthroses of the
tibia include narrowing or obliteration of the medullary canal
at the pseudarthrosis site, with sclerosis and anterolateral angula-
tion (Fig. 6-25). Pseudarthrosis of the fibula is associated wich
valgus deformity of the ankle (Fig. 6-26).

In upper extremity pseudarthroses of neurofibromatosis, the
x-ray signs of the bone at risk are narrowing of the diaphysis
(201), sclerosis and hypoplasia with associated absent medullary
canal (193), and the presence of a cystic lesion in the bone.
Once a fracture has occurred, a pseudarthrosis is likely when
the fracture line persists for more than 7 weeks after injury (194).
The ends of the fracture gradually become tapered, there is little
callus, and the cortex of the healing bone thickens with a de-
creased diameter of the medullary canal. The cause of these
radiographic changes is unclear. Biopsy specimens from upper
extremity pseudarthrosis have consistently shown the presence
of dense fibrous tissue without evidence of neurofibroma. Pseud-
arthroses have developed in children with neurofibromatosis
after fracture through normal-appearing forearm bones (185,

186).

Treatment

A tibia with an anterolateral bow in an infant or child will even-
wally fracture; corrective osteotomy to correct angular deformity
will only accelerate the progression to pseudarthrosis and should
not be done. Once the fracture occurs, there is no indicarion
for closed treatment. In conjunction with excision of the hypo-
rrophic bone ends, methods of teatment of this congenital
pseudarthrosis include intramedullary fixation with iliac bone
graft, fixation with vascularized fibular graft, and Ilizarov’s

compression of the pseudarthrosis with callotastic lengthening
of the proximal tibia. All of these methods may be complicated
by furcher pathologic fracture.

In contrast o pseudarthrosis of the upper extremity, there is
substantial experience with treatment of pseudarthrosis of the
tibia, but results are also disappointing. Bracing has proved inef-
fectual in che trearment of an established pseudarthrosis. Surgical
procedures have included bypass grafts (197), onlay grafts (173),
grafting with small bone chips, intramedullary nailing proce-
dures (168,169), and intramedullary rod fixation after segmental
osteotomies (209). The rate of union with these procedures
ranges from 7% to 90%, and eventual amputation has been
common. Electrical stimulation has been used with some success,
but most series reporting its use have short patient follow-up
and the electrical stimulation was used in combination with
other surgical techniques. In one series, a 20% success rate was
achieved using direct-current stimulation (174). In another se-
ries, union was achieved in 10 of 12 patients with pseudarthrosis
of the tibia through rigid intramedullary rod fixation and electri-
cal stimulation through implanted electrodes (202). The Farmer
procedure, a skin and bone pedicle from the contralateral leg, has
a reported union rate approaching 53% (198). Free vascularized
fibular grafts also have been used for reconstruction after excision
of the involved tibia (198). In one series, 11 of 12 patients with
neurofibromatosis and pseudarthrosis of the tibia were success-
fully treared with free vascularized fibular grafts. Union of the
pseudarthrosis occurred between 3 to 8 months after surgery
(172,179,213). A free vascularized iliac graft has been used in
one patient with neurofibromatosis, resulting in union within
10 weeks (188). Fabry et al. (181) obtained union of pseud-
arthrosis of the tibia in two patients with compression through
an llizarov fixator. In another series (204), the fractures in three
of five patients healed in 4.5 months. The other two patients
needed supplementary iliac grafes, and eventually, the bone
united. It is important to stress that treatment cannot be consid-
ered successful until skeletal maturity has been reached; many
of these series included patients with short follow-up, and few
included follow-up to skeletal marturicy.

A prophylacric bypass grafting of the prepseudarthrotic tibia
in neurofibromarosis has been performed with some success.
This modification of the original McFarland bypass procedure,
which was originally done for established pseudarthrosis, was
successful in a series of patients from several centers reviewed
by Strong and Wong-Chung (211). A modified sequential
McFarland bypass procedure for pre-pseudarthrosis of the tibia
also has been described (Fig. 6-24) (180).

Amputation should be considered and discussed with the
family early when previous operative interventions have been
unsuccessful. Ampuration usually is at the Syme level, with pros-
thetic fitting around the pseudarthrosis. In a gait analysis study,
Karol ecal. (187) compared 12 patients with previously operated
and healed congenital pseudarchroses of the tibia with four chil-
dren with amputations for final treatment of congenital pseud-
arthroses of the tibia. They found marked disturbance of gait
and muscle strengeh in patients with healed congenital pseud-
arthroses of the tibia. They concluded that patients with early
onset of disease, early surgery, and transankle fixation had more
inefficient gaits than amputees. Padents with forearm pseud-



arthroses can be pain free and function may be satisfactory with
observation or splinting. However, persistence of an ulnar pseud-
arthrosis in a growing child often leads to bowing of the radius
and posterior lateral subluxation or dislocation of the radial head
(166,167,189,201). Healing after 6 months of casting has been
reported in a 2-month-old infant with a congenital pseud-
arthrosis of the radius. There was no clinical evidence of neurofi-
bromatosis at the time of treatment of this patient (183). Union
after conventional bone grafting and fixation has been reported
in only a small number of patients with congenital pseud-
arthrosis of the forearm (170,171,185,186,193,208). Many of
these patients require multiple conventional bone grafting proce-
dures and often years of immobilization. There are more reports
of patients (and probably many more patents) with pseud-
arthroses of the forearm bones who did not respond to multiple
grafting procedures (166,171,175,194,201). The results of treat-
ment of congenital pseudarthrosis of the forearm in neurofibro-
matosis by free vascularized fibular grafts are encouraging. Allieu
et al. (167) treated one patient with radial and ulnar pseud-
arthroses and another with ulnar pseudarthrosis wich free vascu-
larized fibular grafts. T'hey obrained union in the patient with
radial and ulnar pseudarthroses in 6 weeks and in the patient
with ulnar pseudarthroses in 3 months. Earlier conventional
grafting techniques had failed in both. Two additional patients
with pseudarthroses of the radius wichourt evidence of neurofi-
bromarosis were treated with free vascularized fibular grafts, re-
sulting union within 6 weeks (207,216). Mathlin et al. (195)
reported six pseudarthroses of the forearm bones treated with
vascularized fibular grafting with union in five ranging from 6
to 18 months after surgery. Other surgical options include exci-
sion of the ulnar pscudarthrosis to avoid a later techering effect
on the growing radius (166) and fusion of the distal radius and
ulnar joint (201). Creation of a one-bone forearm is often tech-
nically successful, buc both length and rotation of the forearm
arc sacrificed with this procedure (189,201).

Extreme care should be tken in surgical treacment of chil-
dren with neurofibromatosis, in whom the periosteum of the
long bones is believed to be less adherent to the bone than
normal periosteum.

Complications

Extensive subperiosteal hemorrhage with subsequent ossification
was reported in a 9-year-old patient who underwent surgical
epiphysiodesis of the proximal tibia and fibula (217). Massive
subperiosteal hemorrhage due to minor trauma in children with
neurofibromatosis occurred in che tibia and femur (217). The
amount of blood loss in subperiosteal hemorrhages can be life-
threatening. Yaghmai and Tafazoli (217) evacuated a subperios-
teal hemorrhage of a femur in an 11-year-old boy with neurofi-
bromatosis who presented with a rapidly growing mass of the
thigh after a minor fall. An eggshell calcification was visible
around the femur within weeks of the trauma. The cyst held
2,100 mL of serous fluid and went on to complete ossification
within 12 wecks of surgery with marked thickening and distor-
tion of the involved femur.

[t is important preoperatively to rule out hypertension in

children with neurofibromatosis because 16% of children with
neurofibromatosis had hypertension in one series (212).

Injuries of the Spine in Neurofibromatosis

Spinal deformity is the most common musculoskeletal abnor-
mality seen in individuals with neurofibromarosis. Alchough sco-
liosis was present in 64% of patients with neurofibromatosis in
one series (177), kyphoscoliosis may be the primary contributor
to the development of paraplegia (215). Patients younger than
19 years of age may have paraplegia secondary to vertebral defor-
mity, whereas those patients older than 19 are more likely to
have neurologic deficits secondary to a neurofibroma. Complete
dislocation of the spine with neurologic defect has been reporced
in two patients with neurofibromatosis (206). Rib penetration
of the enlarged neural foramen wich spinal cord compression in
neurofibromatosis has also been reported in four pacients (182,
190). CT scan and MRI are useful for evaluating these patients.
Resection through either an anterior or a posterior approach
seems satisfactory (190).

\/

The treatment of congenital pseudarchrosis of the tibia remains
controversial. When a child presents with prepseudarthrosis, (an-
gulation without fracture), eicher bypass grafting with fibular
allograft or bracing are reasonable options. Once pseudarthrosis
has developed, our preference is inserting an intramedullary rod
and bone grafting of both the tibia and fibula when possible. 1f
these procedures fail, free vascularized fibula transfer or resection
and bone transport wich circular frame techniques can be consid-
ered. Amputation and prosthetic fitting should be considered
early in patients with failure of the above-mentioned techniques
and severe shortening and a stiff ankle and foot. Conservative
options such as bracing or observation for upper extremity
pseudarthroses may be justified in a patient with a nonprogres-
sive deformity and a sacisfactory functional use of the extremicy.
Conventional bone grafting and fixation procedures for treat-
ment of pseudarthrosis of the upper extremity have very limited
success, and other approaches should be considered. Free vascu-
larized fibular grafes seem the treacment of choice for upper
extremity pseudarthrosis associated with neurofibromatosis.

Congenital insensitivity to pain is a rare disorder characterized
by the absence of normal subjective 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 orthopaedic literature (219-222).
Orthopacdic manifestations of congenital insensitivity to
pain include recurrent fractures, osteomyelitis, and neuropathic
joints (Fig. 6-27). Limb-length discrepancy may occut from phy-
seal damage. Lack of pain perception is associated with the devel-
opment of Charcot’s joints, which may lead to later neuropathic
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A: This 6-year-old child with anhydrosis,
congenital insensitivity to pain and attention deficit disor-
der presented with a history of swollen ankles and knees.
This AP radiograph and (B) this lateral radiograph shows
Charcot changes in the subtalar joint with calcaneous and
distal fibula fracture. C: This AP radiograph of the right
knee and (D) this lateral radiograph 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 hemiarthrosis. More
than 100 mL of sterile serosanguineous fluid was aspirated
from the knee at her initial visit. The effusion quickly re-
turned in the days following the aspiration. Because man-
agement with casts at another hospital resulted in signifi-
cant skin breakdown, we stabilized the knees with
removable hinged braces. The effusions improved but did
not resolve.



arthropathy. The weight-bearing joints usually are affected, espe-
clally the knees and ankles.

The differential diagnosis includes a spectrum of closely re-
lated sensory disorders including congenital sensory neuropathy,
hereditary sensory radicular neuropathy, familial sensory neu-
ropathy with anhydrosis, and familial dysautonomia (Riley-Day
syndrome). Acquired conditions with pain insensitivity include
syringomyelia, diabetes mellitus, tabes dorsalis, alcoholism, and
leprosy. Loss of protective sensation promotes self-mutilation,
burns, bruises, and fractures. The disease comes to light when
the child develops teeth and then bites his or her tongue, lips,
and fingers.

Managemenc should aim at education and prevention of in-
jury. Preventon of joint disease is the best early option (219,
222). Joint injury should be recognized and wreated early to
prevent progression to gross arthropathy. Early diagnosis of in-
jury is important, with signs of instability, swelling, and local
warmth prompting early investigation and treatment. Most frac-
tures are treated nonoperatively, when appropriate. Immobiliza-
tion, bed rest, or appropriate bracing usually is indicated (219,
221).

In a severely unstable, degenerated joint, arthrodesis may
eventually be appropriate; however, poor healing, nonunion, and
pseudarthrosis are common in neuropathic joints. The condition
appears to improve with time with the gradual recovery of pain
sensation.

Gaucher’s disease is a hereditary disorder of lipid metabolism
caused by a deficiency of the lysosomal enzyme glucocerebrosi-
dase resulting in an abnormal accumulation of glucocerebroside
(glucosylceramide) in macrophages of the reticuloendothelial
system. [t is the most common sphingolipidosis and is inherited
as an autosomal recessive trait (232). It is very rare, with most
cases noted in Ashkenazic Jews of eastern European origin (228).
It has three forms of presentation. Type I is a chronic non-
neuropathic form (i.e., without neurologic problems) with vis-
ceral (spleen and liver) and osseous involvement. This is the
most common form (more than 90% of cases) and the type
most commonly seen by orthopaedic surgeons. This type is also
known as the adult form, but commonly, patients present during
childhood (238). Type 1l is an acute, neuropathic type with
central nervous system involvement and early infantile death.
Type I is a subacute non-neuropathic type with chronic central
nervous system involvement. These later two types, characterized
as either infantile or juvenile, arc notable for severe progressive
neurologic disease and usually are fatal.

Lipid-laden histiocytes, known as Gaucher’s cells, provoke
clinical symptoms by their accumulation in the liver, spleen, and
bone marrow. Osseous lesions result from marrow accumulation
and include Erlenmeyer’s flask appearance, osteonecrosis (partic-
ularly of the femoral head), and pathologic fractures, especially
of the spine and femoral neck.

Clinical Presentation

Most patients with Gaucher’s disease are diagnosed before age
10 years (236). Common clinical findings include hepatospleno-
megaly, yellowish pigmentation of the skin, pingueculae of the
eyes (235,237), and bone lesions in 50% to 75% of patients
(235). Bone pain, presenting as dull extremity ache, is present
in most patients, and joint pain is equally common (228). He-
molytic anemia, leukopenia, and thrombocyropenia result from
both hypersplenism and marrow replacement. These factors,
along with abnormal liver function, tend to make these patients
susceptible to infection and abnormal bleeding (224-228). Pa-
tients often have an increased serum acid phosphatase level and
may have a decreased level of activity of glucocerebrosidase en-
zyme in white cells.

Bone lesions are most common in the femur, but they also
occur in the pelvis, vertebra, humerus, and other locations (235).
Infiltration of bone by Gaucher’s cells leads to vessel thrombosis;
compromise of the medullary vascular supply leads to localized
osteonecrosis of the long bones (237), and avascular necrosis of
the femoral head occurs in most patients in whom the disease
is diagnosed in childhood (238).

Bone crisis and osteomyelitis in patients with Gaucher’s dis-
case demonstrate similar symptoms. Nearly half of patients with
Gaucher’s disease have episodes of bone crisis, also known as
pseudo-osteomyelitis, in which they present with acute sharp
pains of the extremity with associated local warmth, redness,
and tenderness (239). Distinguishing this problem from osteo-
myelids can be difficult. Wich bone crisis, a patent may have
severe pain in the back or extremities, rubor, fever, and an ele-
vated white blood cell count (239). Radiographs may show peri-
osteal reaction or lytic lesions that are difficult to differenciate
from osteomyelitis. Blood cultures are sterile, and aspiration of
the affected bone is often necessary to provide correct diagnosis
(224).

Osteomyelitis is present in a significant number of patients
with Gaucher’s disease. Hematogenous osteomyelitis was found
in 10% of 49 patients in one series (224). Acute osteomyelitis
is best managed conservatively when possible. Open irrigation
and debridement of the bone may result in chronic osteomyelitis.
Noyes and Smith (237) reviewed 18 patients with bone crisis
who underwent biopsy to rule outr osteomyelitis, and 61% of
them went on to have postoperative osceomyelitis.

Plain x-ray studies usually are not helpful in differentiating
crisis from infection (224). Technetium 99 bone scanning often
demonstrates no increased uptake with a crisis (224) and shows
decreased uprake in the area of osteonecrosis secondary to bone
crisis, usually within 1 to 3 days after onset (225). Gallium 67
scintigraphy may be useful in differentiating crisis from infection
by showing a lack of uptake in osteonecrosis and bone crisis,
which may prove useful in excluding the presence of osteomyeli-
tis (236). Bell er al. (224) recommended the use of CT scans to
document the presence of purulent exudate in osteomyelitis in
patients with Gaucher’s disease. Recently, some authors have
found MRI useful for excluding osteomyelitis in patients with
Gaucher disease (237), but others (225) believe that MRI cannot
distinguish berween osteomyelitis and pseudo-osteomyelitis of
bone crisis.



Radiographic Findings

Radiographically, three parterns of bone involvement have been
described. (a) Generalized infiltration of the bone marrow of
long bones by Gaucher cells causes a decreased density and corti-
cal thinning. There is a general tendency for failure of rubulacion
(229), and this problem is most pronounced in the distal femur,
where it produces an Erlenmeyer’s flask appearance (Fig. 6-28).
{b) The bone is moth-eaten with occasional osteosclerosis, and
a centrally located curvilinear or vertical radiolucent screak is
seen in the distal femur. (c¢) Dense collections of Gaucher cells
form localized bubbly expansile lytic lesions in the bone, and
associated areas of aseptic necrosis with medullary infarction
form diaphyseal lytic lesions with reparative periosteal reaction
surrounding them (229).

Avascular necrosis of the femoral head is similar to that seen
in Legg-Calvé-Perthes disease, and vertebral plana may be pres-
ent with lesions of the spine (229). MRI is more sensitive than
radiographs or CT in demonstrating marrow involvement.

Injury

Pathologic fractures, especially of the femoral neck or shaft afrer
biopsy and of the spine, usually are best managed conservartively.

. A 2-year-old child with Gaucher’s disease. Early flaring
of the distal femur is already present and will likely develop into a
classic Erlenmeyer’s flask deformity. Note the moth-eaten appearance
of the metaphysis (arrow).

Kaz et al. (232) reported 23 pathologic fractures in 9 children
with Gaucher disease; 7 had multiple fractures. In decreasing
order of frequency, the site of involvement included the distal
femur, basilar neck of the femur, spine, and proximal tibia. Frac-
tures also occurred infrequently in the distal tibia, proximal hu-
merus, rib, and acetabulum. 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 facrors predisposing these children to fracture included sig-
nificant medullary space infiltration, cortical bone erosion, os-
teonecrosis, and associated disuse osteoporosis (232).

In another report of 53 patients with Gaucher’s disease aged
9 to 18 years (234), 11 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 conservative treat-
ment; two required decompression laminectomies, and one had
a posterior lateral fusion to stabilize the spine.

Katz ecal. (233) found chat fractures of the upper excremities
in Gaucher’s disease were prone to occur in areas of prior crisis.
Although exrernal callus formed in 6 to 8 weeks in most patients,
complete healing with internal callus took almost 2 years in
some. Other authors have found fracture union to be rapid
(229). Both delayed union and nonunion (237) have been re-
ported in older patients with Gaucher’s disease.

Pachologic femoral neck fractures with minimal associated
trauma in children with Gaucher’s disease often heal with a
varus malunion and minimal subsequent remodeling; avascular
necrosis of the femoral head also can be associared with femoral
neck fracrures (229,235). Goldman and Jacobs (229) stated that
the presence of a mixed density of bone of the femoral neck on
x-ray with narrowing of the medial cortex was a risk facror for
fracture.

Treatment

[n the past, there was no specific treatment for Gaucher’s discase.
Splenectomy was often performed to help correct thrombocyto-
penia (228), but some authors believed that splenectomy wors-
ened the orthopaedic complications of Gaucher’s disease and
recommended that it should be delayed as long as possible (332).
Enzyme replacement therapy for the deficit found in Gaucher’s
diseasc has been developed (230). It is known as alglucerase
(Ceredase) and is given in intravenous infusions every 2 weeks,
with most patients having a decrease in the size of their livers
and spleens, and improvement in their anemia. With the recom-
mended dosage of 60 units of alglucerase per kilogram, a 30-kg
child requires a yearly amount of enzyme costing $163,800
{227). Low-dose imiglucerase (Cerezyme, Genxyme), a placental
recombinant human-derived beta-glucocerebrosidase enzyme re-
placement, is also being used to weatr patients with rype |
Gaucher’s disease (244). Studies have shown that either a re-
duced dose or a low-dose—high-frequency regimen can achieve
similar clinical effects with less cost (227,243). Less costly home
intravenous enzyme replacement treatment is possible (245).
After 1 year of treatment with replacement enzyme, patients
with Gaucher’s disease seem to have a decreased tendency for
infection (243). The effects of the enzyme on the bone disease



are unclear. Zevin et al. (242) found no change in bone appeat-
ance after 1 year of replacement therapy, whereas Hill et al. (231)
noted improved appearance of the long bones and involved spine
after 16 months of enzyme replacement therapy. Bone marrow
transplantation also has been shown to be helpful in reversing
the medical effects of Gaucher disease (241), but the mortality
rate of patients undergoing allogenic marrow transplantation is
greacer than 15% (227).

Fracture Management

Pathologic fractures of the upper extremities and the spine re-
spond well to conservative immobilization techniques. For frac-
cures of the lower extremity, prolonged bed rest is to be avoided
because of the additional complication of disuse osteoporosis.
Early mobilization with non—weight bearing casts is necessary
to avoid angulation of the fractures. Complete healing as defined
by the appearance of internal callus may require from 10 to 32
wecks of immobilization. Corrective osteotomy may be necessary
for residual angulation. Some authors have recommended con-
servative treatment with non-weight bearing for minimally an-
gulated femoral neck fractures (228,232), with internal fixacion
reserved for unstable femoral fractures with progressive or
marked displacement (232,235).

All patients with Gaucher’s disease considered for a surgical
procedure should undergo extensive preoperative evaluation of
their abnormal clotting function. Excessive bleeding may even
occur when clotting tests are normal (224). It is important for
the anesthesiologist to recognize that pacients with Gaucher’s
disease may be prone to upper airway obstruction because of
infilcration of the upper airway with glycolipids and commonly
may have an airway up to 50% smaller than predicted for age
(240). These patients are prone to infection, likely due to abnor-
mal neutrophil chemortaxis (223), and needle biopsy under oper-
ating room conditions is preferable to open biopsy (237).

Conservative immobilization with non—weight bearing is sug-
gested for long bone fractures when appropriate. Stable fractures
of the femoral neck should be treated by guarded immobilization
with frequent follow-up x-ray studies. Internal fixation should
be used in femoral fractures that show signs of or potential for
displacement. Preoperative planning is important, with careful
evaluation of clotting function and preoperative consultation
by the anesthesiologist. Femoral head osteonecrosis is managed
symptomatically, at first with osteotomy or joint replacement
later when necessary.

The term sickle cell disease (SCD) characterizes conditions
caused by the presence of siclde cell hemoglobin (HbS). Variants
of these conditions include sickle cell anemia (HbS-S), the less
severe sickle cell disease (HbS-C), and the often asymptomatic

sickle cell trait (HbA-S). The most common type of SCD, HbS-

S, is a homozygous recessive condition in which individuals in-
heric the beta S globin gene from each parent. SCD has systemic
effects particularly on splenic function and on the central ner-
vous, renal, hepatic, and musculoskeletal systems. SCD affects
approximately 1 in 400 African-Americans. Sickle cell craic
affects 8% to 10% of the African-American population and other
groups less frequently (267). With sickle cell trait, each individ-
ual has inherited a bera-S globin gene and a beta-A globin gene.
Clinical manifestations of sickle cell crair usually are not appar-
ent. The presence of these abnormal hemoglobins in red blood
cells causes them to be mechanically 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 (262,263). Chronic hemolyric ane-
mia is present in most severely affected patients, and marrow
hyperplasia is found in both the long bones and the short tubular
bones. These disorders are diagnosed by hemoglobin electropho-
resis (252).

Clinical Presentation

Musculoskeletal involvement results from small vessel occlusion
by clumped sickle cells with bone infarction, avascular necrosis,
and increased susceptibility to infection. These problems are
most commonly seen in sickle cell anemia and sickle cell disease.
Bone infarction is caused by blockage of marrow vascular chan-
nels by sickled erythrocytes. It is seen in patients as young as 6
to 12 months of age. Ultimate infarction occurs in as many as
74% of patients. Patients with acute long bone infarctions pres-
ent with pain and swelling of the affected extremity and a low-
grade fever. The long bone usually is tender, and infrequently,
both erythema and warmth also are present (257). Acute symp-
roms usually resolve within a week. One presenting sign of sickle
cell disease in an adolescent is an indolent ulcer over the lateral
malleolus of the ankle with surrounding areas of patchy hyper-
pigmentation (260). Sickle cell dactylitis, or infarction of the
small bones of the hands and feet, may resemble infection and
is common in infancy and childhood (259). Young children
getting their feet wet or walking in the snow can initiate episodes
(253). Pain and swelling may last for 1 to 2 weeks. X-ray studies
may show osteolysis and periosteal new bone formation.
Acute bone infarct in patients with SCD may be difficult to
distinguish from osteomyelitis. Osteomyelitis occurs in fewer
than 1% of affected patients. Acute long bone infarctions are
50 times more common than bacterial osteomyeclitis in patients
with sickle cell disease (257), but in Africa, osteomyelitis is 200
times more common in patients with SCD than in normal indi-
viduals (256). Osteoarticular bacterial infection was diagnosed
in 1.6% of 247 admissions in one series of children with sickle
cell disease admitted to the hospital for musculoskeletal com-
plaints (261). These authors recommended aspiration as the di-
agnostic procedure of choice for infection. Clinical and x-ray
presentations in both of these conditions are quite similar, except
that high fevers are more common in osteomyelitis. Patients
present with a warm, swollen, painful extremity. Multifocal bone
involvement was reported in 73% of patients with ostcomyelitis
in one series (265), and the most common sites in decreasing
order of frequency were the humerus, metatarsals, tibia, femur,



radius, metacarpals, and ulna. Routine evaluation should include
blood cultures and needle aspiration of the affected area. Typical
causative organisms in osteomyelitis include Staphylococcus an-
reus, Salmonella, and Streprococcus pnewmoniae. Bennett et al.
(247) reviewed bone and joint manifestations in 57 patients with
sickle cell anemia and found that osteomyelitis occurred in 61%
and that Sa/monella was the causative organism in 71% of these
patients. Others have also found that Salmonella is a common
organism seen in osteomyelitis in SCD (256,265), but Epps
and co-workers (255) found that Staphylococcus was the most
common organism in their patients with SCD osteomyelitis. Al-
Salem (246) also found that Staphylococcus was the most com-
mon organism in osteomyelitis in those patients with sickle cell
trait. Both the metaphysis and diaphysis are common locations
of infection (250,265). Septic arthritis is rare in patients with
SCD. Surgical drainage of septic joints, osteomyelitis, and subp-
eriosteal abscesses is indicated.

Other common problems in SCD include avascular necrosis
of both the femoral head and proximal humerus. Wedging or
flattening of the vertebral bodies is also seen in older patients
(253). Fat emboli, secondary to marrow infarcts, can occur in
patients with less severe SCD (HbS-C) and less frequently in
patients with sickle cell anemia. Pneumococcal sepsis is the lead-
ing cause of death in young children with SCD.

Radiographic Findings

In young patients, marrow hyperplasia results in a generalized
osteoporosis with widening of the medullary canal and thinning
of the cortex. As the patients become older, endosteal bone appo-
sition causes sclerosis (Fig. 6-29) and the medullary canal may

FIGURE 6-29. A young man with sickle cell disease. The lateral x-ray
of the femur shows evidence of past avascular necrosis, and scalloping
and radiolucencies of the shaft with sclerosis are seen posteriorly
(arrow). This x-ray appearance can mimic osteomyelitis.

Chapter 6: Pathologic Fractures 185

actually become narrowed with thickening of the cortex. Large
bone infarctions may not be visible on plain x-ray studies because
of limited circulation, but commonly within 2 weeks of onset
of symptoms, areas of involvement appear moth-eaten, with ir-
regularly distributed translucent areas commonly bound by ele-
vated periosteurn with new bone formation (252). Widespread
involvement may form a “bone within a bone” appearance
(253). Nearly 85% of long bone infarcts are found at the junc-
tion between the metaphysis and diaphysis, and 10% are cen-
trally located (248). Plain x-ray studies cannot distinguish be-
tween osteomyelitis and bone infarction in these patients.
Although Keeley and Buchanan (257) believe that bone scans
are not helpful in the diagnosis of bone infarction, Koren et al.
(258) noted that in the first 48 hours of symptoms, there was
decreased uptake in the affected area of bone infarct by techne-
tium bone scan. Normal isotope uptake developed approxi-
mately 1 week later. They found that increased isotope uptake
was common 2 to 4 weeks after the onset of symptoms. Gallium
bone scan was thought to be a helpful adjunct to this technique
when osteomyelitis was suspected. MRI has not been found
useful in distinguishing osteomyelitis from acute infarcts (251),
but contrast material-enhanced CT scan can aid in diagnosis
of osteomyelitis in these patients by its ability to visualize subper-
iosteal abscess (266). Differentiation from infarction can be
aided by aspiration and by comparing the results of technetium
99 scans with those of a bone marrow scan. Both partial and
full femoral head involvement can occur in avascular necrosis
of the capital femoral epiphysis in SCD (253), and coxa vara
also has been reported (259).

Injury

Pathologic fractures of the long bones in SCD frequently may
be the first symptom of the disorder (262), and many authors
report pathologic fractures in their series (247,250,252,254,259,
264). In a series of 81 patients with 198 long bone infarcts
with occasional concurrent osteomyelitis, Bohrer (248) found
evidence of fracture in 25% of femoral lesions, 20% of humeral
lesions, and a significant percentage also in tibial bone infarcts.
Ebong (254) reported pathologic fractures in 20% of patients
with SCD and osteomyelitis. The most common site of fracture
was the femur. The fractures are transverse and commonly lo-
cated in the shaft of the long bone (253), and although minimal
trauma is needed to cause them (259), they often have significant
displacement (248,249). The exact mechanism for pathologic
fracture in these patients is unclear; although it is often associated
with bone infarct, the fracture itself is seldom through the area
of infarction (259). Marrow hyperplasia may be a major contrib-
uting factor; not only does the hypercellular bone marrow ex-
pand the medullary canal with thinning of both trabecular and
cortical bone, but it also extends into widened haversian and
Volkmann canals (253). This process probably weakens the bone
sufficiently so that fractures occur. The healing process seems
unaffected, and union usually occurs normally (262).

Treatment

Vaso-occlusive episodes are managed with nonsteroidal antiin-
flammatory medications, oxygen, and hydration. Symptomatic



bone infarction should be treated with bed rest, analgesics, and
intravenous or oral administration of fluids (257). If osteomyeli-
tis is suspected, identification of the organism should be at-
tempted by both blood cultures and aspiration of subperiosteal
fluid (265). The choice of antibiotics is based on Gram’s stain.
For Gram-positive organisms, either cephalothin or nafcillin is
used inidially, and for Gram-negative organisms, either ampicil-
lin or chloramphenicol is used. Changes in antibiotics are based
on later culture results and sensitivities. The patienc is monitored
by C-reactive protein or sedimentation rate, and intravenous
antibiotics usually are continued for at least 6 weeks. Operative
treatment of patients with SCD is potentially hazardous. Ex-
rreme care must be taken to oxygenate the patient’s tissucs ade-
quately during the procedure, and ideally, elective procedures
should be preceded by multiple transfusions to reduce hemoglo-
bin (S) t less than 30% of toral hemoglobin levels. A random-
ized multicenter study found that a simple conservative transfu-
sion regimen to raise Hb levels to 10 g/dL was as cffective as
an aggressive exchange transfusion regimen (to reduce HgS to
less chan 30%) in preventing perioperative complications. The
conservative approach resulted in only half as many transfusion-
associated complications (268). Intravenous hydration also is
important, with one and a half to two times the daily fluid
requiremerits needed in addition to routine replacement of fluid
losses. The use of a tourniquer in surgery for patients with SCD
is somewhat controversial. Some authors believe that it is not
indicated because it is potentially dangerous (253,255); ochers
found no increased risks associated with its use in these patients

(259,267).

Pathologic fractures in patients with SCD usually heal well with
conscrvative immobilization techniques (253). Customary pre-
cautions should be followed in those patients who require open
surgical procedures for displaced or unstable fractures. Os-
reonecrosis of the femoral head is an especially difficult problem
in patients with SCD. Treatment options include conservative
measures and core decompression (a multicenter trial is under
way). Total joint replacement is occasionally indicated in young
adults. Before general anesthesia, the patient’s hematocrit should
be raised to =30 Hb to =10 g/dL.

Leukemia accounts for over 30% of cases of childhood cancer.
Acute lymphocytic leukemia (ALL) is one of the most common
malignant diseases in childhood and accounts for 80% of pediar-
ric leukemias. There is an increased occurrence of lymphoid
leukemias in patients with Down syndrome, immunodefi-
ciencies, and ataxic telangicctasia. The peak incidence is at 4
years of age.

Leukemic involvement of bones and joints occurs frequently
in patients with leukemia. Skeletal lesions occur more frequently

in leukemic children than in adults because a child’s small mar-
row reserve can be replaced quickly by leukemic cells. Approxi-
mately 50% to 75% of children wirh acute leukemia develop
radiographic skeletal manifestations during the course of their
disease (277,280). Rogalsky ct al. (282) reported a 12% inci-

dence of fracture associated with acute leukemic lesions.

Clinical Presentation

Patiencs present with facigue, pallor, purpura, fever, heparosple-
nomegaly, or bone and joint pain; 20% to 60% of patients
present with musculoskeletal signs or symproms (275). In one
series, bone pain was a presenting symptom in 59% of patients
(284,285). Rogalsky et al. (282) reported a 20.6% incidence of
reports of problems with the skeletal system ar initial presenra-
tion. Migratory archritis may be present in some patients; point
pain is believed to be secondary to leukemic cell infiltrate of the
metaphyseal periosteum (285). Leukemia may mimic osteomye-
licis, rheumartic fever, septic arthritis, and tuberculosis (283).
Either leukocyrosis or leukopenia is present, and the presence
of immature leukocytes in the peripheral blood smear should
suggest a diagnosis of leukemia. In the early phase of the disease,
anemia, neutropenia, and thrombocytopenia occur in 80% of
patients; 10% of children have normal peripheral blood counts.
Bone marrow aspirate usually is diagnostic.

Radiographic Findings

No pathognomonic osscous manifestations occur in acute leuke-
mia. Skeletal involvement occurs in approximately 50% of pa-
tients, and diffuse osteopenia is the most frequent manifestation.
Lucencies and periostitis may mimic ostcomyelids.

Nonspecific juxtaepiphyseal lucent lines are a result of gener-
alized metabolic dysfunction. Sclerotic bands of bone trabeculac
are more typical in older children. A characteristic lesion seen
within a month of onset of symptoms is a radiolucent meraphy-
seal band adjacent to the physis. These are usually bilateral and
vary from 2 to 15 mm in width (285). Similar radiolucent bands
are seen both in infants with scurvy and in older children with
neuroblastoma.

Osteolytic lesions with punctate areas of radiolucency are
found in the metaphyses and can either appear moth-eaten or
as a confluent radiolucency. Similar lesions can be present in
the diaphysis (273), the skull, pelvis, ribs, and bones of the hands
and feet. Large geographic lesions also may be seen. Periosteal
reaction often is present with osteolyrtic lesions and is most com-
mon in the posterior cortex of the distal femoral metaphysis,
the medial neck of the femur, and the diaphyses of the tibia and
fibula (286).

Medical management protocols usually include vincristine,
prednisone, and L-asparaginase (VPL) or methotrexate, vincris-
tine, L-asparaginase, and dexamethasone (MOAD) (272). Re-
mission rates are now up to 98%, with cure rates approaching
80% (272).

The complication seen most commonly by orthopaedic sur-
geons is avascular necrosis (AVN) of the femoral head (278,



287). This may occur after chemotherapy, after chemotherapy
and allogenic bone marrow transplantation (BMT), or after
graft-versus-host discase (GVH) relared 1o BMT. (270) Al-
though most AVN is attributed to glucocorticoid therapy, L-
asparaginase can contribute to thrombophilia and has been im-
plicated in the production of AVN. The risk of AVN is especially
high after BMT in boys older than 16 years who are treated for
GVH with steroids or irradiation. MRI is best for the early
detection of AVN. Treatment modalities include weight relief,
symptomatic treatment, core decompression, and total hip re-
placement. Bizot et al. (271) described the results in 27 patients
treated with total hip arthroplasty for AVN after allogenic BMT.

Most bone lesions in leukemia improve during remission after
rreatment and tend to progress with worsening of the disease.
The radiolucent metaphyseal bands usually are not affected by
treatment, however, and further demineralization of the skeleton
may occur with both corticosteroid use and methotrexate ther-
apy. Diffuse demineralization of the skeleton occurs in almost
all patiencs with widening of the medullary canal and thinning
of the cortex (285). Although increased uprake of isotope is seen
on technetium bone scan in 80% of patients, positive areas of
isotope uptake correlate poorly with both sites of clinical bone
pain and the presence of lesions on x-ray study (274).

Several authors (269,276,277,279) have attempted to evalu-
ate the prognostic significance of the extent of bone involvement
in childhood leukemia. Hughes et al. (278) reported that major
skeletal involvement, in fact, may correlate with a better overall

outcome in childhood leukemia. Heinrich et al. (277) concluded
that children withour radiographic skeletal abnormalities have
an aggressive form of acute leukemia that results in a worse
prognosis.

Injury

Pachologic lesions predisposing children to a fracture usually
resolve during treatment. Fracture is most commonly associated
with osteoporosis of the spine, resulting in vertebrae plana. Frac-
tures occasionally occur at other locations and usually after
minos trauma.

Vertebral compression fractures are the most commonly re-
ported fractures associated wich leukemia. The thoracic vertebrae
are the most commonly involved; uniform spinal osteoporosis
often is present (278,281). A bone scan may aid in identifying
clinically silent areas but may not correlate with areas of obvious
destruction on radiographs. Spastic paraparesis has been reported
in one patient with vertebral fracture due to leukemia (278).

Treatment

Most fractures are treated using standard methods (Fig. 6-30).
Newman and Melhorn (281) noted a prompt decrease in pain
in four patients with vertebral fractures due to leukemia once
chemotherapy was initiated. No bracing was used in these pa-
tients, and full activity was encouraged. In one of their patients

I A: A 13-year-old girl with acute
lymphocytic leukemia presented with a pathologic
fracture of the right hip. Note the destructive
changes associated with the displaced femoral
neck fracture. (Figure continues.)



: {continued) B: The patient subsequently underwent in situ screw fixation of the hip
fracture with postoperative hip spica cast immobilization and subsequent continuation of chemother-
apy. C: Follow-up x-ray studies 1year after surgery shows healing with slight varus and without evidence
of avascular necrosis. At present, the patient is alive and well, has no hip pain and walks with a very

slight Trendelenburg gait.

observed for more than 5 years, there was no evidence of healing
of the fractured vertebra on x-ray study. There are no specific
trreacment recommendations for any other associated pathologic
fractures of leukemia in the literature.

\/

Prompt diagnosis and initiation of chemotherapy is the first step
in the treatment of pathologic fractures associated with leukemia.
Most fractures are stable microfractures and can be treated with
conservative immobilization techniques with emphasis on carly
ambulation to avoid further problems with disuse osteoporosis.
Most vertebral fractures can be treated nonoperatively with close
observation.

Hemophilia is a sex-linked recessive disorder of clotting mecha-
nism that presents most commonly as a functional deficiency of
either factor VIII (hemophilia A) or factor IX (hemophilia B).

Classic hemophilia, or hemophilia A, (factor V11 deficiency) is
an inherited sex-linked recessive disorder. The incidence is 1 per
10,000 live male births in the United States (291). Christmas
disease, or hemophilia B, is a sex-linked rccessive factor IX defi-
ciency and occurs in 1 per 40,000 live birchs.

When hemophilia is suspected, screening tests should be per-
formed, including platelec count, bleeding time, prothrombin
time, and partial thromboplastin time. Deficiency of factor VII,
the most common form of hemophilia, causes a marked prolon-
gation in the partial thromboplastin time (337). Once the disease
is suspected, specific factor assays can document the type of
hemophilia.

Musculoskeletal complications in a child with hemophilia
include acute hemarthroses (knee, elbow, and ankle, in decreas-
ing order of frequency), soft tissue and muscle bleeds, acute
compartment syndrome, carpal tunnel syndrome, and femoral
nerve neuropraxia. The severity of the deficiency often is corre-
lated with circulating levels of factor VIII or IX (Table 6-7).
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%. By definition, each
milliliter of normal human plasma conrains one unit of factor
activity, and the clinical severity of hemophilia correlates with
the patient’s percentage of normal levels of plasma facror activiry



Mild 20%-60% Usually clinically occult,
excessive bleeding after
major trauma or surgery

Moderate 5%-20% Excessive bleeding during
surgery and after minor
trauma

Moderately 1%-5% Excessive bleeding with

severe mild injury and
infrequent spontaneous
hemarthrosis

Severe Less than 1% Frequent excessive

bleeding with trauma
and spontaneous
bleeding into the soft
tissue and joints

(Table 6-7). Early diagnosis and aggressive management are the
keys to lessening complications.

Treatment—Bleeding Episodes

During bleeding episodes, the primary therapy is intravenous
replacement of the deficient factor. Several different treatment
plans exist: On-demand therapy is the traditional method of
hemophilia management; factor replacement is given at the first
sign of a bleeding episode. Primary prophylaxis involves initia-
tion of regular factor replacement therapy soon after the diagno-
sis of severe hemophilia (usually when the child is 1 to 2 years
of age) with the intention of preventing joint bleeds. Secondary
prophylaxis is used after a child has established a pattern of
frequent bleeding but before frequent joint bleeds occur.
Empirically, one unit of factor VIII per kilogram of body
weight will raise plasma activity by 2%, and a similar dose of
factor TX will elevate the plasma level of that factor by 1.5%
(291). The usual half-life of factor VI varies from 6 to 12 hours
and chat of factor IX varies from 8 to 18 hours. Routinely in
the nonbleeding patient, factor VIII must be given every 8 hours
and factor IX must be given every 12 hours to mainrain a stable
factor level. Higher than usual dosages given more frequently
are necessary in patients with active bleeding. In the past, factor
replacement was accomplished through plasma transfusion, but
the quantities necessary for adequate factor levels may resulc in
circulatory overload and pulmonary edema (331). This problem
was eventually solved through the use of cryoprecipitate, protein
prepared from plasma that is rich in faccor VIIT and fibrinogen.
More concentrated forms of both factor VIII and factor IX (Ko-
nyne 80) have become available. The reader is referred to an
excellent review by Connelly and Kaleko (298) for a currenc stace
of the att review of gene therapy for patients with hemophilia A.

Complications

Significant complications are caused by the use of replacement
therapy in hemophiliacs. Antibodies to replacement factor,
lcnown as factor inhibicors, develop in 15% to 25% of patients
with severe facror VIII deficiency (up to 50% if transienc or
insignificant inhibitors are included) (291,331). When inhibi-
tors are present in quantities higher than 5 Bethesda units, very
high doses of factor may be necessary to achieve significant activ-
ity levels. Many children with high dter factor VIII inhibirors
are treated with daily high doses of factor VIII (immune toler-
ance) to reduce or eliminate the inhibitor. The level of inhibitors
rises sharply 6 to 10 days after initial treacment (301), and the
effectiveness of replacement therapy gradually deteriorates. In
patients with hemophilia A with inhibitor levels greater than 20
Bethesda units, factor VIII replacement is ineffective. There has
been some success in treating these patients with alternative ther-
apy such as nonactivated factor IX concentrates, activated factor
IX, porcine factor VIII (340), and activated prothrombin com-
plex concenrrate (Autoplex T) (288). Desmopressin (L-deamino-
8D-arginine vasopressin) is becoming a treatment of choice in
patients with mild hemophilia A and also has an effect on pa-
cients with von Willebrand’s disease as well as platelet disorders
(401,404). Patients can have an approximare threefold increase
in facror VIII. Studies have shown effectiveness of this medica-
tion through administration by intravenous route or subcutane-
ous injections, as well as intranasal administration by spray.

A large percentage of the adult hemophiliac population
treated with concentrated plasma-derived factor before 1985 be-
came human immunodeficiency virus (HIV) positive. Because
replacement therapy for 1 year (or one surgery episode) may
expose hemophiliacs to the equivalent of 3,200 units of donor
blood (291), these patients have been particularly susceptible to
both hepatitis and HIV infection. The annual rate of hepatitis
in hemophiliacs is estimated to be 5% (294). In a study of 181
patients wich either hemophilia A or B, Ragni et al. (332) found
that 45% were HIV seropositive, and 82% of patients treated
with factor VIII concentrate were HIV positive. In this study,
the peak of seroconversion occurred in 1982, with declining
rates in the ensuing years, presumably owing to HIV antibody
donor screening and heat inactivation of blood products. The
overall incidence of acquired immunodeficiency syndrome
(AIDS) for all these patients was 5.5%, buct in patients who were
HIV seropositive for more than 5 years, the incidence of AIDS
approached 32%. All hemophilia patients are monitored for de-
velopment of treatment-related viral infection; the incidence of
infection today is extremely low. Serial examinations of T4
counts are performed for patients at risk. Medical therapies are
still evolving for AIDS patients with hemophilia. Current gene
therapy efforts are focused on developing a vector that is safe
and gives long-rerm expression of the missing factor at levels

cthac will significantly change the phenotype (289).

Surgery in Hemophilia

In preparing a patient with hemophilia for surgery, the orthopae-
distand the hematologist should work closely together. Preoper-
atively, the patient should be tested for the presence of inhibitor
and a test dose of factor replacement should be given to deter-
mine the biologic half-life of that factor for that particular patient
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(291). Elective surgery usually is contraindicated in the presence
of inhibitor. Most authors recommend a level of factor activity
during surgery ranging from 70% to 100% (291,317,331), al-
though others believe that approximately 50% is adequate (328,
330). The initial dose is usually 40 units/kg (331), and it should
be given 1 to 2 hours before surgery (308,317). In prolonged
procedures with active bleeding, the factor level should be
checked as often as every 3 hours and appropriate factor supple-
mentation given as necessary (331). Tourniquets are recom-
mended for extremity surgery. Although some authors believe
electrocautery is adequate for obtaining hemostasis (308,317),
others consider ligation of vessels preferable (291,331). The use
of routine drains is not advised, but 24 hours of suction drainage
is favored by some (291,317,331). Factor levels are checked im-
mediately after surgery and then at least daily. Factor VIII is
given every 6 hours, and factor IX is given every 8 hours. It is
useful to check a trough level factor activity immediately before
the next dose of factor supplementation. In the immediate post-
operative period, factor levels are maintained at 30% to 40%
(291,317), and these levels should be maintained until sutures
are removed (317). During the rehabilitative period, mainte-
nance levels of factor ranging from 20% to 50% immediately
before sessions of physical therapy should be maintained (291,
317,328,331). Intramuscular injections of analgesics should ob-
viously be avoided, as should aspirin compounds and nonsteroi-
dal antiinflammatory medications thar affect plateler function.
Both acetaminophen (Tylenol) and codeine medications are safe
oral analgesics (312). In the past, hemophiliac patients had an
increased risk of operative infections and delayed wound healing,
but aggressive replacement therapy has minimized those prob-

lems (331).

Injury

Fractures and Dislocations

Clinical Presentation. Most, but not all authors, believe that
hemopbhiliac patients have an increased incidence of fracture
(290,301,308). These patients have been predisposed to fracture
because of poor muscle function, limitation of joint movement,
and osteopenia secondary to recurrent joint hemarthrosis. Most
authors have noted that healing of fractures proceeds primarily
with endosteal callus and very little periosteal callus (301,313,
339), but Lancourt et al. (317) observed significant periosteal
calcification in these fractures with a normal rate of healing.
Fractures occur in both the upper and lower extremities (290,
295,301,313,333). Joint dislocations are rare in hemophiliac
patients. Floman and Niska (302) reported on a 6-year-old boy
who sustained a posterior dislocation of the hip with mild trauma
that required a closed reduction under general anesthesia and
immobilization in a hip spica cast. The joint was found to be
ankylosed at 6-year follow-up. Ackroyd and Dinley (289) re-
ported on two patients who had their patellas locked into the
intercondylar notch of the distal femur after sustaining hyper-
flexion injuries of the knees, which had limited range of motion
owing to arthropathy. These injuries were treated by flexion of
the knee under general anesthesia, depression of the inferior pole
of the patella to unlock it, and then extension of the knee fol-
lowed by splinting.

Treatment. Most fractures in hemophiliac patients are treated
conservatively with immobilization. Factor replacement is im-
portant for about the first week after the fracrure, and levels of
factor activity recommended vary from 20% ro 50% (290,291,
295,301,308,317). Circumferential plaster casts are extremely
hazardous in the treatment of these fractures because of the risk
of swelling from bleeding as well as subsequent compartment
syndrome and skin necrosis (338). A Robert Jones dressing may
be preferable for fracture immobilization immediately after in-
jury, and a cast should be applied once active swelling has
stopped (308). All casts applied should be well padded and split,
and the patient should be monitored carefully for swelling. Frac-
tures of the femur can be weated with traction and subsequent
spica casting (295). Some authors consider skeletal traction to
be hazardous because of the risk of infection or bleeding (291,
308), but Boardman and English (295) believe that with proper
replacement therapy, skeletal pins can be used in the hemophil-
iac. In the presence of inhibitor, a large blood loss owing to
fracture should be treated with transfusion with saline-washed
packed red blood cells (313). Replacement therapy is advisable
while 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 (291,295,317).

Muscle Hematoma

Clinical Presentation. Hematomas of the soft tissues in hemo-
philiacs occur in superficial tissues but are more of a clinical
problem when they develop in muscle (317). Although most are
spontaneous, a history of trauma was noted in 24% of 178
episodes of muscle hematoma in one series (292). In order of
frequency, the most common sites of involvement in that series
were the quadriceps, calf, anterior compartment of the leg, thigh
adductors, hamstrings, and sartorius muscle. The first clinical
symptoms are tenderness, stiffness, and swelling of the involved
muscle group with pain on motion (292). Early volar compart-
ment syndrome of the forearm, which responded to factor re-
placement, has been reported in a young child (322), and before
the advent of replacement therapy, Volkmann ischemic con-
tracture of the forearm could evolve from this injury (291). A
hematoma in the iliacus muscle can present as severe groin pain,
flexion deformity of the hip, and a tender mass palpable along
the iliac crest. Passive extension of the hip increases pain, and
significant swelling of the muscle can cause compression of the
femoral nerve (with subsequent femoral nerve palsy and quadri-
ceps muscle paralysis) by the inguinal ligament superiorly and
the iliopectinel ligament medially. X-ray studies usually are not
helpful in the diagnosis of intramuscular hemorrhage in the he-
mophilic. Ultrasound (316), CT scan (336), and MRI are useful
in documenting the presence of muscle hematoma. Wilson et
al. (341) noted that in early hemorrhage of the muscle, the
ultrasound shows increased echogenicity, but in established mus-
cle hematoma, the echogenicity is decreased. This may be helpful
in recurrence, because fresh hemorrhage into an organizing he-
matoma can be distinguished by this technique. One should not
assume that all groin pain in hemophilia is due to an iliacus



muscle hematoma. Although rare, hip hemarthrosis can occur,
and septic arthritis of the hip has also been reported in hemophil-
iac patients. In this clinical situation, a hip ultrasound and aspira-
tion can help make the correct diagnosis (341).

Treatment. The most important consideration in the treatment
of a patient with muscle hematoma is early initiation of replace-
ment therapy. Aronstam et al. (293) found that if replacement
therapy was initiated within 2 hours of onset of symptoms, then
excellent recovery ensued. The only exception to this finding
was hematomas of the calf muscles, which responded equally
well to replacement therapy if it was treated within 3 hours of
the onset of symptoms. Most authors recommend raising factor
levels to berween 20% and 50% (291,292,308,320,325) and
continuing treatment for 24 hours (292) to 5 days (317). The
patient should not bear weight on the extremity (292), and the
affected joints should be placed in a position of comfort, with
a compression dressing and ice packs applied to the swollen
muscle (292,308). Serial casting may be useful in regaining joint
motion after active bleeding has ceased (308), and light traction
may be useful for regaining hip motion in patients with iliacus
hemaroma. Quadriceps muscle function usually returns witch re-
covery from quadriceps hematoma. Infrequently, ectopic bone
may form in the soft tissues after hematoma (309). In severe
cases of muscle hemorrhage that do not respond to conservarive
treatment, fasciotomy and neurolysis (with proper replacement
therapy) may be necessary (317).

Neurapraxia

In addition to the compression of the femoral nerve seen in
iliacus hematoma, neurapraxia in hemophiliacs can occur in the
peroneal, sciatic, median, and ulnar nerves (291). Carpal tunnel
syndrome due to hemorrhagic compression of the median nerve
has been reported (317,326). Factor levels for these patients
should be raised to 80% to 100% of normal for 2 days and
then maintained at 40% of factor levels for another 7 days with
splinting of the extremity (291). Another neurologic complica-
tion in patients with hemophilia is significant intracranial bleed-
ing from minor head trauma. This has been reported in 2% to
13% of children who have hemophilia and von Willebrand’s
disease (299).

Pseudotumor of Hemophilia

Clinical Presentation. The pseudotumor of hemophilia is a
cystic swelling of the muscle due to hematoma. Adjacent bone
erosion is often evident on plain x-ray study and is seen most
frequently in the ilium and femur (335). In children, a patho-
logic fracture can occur after a destructive pseudotumor of the
femoral shaft. Pseudotumors can also evolve after fracture of the
femur (296). These lesions may develop through subperiosteal
hemorrhage, which causes pressure necrosis of the overlying
muscle and underlying bone (339). Progressive enlargement can
compress surrounding vital soft tissue structures, and extreme
enlargement may eventually result in skin perforation, with in-
fection and possible death (296). In children, the peripheral
skeleton is most commonly affected by pseudotumor (308), and
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the small bones in the hands and feet are the most common
sites; the prognosis is better with these sites than with more
centrally located pseudotumors (290). Large pseudotumors may
develop calcific deposits that are visible on plain x-ray studies.
An established cyst may be associated with semilunar struts of
bone projecting from the adjacent bone at the proximal and
distal ends of the pseudocyst (296). With involvement of the
small bones of hands and feet, interosseous expansile lesions with
surrounding periosteal elevation are seen (317). The CT scan is
useful in delineating the extent of pseudotumor (329).

Treatment. Aspiration is contraindicated in treatment of pseu-
docysts because not only does the needle track fail to heal but
hematoma soon recurs, with the possibility of infection and
bleeding from the needle wound (291,296,325,339). Very early
treatment of small pseudotumors with replacement therapy,
compression dressings, and prolonged immobilization may ar-
rest their development (290,308,315,317). Factor levels of 50%
were used in one series (290). Radiation therapy has been used
to treat pseudotumors of hands and feet successfully but should
be discouraged in children (368,375,376,400). Surgical excision
of the pseudotumor may be necessary if the diagnosis is in ques-
tion or if the lesion is enlarging with danger of skin perforation
(291,297). Malignant degeneration is unlikely, and only one
case of fibrous sarcoma has been associated with a pseudotumor
of the chest wall (319). Surgical removal of a pseudotumor is
quite demanding, and often residual cyst must be left behind
when it is connected with vital structures. Amputation may be
necessary if the lesion is complicated by infection (317).

Hemarthrosis

Clinical Presentation. Patients with severe hemophilia have a
high rate of hemarthrosis. The joints most commonly involved
in decreasing order of frequency include the knees, elbows, an-
kles, hips, and shoulders (291). There usually is a prodrome of
stiffness and pain before clinical swelling, and trauma usually is
absent. The joint is held in a position of flexion that is most
comfortable, and eventually, the joint becomes tense and swollen
with decreased range of motion. A subacute hemarthrosis of the
knee is said to be present when two or more episodes of acute
hemarthrosis have preceded it. On clinical examination, the sy-
novium is very thick and boggy with decreased range of motion
of the joint. Pain is uncommon. In chronic hemarthrosis, gener-
ally a subacute arthrosis has been present for at least 6 months,
and destructive changes are present on the x-ray studies of the
knee with osteoporosis, overgrowth of the epiphysis with sub-
chondral cysts, and eventual narrowing of the joint space (Fig.
6-31) (291). MRI was found to be useful in examining both
the hypertrophied synovium in hemophilia arthropathy as well
as subchondral cysts (311,327). Various systems of classification
of joint arthropathy of the knee in hemophilia have been pro-
posed (291,306). The chronic phase of articular involvement
for patients with hemophilia can lead to articular cartilage degen-
eration from recurrent bleeds and effusions. Initially, synovial
hypertrophy and chronic hyperemia occur, followed by epiphy-



A 22-year-old man with hemophilia had frequent he-
marthrosis of the knee. Moderately severe arthropathy is present, with
joint space narrowing, spurring, and subchondral cyst (arrow).

seal overgrowth. Articular involvement may be graded as shown
in Table 6-8. A diagnostic dilemma that can occur is septic
arthritis in HIV-positive hemophiliacs with existing joint effu-
sion. Merchan et al. (324) reported four patients with this com-
plication, of which one was a 15-year-old boy with a septic elbow
due to Streptococcus pneumoniae that was treated with 3 weeks
of penicillin G cherapy.

Treatment. The firststep in the treatment of joint hemarthrosis
is prompr factor replacement with levels ranging from 30% to
50% (291,307,334,337), and these levels may need to be main-
tained for up to 4 days for severe cases (307). Home care factor
replacement provides a means of rapid initation of cherapy
(291). With effective treatment, usually prompt pain relief is
achieved in minutes after inidiation of replacement therapy, and
the extremity should be splinted and ice should be applied to
the joint (291). In acute hemarthrosis of the knee with a very
tense, swollen joint that is not responding well to replacement
therapy, early aspiration may be of some value. For aspiration

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,

i synovial thickening, and limitation of movement

Grade 3 Chronic arthropathy with axial deformity and
muscular atrophy

Grade 4 Ankylosis

to be successful, a large needle such as a 16-gauge needle must
be used (317), and aspiration must be accomplished within 24
hours of the onset of swelling because the clot begins to loculate
after that time (308). Factor replacement must not be given
before the aspiration because this will promote clotring of the
hemarthrosis fluid and prevent removal; ideally, therapy is inici-
ated at the same time as aspiration (320). The value of aspiration
is uncertain because there was no difference in the range of
motion between aspirated and unaspirated knees at 5-day follow-
up in one controlled trial (310). In addition to factor replace-
ment, splinting, ice packs, and compression bandages are helpful
(317).

Intraarcticular dexamethasone and nonsteroidal antiinflam-
matory drugs (NSAIDs) are used by some. A short course of
corticosteroids seems to reduce the need for long-term replace-
ment therapy (314). In subacute hemarthrosis, aspiration is not
necessary, and factor replacement with levels from 20% to 30%
is used chree times weekly to protect the patient from further
bleeding during physical therapy sessions (300). Mobilization
should continue for 3 to 4 weeks, and if there is no response to
therapy, synovectomy may be indicated (317). A target joint is
defined as one with four bleeding episodes in a 6-month period.
Treatment involves regular replacement therapy for at least 6 to
12 weeks to interrupt bleeding cycles. Replacement therapy can
include recombinanc or plasma-derived factor; most patients use
recombinant factor. In general, 1 unit per kg of body weight of
factor VIII concentrate provides a 2% increase in the factor VIII
plasma activity. Today, acute joint bleeds are treated with a more
intensive therapy than was used previously (334,337).

Management of the patient with chronic articular involve-
ment is aimed at stopping this phase with a prophylactic factor
replacement regimen (334,387). Greene et al. (304) reviewed
their experience with prophylactic transfusions for hypertrophic
synovitis in 19 children with severe hemophilia and found mixed
results. Persistent, painful, or progressive synovitis can be man-
aged with open or arthroscopic synovectomy, especially for the
knee and elbow of those wich breakthrough bleeds. Greene (305)
reported good results in five children who underwent synovec-
tomy of the ankle wich a decrcased rate of hemarthrosis episodes.
Chemical (Rifampicin) or radioactive (Au-198) synovectomy
has also been used. Erken (300) reported 35 patients who under-
went medical synovectomy by intraarticular injection with the
radiocolloid yrerium-90 silicate. Of chese patients, 21 were
younger than 10 years, and at a mean follow-up of 7 years, 47
joints were pain free and 13 joints had not experienced another
hemorrhagic episode. There was no change in the radiographic
appearance of the joints at follow-up. Erken suggested that this
form of treatment is for patients who have failed to respond to
intensive physical cherapy as well as those patients who have
inhibitors to factor replacement. Fixed joint contractures can be
treated with reversed dynamic slings (308,338) or a turnbuckle-
type cast (291). Slow concinuous passive motion may be useful
after surgery of the knee in hemophiliacs (303). Joint con-
tractures resistant to these conservative therapies can be treated
with either soft tissue procedures, osteotomics, arthrodesis, or
joine replacement (291). Total joint archroplasty may be helpful
in selected candidates.
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Collaboration berween the orthopaedist and the hemarologist 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 compli-
cations related to compression in these patients, and a mono-
valved, well-padded plaster cast provides a safe means of treat-
ment. A fiberglass cast is not as desirable because a simple
monovalve will fail to expand the cast completely. Operative
treatment should be reserved for fractures that normally require
surgery, and the usual precautions for hemophiliac patients for
surgery are observed. Muscle hematomas are treated with a com-
bination of replacement therapy, ice packs, bed rest, and a partic-
ular emphasis on rehabilitation. CT scans are extremely helpful
in following the course of an iliopsoas muscle hematoma. Pseu-
dotumors of the small bones of the hands and feet can be treated
with excision and bone grafting. Hemarthrosis of the knee re-
sponds well to prompt factor replacement therapy and immobili-
zation; aspiration is seldom needed. The orthopaedic surgeon
caring for patients with hemophilia must be ever mindful of the
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possible presence of both hepatitis and HIV, and the urmost
care should be used in any sort of invasive procedure with these
patients.

The character of pediatric acute hematogenous osteomyelitis in
North America has changed somewhat during the past several
decades. Although the typical clinical picture of acute osteomye-
litis in children is still seen, more subde presentations are more
frequent. This may be due to a variety of reasons, including
modification of the clinical course by antibiotics given before
admission (351) and, possibly, increased awareness and an carlier
presentation to a medical facility resulting in earlier diagnosis.
Children often presenc with subacute osteomyelitis (Fig. 6-32,
Table 6-9). Less common variants include Brodie’s abscess, sub-
acute epiphyseal osteomyelitis, viral osteomyelitis (365), and
chronic recurrent multifocal osteomyelitis (354). Some patients
present with a bone lesion that may be confused with other
disease entidies, including neoplasm (345). All can masquerade
as osteomyelitis with fever and tenderness over areas of focal

/

Classification of subacute osteomyelitis. (From Dormans JP, Drummond DS. Pediatric he-
matogenous osteomyelitis: new trends in presentation, diagnosis, and treatment. J Am Acad Orthop

Surg 1994;2:333-341))



Pain Mild Severe
Fever Few patients Majority
Loss of function Minimal Marked
Prior antibiotics Often (30%-40%) Occasional
Elevated WBC Few Majority
ESR Majority Majority

Few positive 50% positive
85% positive
Often normal
Usually

metaphysis

Blood cultures

Bone cultures 60% positive

Initial x-ray study Frequently abnormal

Site Any location (may
cross physis)

From Dormans JP, Drummond, DS: Pediatric hematogenous
osteomyelitis: New trends in presentation, diagnosis, and
treatment. J Am Acad Ortho Surg, 2:333-341, 1994,
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leukemic bone destruction (366). Biopsy often is needed to clar-
ify the diagnosis. Even with appropriate antibiotic therapy, some
patients have recurrent infection, growth disturbance, or patho-
logic fractures.

Acute hematogenous osteomyelitis can be classified by age (neo-
natal, childhood, and adult osteomyelitis), organism {pyogenic
and granulomatous infections), onset (acute, subacute, and
chronic ostcomyelicis), and routes of infection (hematogenous
and dirccr inoculation). Chronic osteomyelitis is defined by most
authors as ostcomyelitis with symptoms that have been present
for longer than 1 month.

Most patients with acute hematogenous osteomyelitis present
with fever, pain, and localized tenderness at the site of infeccion.

In order of decreasing frequency, the most commonly involved
bones include the femur, tibia, humerus, fibula, radius, phalan-
ges, calcaneus, ulna, ischium, meratarsals, and vertebral bodies.
Although the erythrocyte sedimentation rate is commonly ele-
vated in ostcomyelitis, the white blood count is normal in 40%
1o 75% of patients (353). Blood cultures are positive for the
infecting organism in 40% co 50% of patients (364), and direct
cultures of the site of infection are positive in no more than
70% (353). The most common organism in hematogenous os-
weomyelitis is Staphylococcus aureus. In very young children, both
Haemophilus influenzae type b and Streptococcus prewinoniae have
a significant prevalence (353), but Haemophilus influenzae has
vircually been eliminated as a musculoskeletal pathogen by im-
munization. Table 6-10 shows the most common organisms
affective individuals by age.

Only 20% of patients have plain x-ray findings of osteomyelitis
within 10 to 14 days after onset of symproms; the carliest finding
is loss of defined deep soft tissue planes (353). Because of this
carly insensitivity of plain x-ray studies, isotope scanning tech-
niques have been used to aid in diagnosis with varying rates of
success. In proven osteomyelitis, abnormal technetium scans are
seen in 63% to 90% of padents (352,358). In onc study (358),
gallium scans were abnormal in all patients with osteomyelits,
but they were also abnormal in 30% of patients without a bone
infection. In neonates with osteomyelitis, only 31.5% had ab-
normal technetium bone scans in one serics (342). Although
somewhar technically difficult, indium-labeled leukocyte scans
are usually abnormal at sites of ostcomyelitis. CT scans have
proved to be helpful in the evaluation of primary epiphyscal
bone abscess (343). MRI is becoming the study of choice for
defining the stage and extent of osteomyelitis, after plain x-ray
studies (350). Bone infection can be identified by soft tissue
changes through MRI techniques in 92% of patients, but the
presence of prior surgery or coexisting fractures affects the accu-

racy of this scudy (344).
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Injury

In 1932, Capener and Pierce (347) reviewed 1,068 patients with
osteomyelitis and found only 18 pathologic fractures, 13 of
which occurred in the femur. They thought these fractures were
due to delayed recognition of the infection or inadequate treat-
ment. Other factors were disuse osteopenia, presence of a weak
involucrum, and excessive surgical removal of involved bone. In
this preantibiotic era, most of these fractures were sustained after
surgical treatment of the osteomyelitis, and the authors believed
that conservation of the involucrum and proper immobilization
could have prevented these injuries. White and Dennison (371)
noted that before antibiotics, pathologic fractures of osteomyeli-
tis were common, but union occurred with certainty in the pres-
ence of dense involucrum. Daoud and Saighi-Bouaouina (348)
reported -on 34 patients with hematogenous osteomyelitis com-
plicated by pathologic fracture, pseudarthrosis, or significant seg-
mental bone loss. The tibia was affected in 24 cases, the femur
was affected in 8 cases, and the humerus was affected in 2 cases.
A pathologic proximal femoral fracture has been reported in
neonatal osteomyelitis (342). Although the condition is rare,
hematogenous osteomyelitis can also evolve at the site of a closed
fracture from 1 to 6 weeks after injury (346,355,363). Canale
et al. (346) reported three children with osteomyelitis after closed
fracture. They pointed out that progressive pain and swelling at
a fracture site during healing are suggestive of possible osteomye-
litis. Daoud et al. (349) reported 35 children with upper femoral
osteomyelitis with associated septic arthritis. The incidence of
AVN of the femoral head was approximately 50% both in the
group that was treated with arthrotomy and in the group in
which no surgery had been done. They postulated that AVN of
the femoral head may be due to compression by abscess of the
vessels lying on the posterior superior femoral neck. The compli-
cations of fracture, dislocation, and displacement of the capital
fernoral 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 AVN
using skin traction and plaster immobilization for 40 to 60 days.
Lewallen and Peterson (357) documented osteomyelicis in 40%
of 20 nonunions of diaphyseal open fractures in children. They
believed that the presence of infection was a significant factor
in their failure to heal. Long bone lesions also may be present
in congenital rubella (361), and pathologic fractures have been
reported in congenital cytomegalic inclusion disease (367).

Treatment

Once osteomyelitis is clinically suspected, needle aspiration of
the area of maximal tenderness of the long bone is recommended
to obtain the causative organism either from subperiosteal fluid
or from the metaphysis directly. If gross purulent material is
obtained, surgical drainage should follow (353). Ultrasound or
MRI may be helpful in evaluating equivocal cases. With the
increased concern about medical economics, recent trends to
decrease the duration of intravenous antibiotic treatment of these
infections appear to be appropriate as long as certain criteria are
met. If oral antibiotics are inappropriate or the organism is not
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isolated by culture, then longer term parenteral antibiotics must
be considered. Total length of therapy is based on the type of
organism isolated and the patient’s response to treaument. Un-
kila-Kallio et al. (370) found that in acute hematogenous osteo-
myelitis in children, the serum C-reactive protein correlated
more closely than erythrocyte sedimentation rate to the clinical
course of osteomyelitis, with rapid elevation at the onsert of dis-
ease and a significantly faster decline with effective treatment
than the erythrocyte sedimentation rate.

Fracture Management

Fractures associated with osteomyelitis may be difficult to treat
and may be associated with complications such as malunion and
growth disturbance (359). Pathologic fractures associated with
osteomyelitis are rare in North America and usually are associ-
ated with neglected or chronic osteomyelitis, neonatal osteomye-
litis, or septic arthritis. In children with chronic osteomyelitis,
the purulent material elevates the periosteum and a supportive
involucrum develops. Sequestrectomy of a portion of the ne-
crotic diaphysis while leaving the supportive involucrum is often
needed to bring the infection under control, but the timing
of this procedure is controversial. Langenskiold (356) delayed
sequestrectomy of a necrotic femoral shaft for 10 months in a
6-year-old patient to allow the involucrum to develop, but
Daoud and Saighi-Bouaouina (348) recommended much earlier
debridement. In partients with active infection, they performed
sequestrectomy with debridement, followed by antibiotic ther-
apy for up to 6 months. Prolonged cast immobilization was
necessary. They obtained healing in 33 of 34 patients with
pathologic fractures or pseudarthroses due to osteomyelitis. The
mean healing time of fractures was 5 months in patients with
involucrum. Patients with active infection without involucrum
required debridement, antibiotics, and subsequent treatment
with corticocancellous iliac graft. The mean healing time was
8.7 months. Their patients without active infection and no invo-
lucrum were treated with prolonged immobilization and cancel-
lous bone graft supplemented by fixation. Angular deformities
were treated with cast manipulation. Tudisco et al. (369) re-
ported on 26 patients with chronic osteomyelitis with average
follow-up of 23 years. Approximately 15% had shortening and
angular deformity of the affected limb. Newer techniques for
difficult cases have also been developed (Fig. 6-33).
Pathologic fractures also can occur in association with ad-
vanced or neglected septic arthritis in older children and in asso-
ciation with neonatal osteomyelitis and septic arthritis. Infancs
with septic arthritis, especially of the shoulder or hip, present
with pseudoparalysis of the extremity. In the upper extremity,
this can be confused with Erb’s palsy. Plain x-ray studies may
show only soft tissue swelling and equivocal widening of the
joint (362); technetium bone scans often are unreliable in neo-
nates (362,368). Ultrasound and MRI can both be helpful; aspi-
ration should be done if clinical suspicion exists. Schmidt et al.
(362) found that more than half of their patients with septic
arthritis of the shoulder also had osteomyelitis, and they recom-
mended arthrotomy of the shoulder with drilling of the proximal
humeral metaphysis if aspiration of the joint was positive.
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A 20-year-old patient presented with recalcitrant chronic draining osteomyelitis of the
left tibia 4 years after a grade 3A open tibia fracture treated with an intramedullary nail. A, B: X-ray
studies at presentation show healing of the fracture but changes consistent with chronic osteomyelitis.
C: X-ray studies after resection of the involved segment of bone and sequestrum, with early bone trans-
port from above and below a corticotomy. D: Early regenerate is seen at the time of docking of the
transported segment and the distal tibia. E: Healing at the docking site is seen after posterolateral bone
grafting. F: X-ray studies 6 years after the resection and bone transport showing healing and remodeling
of the tibia. The patient has returned to work, is free of pain, and has no signs of active infection.
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With carly recognition and appropriate treatment, osteomyelitis
leading to pathologic fracture is uncommon. When osteomyeli-
tis is associated with pathologic fracture, it usually is neglected
chronic osteomyelitis, or rarely, neonaral osteomyelitis or septic
arthrits. The most important step in the treacment of fracture
associated with osteomyelitis is to control the underlying infec-
tion. At a minimum, this requires drainage and debridement of
the infection with immobilization in association with antibiotic
therapy. In advanced infections, sequestrectomy may be neces-
sary. MRI is useful in identifying the sequestrum; an attempt
should be made to leave as much supporting involucrum as
possible ar the time of sequestrectomy. Bone transport and
lengthening also are occasionally useful. Prolonged immobiliza-
tion with either plaster casts or external fixarion devices may be
needed, and segmental bone loss can be treated with bone trans-
port or grafting.

Limb lengthening has evolved dramatically over the past several
decades. Surgeons experienced with lengthening techniques can
now correct problems that previously had no satisfactory solu-
tion. The very high complication rate that has come with these
advances has decreased with newer techniques and more exten-
sive surgical experience. Complications with the Wagner
method, popular 20 to 30 years ago, were as high as 92% (375,
377). Newer techniques, using gradual lengthening with cither
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: (a) fractures through pin tracks,
(b) fractures through regenerate bone, or (c) 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 incidence of these
fractures can be minimized by protective weight bearing after
removal of the device and using the smallest possible screw diam-
eter that is appropriate for the fixation device needed.

Fractures through regenerate bone are true pathologic frac-
tures. 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 soon after removal
of the fixator or years later. Various reports describe fractures
through regenerative bone occurring as late as 2 to 8 years after
lengthening (376-378). The incidence of fractures has been
reported to be as high as 18% for Wagner lengthenings but only
3% for newer techniques (373-375,378—380). At present, most
lengthenings are performed through the metaphysis, which hasa
larger bone diameter and better blood supply than the diaphysis,
where Wagner lengthenings were done. When fractures occur
in regenerate bone, they can be treated with simple cast immobi-
lization. However, because this method further promotes os-

teopenia, many surgeons reapply a fixator, correct any malalign-
ment caused by the fracture, and compress at the fracture site
until healing. To ensure that the regenerate bone can bear the
forces of normal activity, a variety of imaging methods have
been used (372,376). When the regenerate bone attains the den-
sity and ulcrastructural appearance (development of the cortex
and the medullary canal) of the adjacent bone, fixator removal
is generally safe.

Pathologic fracture also can be caused by the 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 itself or insufficient rehabili-
tation during and after lengthening. Many of the fractures due
to these causes are avoidable; when they do occur, appropriate
immobilization or internal fixation is used.

Osteogenesis imperfecta (OI) is a heterogenous group of inher-
ited disorders in which the scructure and function of type I
collagen is altered. The fragile bone is susceptible to frequent
fracrures and progressive deformity (390,405). Ol is identifiable
in 1in 20,000 total births, with an overall prevalence of approxi-
mately 16 cases per million index patients (405,423). The wide
spectrum of clinical severity—from perinatal lechal forms to
clinically silent forms—reflects the tremendous genotypic heter-
ogeneity (more than 150 different mutations of the type 1 pro-
collagen genes COLIAT and COLIA2 have been described).
As the molecular basis of chis continuum of severity is further
elucidated, the phenotypic groupings of the various classifica-
tions and subclassifications may seem arbitrary. However, these
classifications facilitate communication, predict natural history,
and help the clinician plan management strategies (405). From
a practical viewpoint of orthopaedic care, patients with OT can
be divided into two groups. One group of patients with severe
disease develops long-bone deformity through repetitive frac-
tures, eventually requiring open treatment with intramedullary
fixation. Another group of patients has mild disease with fre-
quent fractures, but their injuries usually respond well to closed
methods of treatment and there is less residual deformicy.

Clinical Presentation

Children with severe Ol may present with a short trunk, marked
deformiry of the weight-bearing lower extremities, prominence
of the sternum, triangular facies, thin skin, muscle atrophy, and
ligamentous laxity; some develop kyphoscoliosis (386,397,410),
basilar impression (408,417), and deafness {due to otosclerosis)
(398). Despite this multicude of physical problems, children
with OI usually have normal intelligence. Blue sclera, a classic
finding in cerrain forms of O, can also be present in normal
infants, as well as in children with hypophosphatasia, os-
teopetrosis, Marfan’s syndrome, and Ehlers-Danlos syndrome
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(402). Histologic findings in severe cases reveal a predominance
of woven bone, an absence of lamellar bone, and thinning of
the cortical bone with osteopenia.

Patients with Ol may present with swelling of the extremity,
pain, and low-grade fever and a radiograph showing exuberant,
hyperplastic, callus formation (Fig. 6-34). The callus may occur
without fracture and can have a distinct butterfly shape (402),
as opposed to the usual fusiform callus of most healing fractures.
The femur is most commonly involved, but cases noting involve-
ment of the tibia and humerus have been reported (416). The
sedimentation rate and serum alkaline phosphatase may be ele-
vated. Because osteosarcoma has been associated with OI (401,
403), aggressive-appearing lesions may occasionally require bi-
opsy to confirm their benign nature.

Radiographic Findings

Radiographic findings vary. In severe involvement, there is
marked osteoporosis, thin cortical bone and evidence of past
fracture with angular malunion (Fig. 6-35). Both anterior and
lateral bowing of the femur and anterior bowing of the tibia are
common. The long bones may be gracile with muliiple cystic
areas. Spinal radiographs may show compression of the vertebrae
between the cartilaginous disk spaces (so-called codfish vertebra).
The presence of wormian bones on a skull radiograph is relatively
specific for Ol. Subsequent development of multiple pathologic
fracrures with callus and deformity firmly establishes the diagno-

sis (Fig. 6-36).

A: This 10-month-old boy with a history of
osteogenesis imperfecta presented with a right thigh
pain and swelling and refusal to bear weight. This AP
radiograph and (B) this lateral radiograph 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 neoplastic process.

The diagnosis of Ol is based on clinical and radiographic
findings. There is no specific laboratory diagnostic test, although
fibroblast cell culeure can detect the collagen abnormality in
85% of OI patients (389). In the absence of multiple fractures,
the initial radiographic diagnosis can be difficult. 1t is crucial,
but often difficult, to distinguish Ol from nonaccidental injury
(404,409). Unexplained fractures in mild, undiagnosed OI can
drag a family through unnecessary legal proceedings; conversely,
a child with OI may be abused but not exhibic classic fraccure
patterns (e.g., corner fractures) owing to the fragility of their
bones. Although no test or finding is specific, skin biopsy plays
an important role (414,421).

Treatment

The multiple fractures in OI usually are transverse, diaphyseal,
and seldom displaced, and they usually heal ata relatively normal
rate in most patients (402,417). Mosr fractures in patients with
Ol occur before skeletal maturity. In a series of 31 patients,
Moorefield and Miller (410) noted 951 fracturcs, 91% of which
occurred before skeletal maturity. Fractures of the femur and
tibia predominate. The humerus is the most commonly fractured
bone in the upper extremity. Multiple long bone fractures may
result in coxa vara, genu valgum, and leg-length discrepancy.
Lateral dislocation of the radial head has been noted in some
patients (402). Olecranon fractures, which are rare in unaffected
children, are more common in patients with Ol, especially the
tarda form (391,422). Di Cesare et al, (391) reported an infant
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whose presentation with bilateral isolated olecranon fractures led
to the diagnosis of OI.

Nonunton is more common in Ol than in similar fractures
in unaffected children. Although nonunion was mentioned in
several scries (410), Gamble et al. (393) emphasized the problem
with a report of 12 nonunions in 10 patients. Almost all had
type II1 OI (419) and presented with nonpainful clinical defor-
mity and decreased functional ability. A history of inadequate
treatment of the inital fracture was seen in 50% of these non-

O

_ ' A:r X-ray study of a nondisplaced trans-
verse femoral shaft fracture (arrow) in a 6-year-old boy
with osteogenesis imperfecta. Mild anterior bowing of
the femoral shaft is already present, and with further
fractures, this deformity will worsen. B: X-ray study of
a S-year-old ambulatory girl with osteogenesis imper-
fecta. Note the marked osteopenia of the proximal fe-
murs. C: Thirteen months later, the patient sustained
bilateral proximal femoral stress fractures, which even-
tually required treatment with Bailey-Dubow rods.

unions. One patiene eventually required an amputation for a
painful nonunion of a distal femoral supracondylar fracture.

Prevention

The role of medical therapy to limit the fracrure frequency in
Ol should be considered investigational but promising (396,
413). The wemendous genotypic and phenotypic variations in
Ol must be considered as the results of these trials are analyzed:
A drug that works well for children with certain forms of Ol



A: This 6-week old girl presented with
multiple fractures in different stages of healing. She
was evaluated for osteogenesis imperfecta and nonac-
cidental injury. She had a strong family history of os-
teogenesis imperfecta. An AP radiograph of the left
upper extremity shows marked osteopenia and a non-
displaced spiral fracture of the left proximal humerus.
B: An AP radiograph of the right lower extremity show-
ing osteopenia and healing fractures of both the femur
and the tibia. There is already some varus angulation

B and bowing to the mid-shaft of the right femur.

may be ineffective for others. Sodium fluoride, growth hor-
mones, and anabolic steroids have all been shown to be inctfec-
tive. Calcitonin, which limits osteoclasts, has had variable suc-
cess. Nishi ct al. (413) reported that the fracture rate decreased
in 10 paticnts with OI treated with either calcitonin injection
or nasal spray.

At present the most promising agents are the bisphosphonates
(385,396). Pamidronate, like other bisphosphonates, is a potent
inhibitor of bone resorption. In a trial of 30 children with severe
01, Glorieux er al. (396) showed that cyclic intravenous admin-
istration of pamidronate every 4 to 6 monchs resulted ina 41.9%
increase per year in bone mineral density, an increase in metacar-
pal cortical width, and a decrease in fracture incidence of 1.7
fractures per year. Mobility improved in 16 of the 30 children,
and all reported substantial relief of chronic pain.

Closed Methods

The orthopaedist caring for children with OI must balance good,
standard fracture care (satisfactory reduction and casting) with
the goal of minimizing immobilization to avoid a vicious circle:

immobilization, weakness and osteopenia, then refracture (381,
405,410). Plaster splints and casts, braces, and air splints have
all been used (387,388,392,410,417).

Protected weight bearing is thought to reduce the incidence
of lower extremity fractures (395). Customized splints and
braces can add support to limbs weakened by fragile and de-
formed bone. Letts et al. (406) encouraged weight bearing in
patients by protecting them with vacuum pants. The splinting
system is a two-layer set of pants with Styrofoam beads between
the layers. By evacuating the interval between the layers, a form-
ficting orthosis resules, much like the bean bag seating systems.
Both decreased frequency of fracture and increased bone density
were reported after use of this support system.

Load-sharing devices (such as intramedullary rods) are used for
internal fixation of long bone fractures or osteotomies in children



with OL Plates and screws should be avoided. In patients with
O1l, most internal fixation is used for stabilization after corrective
osteotomies. The goals of these osteotomies are to improve func-
rion and reduce fractures in weight-bearing bones by correcting
angulation. Poratet al. (415) found that the percentage of ambu-
latory patients in their series went from 45% to 75% after intra-
medullary rodding. The amount of bowing that requites osteot-
omy has not been defined. In one series (411}, the average
preoperative bowing was 71 degrees for the femur and 40 degrees
for the tibia, but many patients had much less angulation.

Traditionally, multiple osteotomy and rodding procedures
(Sofield technique) involved extensive incisions wich significant
soft tissue stripping and blood loss. Sijbrandij (418) reported a
percutaneous technique in which the deformity is scraightened
by closed osteoclasis and Rush pins are inserted along the proxi-
mal axis of the long bones, partially transfixing them to stabilize
them in a new alignment. Most centers now use limited inci-
sions, thus minimizing blood loss and periosteal stripping, while
ensuring optimally placed osteotomies 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 (402,415,420) and extensible
Bailey-Dubow rods (382-384,393,394,411,412,415) are used.
Skeletally mature patients and patients with very small medullary
canals are best treated with nonelongating rods, whereas skele-
tally immature patients with adequate width of the medullary
canal are best treated with extensible rods (394). Luhmann et
al. (407) reported a 20-year experience with extensible nails:
both overlapping Rush rods and Bailey-Dubow rods. They first
implanted the rods at an average age of 7 years old and averaged
more than 5 years before the first revision. They recommended a
posterior position in the canal and using the stronger overlapping
Rush rods technique in the femur whenever the canal diameter
permitted; they advised against using overlapping Rush rods in
the tibia.

Displaced fractures of the apophysis of the olecranon in pa-
tients with OI can be treated with open reduction and stabiliza-
tion by resorbable suture in infants and with open reduction
and internal fixation with two Kirschner wires and tension band
technique by figure-of-eight absorbable suture in older children
(422) (Fig. 6-37). Tibial tubercle avulsion injuries should be

wreated by surgical sabilization if displaced.

Complications

Complication rates are high (Fig. 6-38). Problems include frac-
wure at the rod tip (Fig. 6-39), migration of the fixation device,
joint penetration, loosening of components of extensible rods,
and fractures through the area of uncoupled rods (Fig. 6-40).
Harrison and Rankin (399) compared the complications of 23
extensible rods with those of 27 fixed length rods. They found
that the refracture rate was higher in the fixed length rods and
fewer surgical interventions were necessary when extensible rods
were used. Gamble et al. (394) reported that, although the com-
plication rate approached 69% for Bailey-Dubow rods (mostly
due to loosening of the T-piece), the fixed length rods had a
complication rate of 55%; however, the replacement rate for
nonelongating rods was 24% but only 12% for the Bailey-
Dubow rods. They recommended crimping cthe T-piece to the
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. This 10-year-old girl with osteogenesis imperfecta pre-
sented with a displaced olecranon sleeve fracture of the left elbow.
This was her first fracture. A: This lateral radiograph shows a widely
displaced fracture involving the posterior portion of the articular sur-
face. B: She was treated with open reduction and internal fixation with
two K-wires and tension band construct using #2 Vicryl suture. She was
maintained in a cast for 3 weeks and then started on range-of-motion
exercises.

sleeve and burying it slightly under the bone of the greater tro-
chanter to prevent displacement. Jerosch (400) found a similar
63.5% complication rate for Bailey-Dubow rods but also
thought that they were the best device available. Porat et al.
(415) found that the complication rate was 75% for Bailey-
Dubow rods and 50% for nonelongating rods, with a similar



. . A: The lower extremity deformities of this 14-year-
old girl with severe osteogenesis imperfecta were managed
throughout childhood with Bailey-Dubow rods. This AP radio-
graph of both legs shows successful lengthening and maintenance
of alignment of the left tibia but failure of rod lengthening with
valgus angulation of the right tibia. B: The AP radiograph of both
femurs, also taken at age 14, shows signs of several of the prob-
lems in the management of the femoral deformities throughout
childhood. The right Bailey-Dubow rod protrudes into the soft
tissues distally. There is femoral bowing with a fracture and bend-
ing of the Bailey-Dubow rod at the junction of the male and fe-
male ends. In the left femur, part of the Bailey-Dubow rod has
been removed because it was protruding into the soft tissues.
There is a pathologic fracture through the bowing of the proximal
femur. C: Deformities of both femurs were treated by osteotomy
and exchange of the Bailey-Dubow rods for a Rush nail. D: One
year after the exchange, the osteotomy has healed. The femoral
alignment is good, but the proximal portion of the Rush rod is
praminent in the soft tissues.
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A: An 11-year-old boy with osteogenesis imperfecta fell and sustained a right subcapital
femoral neck fracture (arrow). B: The fracture was reduced with gentle traction by a fracture table
under general anesthesia and was stabilized with a cannulated screw, which was placed with difficulty
through an open approach, just anterior to the Bailey-Dubow intramedullary rod.

1 A: This 10-year-old with severe osteogenesis imperfecta
presented several years after Bailey-Dubow rod treatment for fractures
and deformity of the right femur. This lateral femoral radiograph
shows osteopenia, good position of the Bailey-Dubow rod, and signs
that the rod has allowed significant lengthening of the femur without
deformity. B: This lateral radiograph of the right femur, taken 2 years
later at age 12, shows that the rod has separated. There is now a
fracture in the gap between the male and female ends of the Bailey-
Dubow rod. (Courtesy of Brian Grottkau M.D. and Michael Goldberg,
M.D., Boston, Mass.)




An 8-year-old girl with osteogenesis imperfecta with
I|mb length discrepancy. Lateral tomograms of the knee show a central
physeal arrest of the proximal tibia and early physeal arrest of the distal
femur (arrows). Such complications are not infrequent with the use of
Bailey-Dubow rods.

percentage requiring reoperation for both types of nails. Zionts
ct al. (424) reported 40 complicacions in 40 extensible nailings
of 15 children, finding a2 much higher complication rate when
insertion of the rods was initiated before 5 years of age. Compli-
cations were also higher for tibial nailings.

Postoperative bracing is suggested for lower excremity frac-
rures (411). Upper extremity fractures should also undergo pro-
longed splinting after removal of fracture fixation. Immobiliza-
tion also may be adequate to treat stable, minimally displaced
fractures just distal or proximal to the intramedullary rods (394).

Nonunions, after fracture or surgical intervention, may cause
difficulty in both ambulation and transfer. In one series of non-
unions (393), the ayerage age at diagnosis was close to 10 years
and most patdents responded to treatment with intramedullary
rods and bone grafting, with healing in approximately 9 weeks.
Nonunion can occur after insertion of rods for upper extremity
fractures. Growth arrest also can follow the use of intramedullary
rods in the lower extremities (Fig. 6-41).

\/

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 posterior plaster splinting for fractures. Orthoses are
constructed for bracing of the lower extremities to aid in both
standing and ambulation. Standing frames also are used. Once
he or she is ambulatory, the patient is advanced to the use of a
walker or independent ambulation.

Severe bowing of the extremities after recurrent fractures is an
indication for osteotomy and intramedullary rodding. Whenever
possible, surgery is delayed until the child is 6 or 7 years old.
We recommend extensible rods in skeletally immature patients
and nonclongating rods both in older patients and in younger
patients whose canal is not wide enough for insertion of Bailey-
Dubow rods. When possible, we use limited incisions for inser-
tion of Bailey-Dubow rods to minimize blood loss and to avoid
devascularization of the long bones, which occurs commonly in
the so-called open shish-kabob technique.

Operative Technique—Bailey-Dubow Rod

Multiple small skin incisions are made at the point of maximal
deformity of the long bones, and a small periosteal incision is
made to permit introduction of a drill bit. After the cortex is
drilled repeatedly, manual osteoclasis completes the osteotomy
and the long bone is straightened. A guide pin is drilled in to
the medial edge of the tip of the greater trochanter, and down
into the intertrochanteric femur, and then is tapped discally
through the intramedullary canal through the knee. If callus
from old fracture halts progress, the guide pin can be drilled
through the obstruction and then rapped farther distally into
the middle of the distal flexed knee joint. Next, the reamer is
advanced over the guide pin and the female portion of the Bailey-
Dubow rod is threaded over the guide pin and driven down the
canal. The guide pin is pulled out of the knee joint through a
small arthrotomy incision, and the T-piece is artached to the
Bailey-Dubow sleeve. The T-piece is tapped down into the
greater trochanter. The male portion is then slid into the sleeve
to complete assembly of the expandable rod.

The patient is immobilized for approximately 4 weeks in a
hip spica cast and then in a brace for 3 to 6 months. When
there are fractures associated with intramedullary rods, chese are
treated with either rod revision or immobilization. Every cffort
should be made to keep patients ambulatory early after fractures
occur to minimize disuse osteoporosis.

Osteopetrosis, also known as Albers-Schonberg disease, is a con-
dition in which excessive density of bone occurs as a result of
abnormal funcrion of osteoclasts (425,442). The resultant bone
of these children is dense, brittle, and highly susceptible to
pathologic fracture. The incidence of osteopetrosis is approxi-
mately 1 per 200,000 births. The inherent problem is a failure of
bone resorption with continuing bone formation and persistent
primary spongiosa. The disorder classically has been divided into
a severe infantile malignant type and a milder form that presents
later in life. Intermediate forms have been identified in which
osteopetrosis presents as renal tubular acidosis (448). Although
the number of osteoclasts present in the affected bone is variable
(408,435), in the severe form of this disease, the osteoclasts may
be increased but function poorly (446).

Radiographically, the bones have a dense, chalklike appear-
ance (Fig. 6-42). The spinal column may have a sandwich or
rugger jerscy appcarance because of dense, sclerotic bone at each
end plate of the vertebrae and less involvement of the central
portion. The long bones tend to have a dense, marble-like ap-



This 2-year-old with osteopetrosis presented with fore-
arm pain. An AP radiograph shows the characteristic 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.

pearance and may have an Erlenmeyer’s flask shape at their ends
owing to deficient cutback remodeling. Radiolucent transverse
bands may be present in the metaphysis of the long bones, and
these may represent a variable improvement in the resorption
defect during growth of the child (441). There may be bowing
of the bones due to multiple fractures (432), spondylolysis (440),
or coxa vara (442). The small bones of the hands and feet may
show a bone-within-bone appearance with increased density
around the periphery. The unusal radiographic appearance may
inidally obscure occule, nondisplaced fracrures.

Treatment

Pathologic fractures are quite common in patients with os-
teopetrosis (408,427,432,436,438,445,448). Patients with a se-
vere form of the disease have more fractures than those with
presentation lacer in childhood. Concurrent blindness can make
patients more susceptible to accidental trauma. Patients with
autosomal dominant osteopetrosis with rugger jersey spine and

endobones of the pelvis (type 1I) are six times more likely to
have fractures than patients with only sclerosis of the cranial
vault (type I) (427).

Patients with the severe, congenital disease have transverse
or short oblique fractures of the diaphysis, particularly the femur
(Fig. 6-43). Distal physeal fractures with exuberant callus may
be confused with osteomyelitis (441). Common locations for
fractures include the inferior neck of the femur, the proximal
third of the femoral shaft, and the proximal tibia (425,441).
Although most fractures involve the long bones of the lower
extremities, upper extremity [ractures also occur frequently (425,
432). The onset of callus formation after fracture in osteopetrosis
is variable (425,432,435). Although many studies state that frac-
rures in osteopetrosis heal at a normal rate (435,442), others
report delayed union and nonunion (425). In a rat model of
osteopetrosis, Marks and Schmidt (439) found delayed fracture
healing and remodeling. Hasenhurtl (432) observed that in one
patient with recurrent fraccures of the forearm, each succeeding
fracture took longer to heal, with the last fracture taking nearly
5 months to unite.

The orthopaedist treating fractures in children with os-
teopetrosis should follow the principles of standard pediatric
fracture care, with additional vigilance for possible delayed union
and associated rickets (432,445). Immobilization is prolonged
when delayed union is recognized. Armstrong et al. (425) sur-
veyed the membership of the Pediatric Orchopaedic Society of
North America and compiled the combined experience of 58
pediatric orthopaedic surgeons with experience treating patho-
logic fractures in osteopetrosis. In this comprehensive review,
they concluded that nonoperative trearment 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 these fractures with fixation is technically
difficult. One author (431) described insertion of fixation into
this bone like “drilling into a rock.” In intramedullary fixation
of femoral fractures, extensive reaming may be required because
the intramedullary canal can be completely obliterated by scler-
otic bone (428). Other authors have found fixation of hip frac-
tures with fixation to be a formidable task (425,441), with dam-
age occurring to the fixation devices on insertion. The bone is
hard enough to break the edges off both chisels and drill bits.
Armstrong etal. (425) cautioned that ““the surgeon should expect
to use several drill bits and possibly more than one power driver.”

In addition to these technical difficulties, patients with os-
teopetrosis are at risk for excessive bleeding and infection, proba-
bly related to the hematopoetic dysfunction caused by oblitera-
tion of the marrow cavity (445). Procedures should not be
performed unless the platelet count is greater chan 50,000 mm?,
and preoperative platelet transfusions may be necessary (445).
Prophylactic antibiotic coverage is advised. Minor procedures
should be performed percutaneously whenever possible (445).

In the past, primary medical treatment for osteopetrosis in-
cluded transfusions, splenectomy, calcitriol, and adrenal cortico-
steroids, but these rechniques have proved ineffectual (444,447).
Bone marrow transplantation for infanc malignant osteopetrosis
has proved to be an effective means of treatment for some pa-
tients, but it is not possible in all patients, it does not guarantee
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survival, and it may be complicated by hypercalcemia (425,429,
430,443).

Pyknodysostosis is a rare syndrome of short stature and general-
ized sclerosis of the entire skeleton. The dense brittle bones of
affected children are highly susceptible to pathologic fractures.
Henri Toulouse-Lautrec was thought to be afflicted by this dis-
order (452). Pyknodysostosis is inherited as an autosomal reces-
sive trait, with an incidence estimated as 1.7 per 1 million births.
The long bones are sclerotic, with poorly formed medullary ca-
nals; histologic section show attenuated haversian canal systems.
Patients with pyknodysostosis have short stature, a hypoplas-
tic face, a nose with a parrot-like appearance, 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, kyphosis, and scoliosis may be pres-
ent. Failure of segmentation of the lower lumbar spine has been
reported. Results of laboratory studies usually are normal.

A: This 9-year-old with osteopetrosis sus-
tained similar bilateral subtrochanteric fractures of the
femur over a 2-year period. This AP femoral radiograph
and (B) this lateral femoral radiograph shows a healing
transverse subtrochanteric fracture of the left femur. 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 AP radiograph taken at age 14 years shows
that both proximal femur fractures have healed and there
is mild residual coxa vara, especially on the right side.

Radiographs show a sclerotic pattern very similar to thac of
osteopetrosis. In pyknodysostosis, however, the medullary ca-
nals, although poorly formed, are present and a faint trabecular
pattern is seen (Fig. 6-44). Such sclerotic bone is also seen in
Engelmann’s disease, but clinically those patients are tall and
eventually develop muscle weakness. The distal femur in a pa-
tient with pyknodysostosis usually has an Erlenmeyer’s flask de-
formity similar o that found in patients with Gaucher’s discase

(449).

Treatment

Although pathologic fractures are thought to be less common
in pyknodysostosis than in Ol, almost all patients with pycnody-
sostosis reported in the literature have had pathologic fractures.
By age 22 years, one patient had sustained more than 100 frac-
tures (450). The fractures are usually transverse and diaphyseal,
and hcal with scanty callus (453). The fracture line can persist
for nearly 3 years after clinical union, with an appearance similar
to a Looser line. Lower extremity fractures are the most common



A young boy with pyknodysostosis. Although bone den-
sity is increased overall, a medullary canal is present in the proximal
humerus with faint trabecular lines (arrow) in contrast to osteopetrosis,
in which the medullary canal is usually completely obiiterated. {Cour-
tesy of John D. McKeever, M.D., Corpus Christi, Texas)

(450), and clinical deformity of both the femur and cibia is
frequent.

Fracture healing has been described as both normal (455)
and delayed (450). Nonunion is reported in the ulna, clavicle,
and tibia (453). One series (453) with long-term follow-up sug-
gests thar fractures tend o heal readily in childhood, but non-
union can be a problem in adulthood. Edelson et al. (451) re-
ported 14 new cases of pyknodysostosis from a small Arab village.
They described a hangman’s fracture of C2 in a 2-year-old child
that went on to asymptomatic nonunion. There was 100% inci-
dence of spondylolysis in their patients aged 9 years or older,
with most located at L4-L5. None of the spondylolyrtic lesions
showed uptake on technetium 99m bone scan. Treatment was
conservative, with one patient with sympromatic spondylolysis
responding to bed rest.

Cast immobilization is successful in the treatment of most
of these fractures. Taylor et al. (456) treated a femoral fracrure
inan 11-year-old boy with skin traction and a one-and-a-half hip
spica cast. At 6-month follow-up, clinical union with persistent
fracture line was seen. In adults, both plates and screws and
hip screws have been used for proximal femoral fractures (454).
Delayed union of tibial fractures has been treated with both
compression plating and bone grafting (453) and intramedullary
nailing with cast immobilization. Roth {454) noted chat rreat-
ment of a hip fracture with fixation was technically difficult.
Cervical immobilization through a Minerva cast and soft cervical
collar has been used for a C2 fracture in a child, and che patient

did well, alchough immobilization was prematurely discontinued

(450).

Rickets is a disease of growing children caused by either a defi-
ciency of viamin 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
mineralizacion, the zone of provisional calcification widens and
the ingrowth of blood vessels into the zone is disrupred. In the
rickets of renal failure, the effects of secondary hyperparachyroid-
ism (bone erosion and cyst formation) also are present. Before
widespread fortification of common foods, vicamin D deficiency
was a common cause of rickets, but other diseases affecting the
metabolism of vicamin D have become a more common cause.
Regardless of the underlying cause, the various types of rickets
share similar clinical and radiographic features. Although many
of the metabolic findings are the same, there are some differences
(Table 6-11).

Both pathologic fractures (435,457,464,466,468) and epi-
physeal displacement (458,465) can occur in rickets with associ-
ated renal disease. The treatment of rickers with associated
pathologic fractures depends on identification of the underlying
cause. In addition to nutricional rickets, many diseases of the
various organ systems can affect vitamin D merabolism, and
their treatment is necessary before the clinical rickers can be
resolved.

Nutritional Rickets

Inadequate dietary vicamin D and lack of exposure to sunlight
can lead to a vicamin D deficiency (Fig. 6-45). Pathologic frac-
tures from vitamin D deficiency rickets also occur in children
on certain diets: unsupplemented breast milk (463), diets re-
stricted by religious beliefs (457), and fad diets (460).
Fractures are treated with both cast immobilization and cor-
rection of the vitamin deficiency by oral vitamin D supplementa-
tion. Oral calcium supplements also may be necessary, and pa-
tents should consume a vitamin D—fortified milk source (457).

Rickets in Malabsorption Diseases

Celiac disease caused by gluten-sensitive enteropathy affects in-
testinal absorption of fat-soluble vitamins (such as vitamin D),
resulting in rickets. Biopsy of the small intestine shows character-
istic atrophy of the villi. Treatment is oral viamin D and a
gluten-free diet. Infants with short gut syndrome may have vita-
min D-deficiency rickets. This syndrome may develop after
intestinal resection in infancy for volvulus or necrotizing entero-
colitis, in intestinal atresia, or after resection of the terminal
ileum and the ileocecal valve (471). Pathologic fractures have
been reported, and treacment is immobilization and administra-
tion of vicamin D with supplemental calcium gluconare.
Heparobiliary disease also is associated with rickets (459,462)
(Fig. 6-46) With congenital biliary atresia, the bile acids, essen-

cial for the intestinal absorprion of vitamin D, are inadequate.
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By age 3 months, nearly 60% of patients with biliary atresia
may have rickets (461). Intravenous vitamin D often is needed
for etfecrive treatment of these patients. After appropriate surgi-
cal correction of the hepatic syndrome, the bone disease gradu-
ally improves. The pathologic fractures that develop in these
disorders (459) can be treated with immobilization.
Anticonvulsant therapy can interfere with the hepatic metab-
olism of viramin D and result in rickets and pathologic fractures.
Fewer fractures occur in institutionalized patients receiving vita-

min D prophylaxis (467). In a study of 20 children with epilepsy,
there was no difference in the bone mineral density of the femo-
ral neck in patients on either phenobarbital or phenytoin com-
pared with control subjects (470).

[fosamide, a chemotherapeutic agent used for treatment of
Ewing’s sarcoma, can cause hypophosphatemic rickets in chil-
dren. The onset of rickets may occur anywhere from 2 to 14
months after chemotherapy and can be corrected with the ad-
ministration of oral phosphates (469). Other mineral deficien-

B

A: This 3-year-old girl presented with extremely severe nutritional rickets. An AP radio-
graph of the pelvis and both femora shows severe coxa vara, widening of all physes, and osteopenia
of the distal femora, with flaring of the distal femoral methaphysis. B: Standing lower extremity radio-
graph shows further deformity of the distal tibia with Looser lines visible on the concavity of the defor-

mity of the right distal fibula.
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A: This 18-year-old boy with sclerosing cholangitis and
a history of steroid use presented with several months of worsening
low back pain. This lateral radiograph of his lumbar spine shows marked
osteopenia, collapsed codfish vertebra with sclerotic end plates and
widened disc spaces and Schmorl’s nodes. B: This MRI shows flattened
concave vertebra that are smaller in most locations than the adjacent
intervertebral disc. He was successfully treated with 3 months in a thor-
aco-lumbar-sacrai-orthosis (TLSO) brace, followed by weaning from the
brace and conditioning exercises.

cies such as magnesium (a cofactor for parathyroid hormone)
can cause rare forms of rickets (Fig. 6-47).

Rickets and Very-Low-Birth-Weight Infants

Very-low-birch-weight infants (1,500 g or less) can have patho-
logic fractures. In one study of 12 very-low-birth-weight in-
fants, 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 (472). The fractures are likely caused by a nutri-
tional osteomalacia that may evolve into frank rickets in nearly
30% of very-low-birth-weight infants (472,474,476,478) (Fig.
6-48). During the last trimester of pregnancy, intrauterine
growth rate is exponential and almost two thirds of the birth
weight is gained at that time (480). Eighty percent of both cal-
clum and phosphorus is acquired then (475). Bone loss can be
graded by either loss of cortical bene of the humerus (479) or
loss of bone of the distal radius (476). Other than craniotabes
(thinning and softening of the skull bone, with widening of the
sutures and fontanelles), the clinical signs of rickets are generally
lacking in these patients (574). The risk factors predisposing
these patients to both rickets and fractures include hepatobiliary
disease (461,462,472), prolonged total parenteral nutrition
(472), chronic lung disease (472), necrotizing enterocoliis
(471), patent ductus arteriosus (473), and physical therapy with
passive range-of-motion exercises (474,477). In a prospective
study of 78 low-birth-weight infants, Koo er al. (477) observed
a 73% incidence of rickets with associated 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,

Treatment

In most cases, pathologic fractures in very-low-birth-weight
infants are found incidentally on chest x-ray or gastrointestinal
studies. The fractures may be suspected when physical examina-
tion reveals swelling and decreased movement of an extremity.
The differential diagnosis of these fractures is limited but impor-
rant: OI, copper deficiency syndrome, child abuse, and patho-
logic fracture from overzealous physical therapy (474). Recurrent
fractures, physical findings, and a positive family history are the
hallmarks of Ol; serum copper levels are useful in establishing
copper deficiency syndrome. Neonatal osteomyelitis may also
present a similar x-ray appearance. If risk factors for infection
are present, the bone lesion should be aspirated and cultured
(472).

In the series reported by Amir et al. (472), 12 (1.2%) of 973
preterm infants had fractures; 11 of 12 had more than 1 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 (480). In
one study, 54% of fractures were in the upper extremities, 18%
in the lower extremities, 22% in the ribs, and approximately
6% in eicher the scapula or the clavicle (477). Most long bone
fractures are metaphyseal and may be transverse or greenstick
with either angulation or complete displacement (472). Callus
is seen at the fracture site in less than a week, and complete
remodeling occurs in 6 to 12 months (472,477). Passive range-



A: A 13-year-old girl presented with rickets caused by magnesium deficiency. She had
back and hip pain after a seizure; the x-ray study shows compression fractures of the thoracic vertebrae
(arrow). B: Displaced femoral neck fractures are also present with periarticular calcification (arrows).

(Figure continued.)

of-motion exercises for these infants, by both physical therapists
and parents, should be avoided unless it is absolutely necessary
(474). Rib fractures have been associated with vigorous chest
physiotherapy (477,478). 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 (477).

Splinting is the treatment of choice for pathologic fractures
of the long bones in very-low-birth-weight infants (Fig. 6-49).
Hip spica casts are contraindicated because they may compro-
mise cardiopulmonary support and hamper nursing care (477).
Regardless of the means of immobilization, the prognosis is ex-
cellent for most of these fractures because they go on to complete
remodeling within 12 months; prolonged follow-up is advised.
Preventive measures are important to minimize the risk of frac-
ware in low-birth-weight infants. Their nutritional need for high
levels of calcium, phosphorus, and vitamin D should be recog-
nized. Alternating high levels of calcium with low levels of phos-
phorus 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 osteodystrophy is common in patients with end-stage
renal failure; it was diagnosed in 79% of patients in a series of

50 children (490). Typically developing abourt 1.4 years after
diagnosis of the kidney disease (490), the clinical syndrome is
a combination of rickets and secondary hyperparathyroidism
with marked osteoporosis. These children present with short
stature, bone pain, muscle weakness, delayed sexual develop-
ment, and bowing of the long bones (483). The underlying renal
disease may be chronic nephritis, pyelonephritis, congenically
small kidneys, or cystinosis (468). Identification of the renal
disorder is important because patients presenting with rickets
due to obstructive uropathy may respond to surgical creatment
of the renal disease.

Specific clinical deformities include genu valgum (most com-
mon), genu varum, coxa vara, and varus deformities of the ankle
(482,483,485). These deformities are most common in patients
diagnosed before 3 years of age. Davids et al. (485) showed
thar periods of metabolic instability, characrerized as an alkaline
phosphatase of 500 U for at least 10 months, were associated
with progression of deformity. With the adolescent growth
spurt, osseous deformities can accelerate rapidly over a matter
of weeks (485).

Radiographs show rickets and osteopenia with osteitis fibrosa
cystica (482). Osteoclastic cysts (brown tumors) may form. Me-
taphyseal cortical erosions occur in the lateral clavicle, distal ulna
and radius, neck of the humerus, medial femoral neck, medial
proximal tibia, and middle phalanges of the second and third
fingers (490). The proximal femur may become so eroded with



tapering and thinning that it has been likened to a rocring fence
post (502). In renal osteodystrophy, the Looser zone may repre-
sent a true stress fracture and, with minor trauma, may extend
across the full thickness of the bone with development of a true
fracture. 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 (466).

Treatment

In renal osteodystrophy, pathologic fractures of the long bones,
as well as rib fractures, vertebral compression fracrures, and dis-
placement of the epiphyses, occur frequently. Fractures occur
in areas of metaphyseal erosion or through cysts. Immobilization
is used to treat pathologic fractures through both generalized
weakened bone and brown tumors.

Once the underlying bone disease is under control, open
procedures such as curettage of cysts with bone grafting and
open reduction of fractures may be considered when appropriate
(466). Internal fixation is preferable to external fixation (484).

(continued) C: The fractures were openly re-
duced with fixation by multiple cannulated screws. She was
placed in a hip spica cast to protect the fixation. D: At 12-
month follow-up, the femoral neck fractures have united,
with no evidence of avascular necrosis of the femoral heads.
With medical treatment of the rickets, new bone has been
added to the pelvis (arrows.)

Preoperative tests needed for these patients before surgery in-
clude electrolytes, calcium, phosphorus, and alkaline phospha-
tase. Before surgery, these patients may need dialysis, phosphate
adjustment, cither medical or surgical correction of hyperpara-
thyroidism, or chelation therapy for aluminum roxification. Sup-
plemental vitamin D should be discontinued or the dose halved
2 to 4 wecks before any procedure that may require immobiliza-
tion (483). It is important to rule out dental abscess, which
may be present in as many as 25% of patients with vitamin
D-—resistant rickets (494). Postoperative infection may be more
common in patients who are on corticosteroid therapy after renal
transplantation (496). Prophylactic antibiotics are highly recom-
mended for surgery of all patients with renal osteodystrophy
(487).

Osteonecrosis may occur in weight-bearing bones, with the
femoral head most often symptomatic (501). Other sites of in-
volvement include the distal femoral condyles and the talus (482,
499). Osteonecrosis may result from the use of immunosuppres-
sive corticosteroids, because there is less osteonecrosis when the



- A 4-month-old premature infant of low birth weight
with healing rickets. New periosteal bone is cloaking the humerus
(arrow).

corticosteroid dose is decreased (486). Ferris et al. (488) de-
scribed osteochondritis dissecans lesions of the medial femoral
condyles in young adults with hypophosphatemic rickets. Both
Joose bodies and so-called trap-door lesions were seen in these
patients. QOlder patients developed calcification of the ligaments
about the hip, knees, and spine. Lesions of bilateral osteochon-
dritis dissecans may require repeated arthroscopic irrigations and
removal of loose bodies (488). Joint stiffness in older patients
due to ligamentous calcification about the knees, hips, and spine
can be minimized if early corrective osteotomies of the lower

; A tibia splint has been constructed for this premature
infant by wrapping a tongue blade in a heavy layer of Webril and then
fracturing the tongue depressor so that it assumes a sugar tong appear-
ance. Tape is gently wound around the splint to hold it in place.

extremities are performed to place them in the optimal position
for function. Osteonecrosis in renal osteodystrophy can be
treated with repeated joint aspiration, crutch ambulation, and

physical therapy (485).

Rickets and Renal Osteodystrophy—Slipped Capital
Femoral Epiphysis

The incidence of epiphyseal displacement in children with renal
osteodystrophy ranges from 20% to 30% (465,491). Sites of
involvement include the distal femur, proximal femur, and prox-
imal humerus, the heads of both the metatarsals and metacarpals,
and the distal radial and ulnar epiphyses, which tend to displace
in an ulnar direction (491). In the proximal femur, both femoral
neck fractures (458) and slipped capital femoral epiphysis occur
(Fig. 6-50).

Possible explanations for displacement of the proximal femo-
ral epiphysis include metaphyseal erosion with subsequent frac-
ture (458,491), and a layer of fibrous tissue that forms berween
the physis and the metaphysis because of the destructive effects
of the renal osteodystrophy (492). The warning signs and risk
factors for slipped capital femoral epiphysis in renal osteodystro-
phy include subperiosteal erosion of the medial femoral neck,
increasing width of the physis, bilateral coxa vara, male gender,
and an age between 10 and 20 years (458). 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 aggressive medical treatment of renal osteodystrophy,
including administration of vitamin D (493), calcitriol, hemo-
dialysis, renal transplantation, and parathyroidectomy, has
improved the long-term survival and quality of life for these
patients. Temporary limitation of weight bearing is recom-
mended if there is little metaphyseal erosion, minimal coxa vara,
and fusion of the physis is expected within 1 to 2 years (466).
Goldman et al. (458) recommended prophylactic hip pinning
or close follow-up if risk factors are present for slipped capiral
femoral epiphysis in patients with renal osteodystrophy. Wich
continuing slippage after medical treatment, most authors rec-
ommend in situ fixation (458,483,497). Continuing displace-
ment of the proximal femoral epiphysis may occur even after
pinning. Fixation holds poorly, possibly because the wide radio-
lucenct zone of the femoral neck in this disorder is not true physis
but rather poorly mineralized woven bone and fibrous tissue
(465). In a very young child, threaded pin fixation of the proxi-
mal femoral epiphysis may result in growth abnormality with
rochanteric overgrowth.

Smooth pins can be used to stabilize the epiphysis temporarily
until medical treatment resolves the underlying bone disease.
For patients younger than 5 years, Hartjen and Koman (489)
recommended treatment of slipped capital femoral epiphysis
with reduction through Buck’s 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 epi-



physis (458,483). Medical management of the underlying renal
disease and of hyperparathyroidism is mandatory. Pinning of
the proximal femur may not be necessary.

Renal Osteodystrophy Complicated by Aluminum
Toxicity

Oppenheim et al. (498) noted the contribution of aluminum
toxicity to the development of fractures in renal osteodystrophy.
Because phosphorus restriction is important in children wich
renal disease, aluminum hydroxide has been commonly used asa

A: This 13-year-old boy with renal osteodystrophy
presented with bilateral hip and thigh pain. This AP pelvis radio-
graph shows widening of the proximal femoral physes with scle-
rosis. Slipped capital femoral epiphyses were diagnosed. B: This
AP pelvis radiograph taken 9 months after surgery shows narrow-
ing of the physis and no evidence of further displacement of the
capital femoral epiphyses.

phosphate binder (481). Aluminum intoxication causes defective
mineralization. Multiple pathologic fractures may occur with
poor healing. Serum aluminum levels are not diagnostic, but
che use of deferoxamine, a chelation agent, in an infusion test
may provide the diagnosis (495). A bone biopsy often is neces-
sary.

Afrer treatment of the renal disease with correction of the
aluminum toxicity by chelation agents, acute fractures will heal.
Severe bowing of the long bones due to fractures can be treated
with multiple osteotomies with intramedullary Rush rod or plate
fixation (498). Recurrence of the syndrome is prevented by use



of aluminum-free phosphate-binding agents such as calcium car-

bonate (500).

\/

Recognition of the underlying metabolic abnormalicies is the
most important aspect in the care of all of these injuries. Slipped
capital femoral epiphysis may be the first presenting sign of
renal failure (458). A slipped capital femoral epiphysis should

C

be stabilized with 7 situ screw fixadion in older children if pro-
gression is noted despite medical treatment. Mulciple screws
should be considered because the underlying metaphyseal bone
is quite soft. For treatment of progressive slipped capiral femoral
epiphysis in very young children, some form of unthreaded fixa-
tion seems most logical.

Most fractures of the long bones respond readily to cast or
splint immobilization with concurrent aggressive medical treat-
ment of the underlying metabolic disease. Femoral neck fractures
are treated with anatomic reduction and internal fixadon. The
underlying bone discase should be medically treated to ensure

D

. A: This case demonstrates muitiple pathologic fractures in a previously healthy teenage
boy who developed idiopathic osteoporosis. This AP radiograph of the right knee and (B) this lateral
radiograph demonstrates a displaced distal femoral metaphyseal fracture with apex posterior angula-
tion. C: This was treated with closed reduction and percutaneous pinning and application of a cast. D:
This lateral radiograph shows satisfactory alignment with the pins in place. (Figure continues.)



{continued) E: A few months later, he sustained a left proximal femur fracture, which
was treated with a spica cast. F: This AP pelvis radiograph taken 3 years later shows healed proximal
femoral fractures with varus angulation, and severe osteopenia of the pelvis and femora with profrusio

of both acetabuli.

success of open procedures. Significant cysts should be treated
with curettage and bone grafting. Angular deformiries of the
long bones should be corrected when the patient is close to
maturity.

Osteoporosis in a child generally is associated with either con-
genital disease such as osteogenesis imperfecta or metabolic dis-
orders such as Cushing’s syndrome. Rarely, children develop
idiopathic osteoporosis with pathologic fractures (Fig. 6-51).
[diopathic osteoporosis is characteristically seen 2 years before
puberty, but age at presentation may range from 4 to 16 years
(515). Unique metaphyseal impaction fractures are a hallmark
of this disorder (509). Biopsy specimens show a quantitative
decrease in the amount of bone that has been linked to both
increased resorption (510) and primary failure bone formation
(515). Osteoblasts in this disorder seem to function normally
when stimulated by oral 1,25-hydroxyvitamin D3 (504). Symp-
toms can persist for 1 to 4 years after diagnosis, with spontaneous
resolution in most patients after the onset of puberty. The only
consistent metabolic abnormality is a negarive calcium balance
with high rates of fecal excretion of calcium (509). This finding
supports the hypothesis that idiopathic juvenile osteoporosis re-
sults from intestinal malabsorption of calcium (507).
Although many children presenc with back pain as the only
complaint, the most severely affected present with generalized
skeletal pain (503,506-510,515). Patients have difficulry walk-
ing, and their symptoms may be initiated by mild auma. In a
review of 40 patients with idiopathic ostcoporosis, Smith (515)

observed that 87% had vertebral fracturesand 42% had metaphy-
seal fractures. Symptoms of back or extremity pain can predate
fractures by 6 months (503). Generally, 30% of bone mass must
be absent before osteoporosis is detected on radiographs (511).
Serum calcium, phosphorus, and alkaline phospharase levels are
usually normal (509). Low plasma calcitriol, a vitamin D metab-
olite that aids calcium absorption in the gut, has been observed
in juvenile osteoporosis (512).

Radiographs of the spine show decreased density in the cen-
tral areas of the vertebral bodies, and clarity of the dense vertebral
end plates is increased. The Jong bones lose trabecular anatomy
and show thinning of the cortex (509,514). Once symptoms
begin, a mildly lucent area of newly formed bone, a so-called
neo-osseous porosis, is observable in the metaphysis. This is con-
sidered weaker than the surrounding bone, which formed before
onset of the disease (515).

Treatment

Lower extremity and vertebral fractures (513) are common, al-
though fractures of the proximal humerus, radius, ulna, and ribs
are frequent (509). Nonunions of the tibia, radius, and ulna
have been reported (507,509). Spinal cord compression has also
been reported with vertebral fractures of osteoporosis in a child
{505). Meraphyseal fractures can start as hairline cracks thac
gradually extend across the width of the shaft, and with further
collapse in the femoral shaft, the cracks may telescope into the
distal femur, with later distortion of the femoral condyles (509).
Tibia and femoral shaft fractures may heal with bowing. Long
bone shaft fractures are either transverse or oblique (509), and



the callus formed seems to be normal (509,512). A technetium
bone scan may be useful in showing healing fractures that are
not obvious on plain x-ray studies (512). No clear-cut effective
medical treatment has been found for idiopathic juvenile osteo-
porosis (508-510). Many patients have been treated by both
vitamin D and calcium supplements with equivocal benefit, and
usually mineralizacion of the skeleton does not improve until
puberty, when the disease spontancously resolves.

Dent and Friedman (507) summarized the treatment of frac-
tures in juvenile osteoporosis when they stated that these frac-
tures should undergo anatomic reduction with immobilization
“as lirtle as practical.” They noted both severe deformity of the
long bones and pseudarthrosis when the fractures could not be
immobilized. The bones usually are so soft that they are thought
to be unsuitable for the usual forms of fixation, but femoral
neck fractures in this disorder have been treaced with internal

fixation (509).

Osteoporosis of Chemotherapy

Osteoporosis is common in association with chemotherapeutic
agents. Methotrexate, for example, is believed to inhibit os-
teogenesis, causing both delayed union and nonunion of frac-
tures (520). The incidence of pathologic fractures after metho-
rrexate use ranges from 19% to 57% (518,520,522). Generalized
demineralization of the skeleton is seen with marked radiolu-
cency of the meraphyseal regions of the long bones. Radiographic
changes in the metaphysis and epiphysis resemble those seen in
scurvy (520). Minimally displaced transverse fractures occur in
the long bones of both the upper and lower extremities, and the
small bones of the feer (520,522). Schwartz and Leonidas (521)
caution thar stress fractures of the long bones that can occur
after methotrexate therapy can be mistaken for recurrence of
leukemia. If feasible from an oncologic viewpoint, methotrexate
should be discontinued to allow these fractures to heal in a cast.
The cast immobilizarion itself may result in additional osteope-
nia and fractures even though methotrexate is discontinued
(521). Persistent nonunions require open reduction and internal
fixation with bone graft (522). Padients with severe osteoporosis
and bone pain without fracture also respond to a halt in metho-
wexate therapy (520).

Immobilization Osteoporosis

Immobilization of an exwemity for fracture trearment can resule
in loss of as much as a 44% of mineralization of trabecular bone.
In some patients, osteoporosis may persist for 6 months after
injury (516). Immobilization leads to bone resorption, especially
in unstressed areas (517). In one study (516), bone density of
the distal radius returned to normal in all patients at |-year fol-
low-up. Nilsson and Westlin (519) found a residual decrease in
bone mineralization of the distal femur of 7% at neatly 11 years
of follow-up in a study of 30 patiencs. I¢ is likely chat persistent
osteoporosis after cast immobilization for fracture can contribute
to refracture.

Primary hyperparathyroidism in childhood results from either
hyperplasia of the parathyroid gland in very young children or
parathyroid adenoma in older children (525). Increased parachy-
roid hormone increases osteoclastic activity, leading to general
demineralization of the skeleton. In severely affected patients,
osteitis fibrosa cystica may develop with fibrous tissue replace-
ment of bone and formation of cysts (531). Hypercalcemia is
common.

A particularly severe form of primary hyperparathyroidism
seen in infants is congenital primary hyperparathyroidism, which
results from an autosomal recessive trait (529) and is lechal wich-
out parathyroidectomy. These patients present with respiratory
difficulty, hypotonia, poor feeding with constipation, and failure
to thrive (5306). Serum calcium is markedly increased in most
patients, but a gradual rise above normal serum levels may occur
in some infants with serial measurements (535). Radiographs
reveal demineralization of the skeleton. Marked resorption is
present in the femoral necks and distal tibiae, with decreased
trabeculae and poorly defined cortices (529). Periosteal elevation
is common, and when it is severe, the long bones may actually
look cloaked with new bone (Fig. 6-52). Periosteal resorption
of the bone of the middle phalanges is believed to be characteris-
tic of this disease. Brown tumors are rare in infancy.

In older children and adolescents, the clinical presentation is
more subtle. Weakness, anorexia, and irritability are present in
50% of patients, and constipation is present in 28% (525). Renal
caleuli also are present in 25% of patients, and polyuria, excessive
thirst, bone pain, abdominal distention, pancreatitis, and swell-
ing of the knees are occasionally present (524,525,528). Approx-
imately 50% of older patients have osteopenia and other osseous
signs of hyperparathyroidism (525). The serum calcium is only
moderately elevated in many patients, but 24-hour urine calcium
excretion is abnormally high (525,534). 1f the diagnosis is uncer-
tain, selective venous catheterization for parathyroid hormone
can be done, localizing the gland by either ultrasound, CT scan,

or MRI (526).

Treatment

Pathologic fractures of the long bones are common in patients
with hyperparathyroidism (523,534), especially in infancy. Ver-
tebral fractures, which occur in 4.4% of adult patients (527),
are rare in infancy. Increased levels of parathyroid hormone re-
sults in decreased function and numbers of osteoblasts, and
hence delayed union of pathologic fractures (533), but chis prob-
lem has only been reported in adults; healing occurred after
parathyroidectomy (532).

Most fractures are successfully treated wich simple immobili-
zation. Occasionally, a fracture through a cyst requires curettage
and bone grafting after a period of initial healing (537). Partial
or total parathyroidectomy is the primary treatment for hyper-
parathyroidism (526,530). Solitary bone cysts often heal after
parathyroidectomy.

Cushing’s syndrome results from excessive production of cortisol
and its related compounds. If the hyperactivity of the adrenal



. A: Newborn with hyperparathyroidism. There is marked demineralization of bone, and
marked resorption is present in the proximal femora (arrows). B: Periosteal elevation is present along
the ulna (arrows). (Courtesy of Bruce Mewborne, M.D., San Antonio, Texas.)

cortex is due to pituitary gland stimulation, the syndrome is
most precisely known as Cushing’s disease (541). In children,
hypercortisolism is most often caused by carcinoma, adenoma,
hyperplasia of the adrenal cortex (540,543,547), Ewing’s sar-
coma (549), or exogenous corticosteroid therapy (538,550,551).
The elevated adrenal corticosteroids inhibit the formation of
osteoblasts (544), resulting in increased resorption of the bone
matrix and decreased bone formarcion (546).

In infancy, carcinoma and adenoma are the primary causes
of Cushing’s syndrome; the remaining cases are secondary to
hyperplasia of the adrenal cortex (543). Presenting symptoms
include failure to thrive, short stature with excessive weight gain,
moon facies, presence of a buffalo hump, hirsutism, weakness,
and hypertension (543,547). Cutaneous striae are rare, and the
genitalia are of normal size. Mortality is well over 50% (547). In
older children, the clinical picture is somewhat different: truncal
obesity, short stature, a lowered hairline, acne, weakness, emo-
tional lability, hirsutism, cutaneous striae, hyperrension, and ec-
chymosis (538). Patients with Cushing’s syndrome due to adre-
nocortical neoplasm may have a palpable abdominal mass at an
average age of approximately 5 years (540). Diagnosis usually is
made by elevation of plasma 17 hydroxy steroids or increased
24-hour urinary excretion of 17-keto steroids (543). Cushing’s
syndrome also has been associated with hemihypertrophy (539).
Corticosteroid therapy in children, both oral and inhaled (538,
550,551}, can also cause Cushing’s syndrome, as well as the
development of cataracts, ulcers, pancreatitis, myopathy, and
hepatomegaly (542).

Radiographic findings may include severe osteopenia and a
retarded bone age (543). Fractures of the ribs, vertebrae, and
long bones have been reported in children with Cushing’s syn-

drome (545,548).

Treatment

The primary treatment of Cushing’s syndrome of childhood is
total adrenalectomy (548). The associated fractures usually can
be treated with standard immobilization techniques, but care
should be taken not to increase the extent of osteopenia through
excessive immobilization. In patients on corticosteroid therapy,
the dose should be reduced, converted to an alternate-day sched-

ule, or discontinued, if possible (538,549-551).

The rarity of scurvy makes its diagnosis difficule. In children,
scurvy may follow 6 to 12 months of a vitamin C—deficient
diet (556). Because vitamin C is essential for normal collagen
formarion, deficiency of the vitamin results in defective os-
teogenesis, vascular breakdown, delayed healing, and wound de-
hiscence (553). With abnormal crosslinking, the defective colla-
gen formed inhibits formation of osteoid matrix. Meanwhile, the
chondroid tissue continues to be mineralized and can become
completely calcified (559). Increased resorption and decreased
formation of bone lead to generalized skeletal demineralization.
The ends of the long bones resorb, leaving only a cuff of thick-
ened periosteum to stabilize the epiphysis (552). Although
scurvy is often due to a dietary deficiency of vitamin C (553,559,
560), both aspirin and phenytoin are associated with decreased
plasma levels of ascorbic acid. Vitamin C deficiency also is pres-
ent in patients with myelomeningocele (558), although its con-
tributions to fracture in that population is unclear.

Infants with scurvy present with irritability, tenderness of
the lower extremities, weakness, pseudoparalysis, and possibly
bleeding gums (if teeth have erupted). Subperiosteal hemor-
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rhages may exist as well as hemorrhage into the subcutaneous
tissues, muscles, urinary system, and gastrointestinal tract (555).
Anemia also is a common finding. In older children, renderness
and swelling of the extremities are the most common findings.
Fever was noted at the time of presentation in 70% of 52 patients
in one series (557). Therefore, both osteomyelitis and sepric
arthritis must be inicially considered in the differential diagnosis.
In developing countries, older children with scurvy presenting
with inability to walk may be misdiagnosed as having poliomye-
litis (562).

Radiographs show profound demineralization. In advanced
disease, the long bones become almost transparent with a

ground-glass appearance and extreme thinning of the cortex.
Calcium accumulates in the zone of provisional calcificarion ad-
jacent to the physis and becomes densely white (Frinkel’s line).
Fractures generally occur in the scurvy line (Trummerfeld zo-
ne)—the radiolucent juxtaepiphyseal area above Frankel’s line
where the matrix is not converted to bone. Dense lateral spurs,
known as Pelken’s sign, may be seen (553). A characteristic
finding of scurvy is the corner sign, in which a peripheral me-
taphyseal defect exists where fibrous tissue replaces absorbed cor-
tex and cartilage (552). Cupping of the metaphysis is common
in both scurvy and rickers; in rickets, the metaphysis is ragged,
whereas in scurvy, the metaphysis is sharply outlined (553). The

Scurvy. A: A 10-month-old boy presented with a 2-
week history of refusal to walk with tenderness of the lower extremi-
ties. He had a history of milk and cereal intake only. There are signs
of scurvy in the metaphysis (large arrow). The dense white line in the
zone of the provisional calcification of the distal femur is known as
Frankel’s line. The radiolucent juxtaepiphyseal line above the white
line is known as the scurvy line. The peripheral metaphyseal defect,
where fibrous tissue replaces absorbed cortex in cartilage, is known
as the corner sign. Wimberger’s sign is a thin, dense line surrounding
the epiphysis (small arrow). B: This is a child with healing scurvy. There
is marked periosteal calcification around the distal tibia (arrows). C:
A newborn with scurvy. Periosteal hemorrhage has become calcified
in the bones of the lower extremity (arrows). (Courtesy of Bruce
Mewborne, M.D., San Antonio, Texas.)



epiphysis becomes ringed with a thin, dense line (Wimberger’s
sign). The periosteal elevation caused by hemorrhage calcifies
within 10 days of treatment with vitamin C (Fig. 6-53).

Treatment

Fractures and epiphyseal displacement occur in both infants and
older children with scurvy (552,556,557,563,564). The most
common sites of fracture, in order of frequency, are the distal
femur, proximal humerus, costochondral junction of the ribs,
and distal tibia (553). Fractures of the long bones generally are
nondisplaced metaphyseal buckle fractures with mild angula-
tion. In concrast, marked epiphyseal displacement occurs with
a moderate amount of callus present even in untreated patients.
Exuberant callus forms once vitamin C is administered. Standard
immobilization, with administration of vitamin C, is adequate
for most fractures. Remodeling potential is high in these patients
(563). Even healed fractures that appear to have undergone
growth arrest should just be observed, because the potential for
continued growth with medical treatment of the vitamin C defi-
ciency can be nearly normal (565). For infants who are older
than 12 months of age and have begun weight bearing, spine
films are recommended ro rule out vertebral fractures (556).
The licerature of fracture treatment in scurvy consists primar-
ily of case reports. Hoeffel et al. (554) reported on a 14-month-
old gitl with scurvy with bilateral distal femoral epiphysis dis-
placement. This condition resolved after treatment with vitamin
C, but limb-length discrepancy developed on one side (561). In
two patients with distal femoral fractures, healing went on to
cupping of the metaphysis with an appearance similar to that

in central growth arrest (557,564).

Copper is a vital trace element needed in the production of
collagen. Copper deficiency results in a decreased number of
collagen crosslinks, with adverse effects on boch bone and blood
vessels (568). Copper deficiency can occur by 3 months in low-
birth-weight infants (569) and after prolonged rtotal parenteral
nutrition. Copper deficiency can also develop as a result of exces-
sive supplemental zinc ingestion (5606).

Infants at risk for this syndrome are those who are primarily
milk fed and are on semistarvation diets with concurrent vomit-
ing and diarrhea (567). Both rib and wrist enlargement are fre-
quent, (568) and neutropenia is common (569). The diagnosis
is commonly based on clinical presentation and decreased levels
of serum copper.

Radiographic findings in copper deficiency syndrome are very
similar to those in rickets, including metaphyseal cupping, flar-
ing, demineralization of the skeleton, and subperiosteal elevation
with calcification (501). There are some radiographic differences
berween scurvy and copper deficiency syndrome (568). The cor-
ner sign is frequently absent in copper deficiency, the metaphy-
seal spurs are not strictly lateral but sickle shaped, and radiolu-
cent bands of the metaphysis are absent. Bone age also is
frequently retarded.

Pathologic fractures have been reported in copper deficiency
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syndrome. Cordano et al. (567) noted prompt healing of a distal
femoral fracture in an infant, but the fracture recurred before
treatment of the copper deficiency. Such injuries could be treated
like those in scurvy, with simple immobilization and concurrent
correction of the copper deficiency.

Fractures of the extremities in patients with severe cerebral palsy
are relatively rare, but their treatment can prove challenging. In
a review of 1,232 institutionalized patients with cerebral palsy,
Mclvor and Samilson (575) documented 134 extremity frac-
tures, primarily in quadriplegics. When the mechanism of injury
was known, most of these fractures were the consequence of a
fall, often associated with seizure activity. Approximately 46%
of these fractures involved the femoral shaft, 6% were fractures
of the head or neck of the femur, 15% involved the tibia and
fibula, and 13% were humeral fractures. These authors believed
that contracture or paralytic dislocation of the hip joint predis-
posed these patients to femoral fractures (Fig. 6-54).

Miller and Glazer (578) emphasized that spontancous frac-
tures can occur in patients with cerebral palsy without episodes
of trauma, and factors such as disuse atrophy, nutritional defi-
ciencies, and preexisting joint contractures contributed ro these
injuries. Nearly 50% of the full-time bedridden patients they
studied developed spontaneous fractures. The diagnosis usually
was delayed because the patients were noncommunicative. Anti-
convulsant therapy may contribute to osteoporosis in patients
with multiple fractures—Ilow levels of serum vitamin D were
seen in 42% of patients in one series (573). Fractures through
osteoporotic bone can occur both above and below fixation de-
vices.

Although long bone fractures in patients with cerebral palsy
heal quickly with abundant callus (578), their treatment through
either closed or open methods can be quite difficule. In a large
series of patients, Mclvor and Samilson (575) recommended
closed trearment through skeletal traction, hip spica cast, or
long-leg cast. Approximately 65% of the femoral shaft fractures
and 86% of distal femoral fractures went on to malunion. De-
spite malunion, most patients regained their prefracture func-
tion. Nearly 21% of their patients had refractures, and the au-
thors believed thac this was due to disuse osteopenia, inadequate
reduction, or joint contractures. Closed treacment of cthese frac-
rures can be complicated by the development of decubitus ulcers.
Closed fractures, especially those of the femur, can become open
injuries during treatment owing to spasticity or inadequate im-
mobilization (575,578). Hip spica casts are difficult to use in
patients with severe flexion contractures or dislocation of the
hip. The healing time of femoral fractures treated through im-
mobilization varies from 1 to 3.5 months (575,578). Fractures
of the humerus have been treated with light hanging-arm casts
or sling-and-swath bandages (578). Hip nails with side plates,
compression plates, and intramedullary fixation also have been
used for femoral shaft fractures in patients with cerebral palsy.
The mean healing time has been 5.3 months (575).
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. A:This 11-year-old boy with quadriplegic cerebral palsy had a varus derotatior osteotomy
followed by spica casting. Two weeks after cast removal, he sustained this distal femoral fracture during
physical therapy. An AP radiograph of the right knee and (B) a lateral radiograph of the right knee
show a distal femoral metaphyseal fracture in a location typical for insufficiency fractures in children
with neuromuscular disease. The fracture was minimally displaced and was treated with closed reduction
and a carefully applied, well-padded spica cast. Note the osteopenia and the typical changes around
the knee associated with long-standing knee flexion contracture.

Numerous reports note success in treating fractures of neuro-
logically impaired children with internal or external fixation
(570,571). Heinrich et al. (571) treated four femoral fractures
in young patients with cerebral palsy with flexible intramedullary
nails wich good outcomes. Femoral neck fractures may require 71
situ pinning, but observation may be adequate in asymptomatic
bedridden patients. Although he advocated open fixation of
some lower extremity fractures in patients with mental retarda-
tion, Sherk (580) cautioned that some patients may have inade-
quate motivation to resume ambulation even with successful
healing of their injuries. Medical management of these padients
must also be emphasized. In patients with cerebral palsy and
multiple fractures, Lee and Lyne (573) recommended metabolic
supplementation, along with traditional fracture care.

Fractures of the distal pole of the patella have been reported
in children with cerebral palsy due to spasticity of the cxtensor
mechanism of the knee in the presence of established knee flex-
ion contracture (572,574,579). Lloyd-Roberts et al. (574) re-
ported on eight patients with this injury who presented with
deterioration in walking and decreased endurance. All had knee
flexion contractures. Seven of the eight patients complained of
pain and local tenderness at che distal pole of the patella. In a
series of 88 patients, fragmentation was seen in only 8% (579).
Patella alta and elongation of the patella are frequent in affected
patients (Fig. 6-55) (572,579). Children predisposed to distal

pole patellar fractures are spastic ambulators with flexion con-

A 10-year-old girl with cerebral palsy had a healing stress
fracture of an elongated patella (arrow). Patella alta is also present.
The injury responded to conservative treatment.



tractures of the knees, patella alta, and a history of falls (572).
Extension casting may be helpful in symptomatic patients (579).
If conservative treatment is unsatisfactory, then hamstring
lengthening with correction of the knee flexion contracture can
result in both healing of the fracture and relief of symptroms
(574,579). Some authors (572,574) also have excised the avulsed
distal pole of the patella to relieve chronic symptoms.
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The goal of fracture treatment in cerebral palsy is to restore the
child to his or her prefracture level of function. If the patient
is ambulatory, conventional forms of fracture treatment should
be used. In nonambulatory children with cerebral palsy, a goal
of fracture care should be to preserve the ability to transfer.
Special precautions should be used in closed treatment of frac-
tures in these patients. The patients’ spasticity and inability to
communicate make them prone to skin problems, so casts should
be properly applied and well padded, usually with felt and poly-
urethane foam. Extra padding should be placed over the patella,
anterior ankle, and heel, and a snug cast mold should be placed
above the calcaneus to prevent proximal migration of the heel
(Fig. 6-56). When indicated, operative fracture fixation should
be used in ambulatory patients. Elastic intramedullary nails can
be a very effective way to treat femoral fractures in children with
spasticity (Fig. 6-57).

Prevention should be an important part of managing fractures
in children with cerebral palsy. Traditionally, long-leg casts or
spica casts were used after multiple muscle lengthenings or hip
osteotomies, then after several weeks, the cast was removed and
therapy begun. After cast treatment, however, the osteopenia
was worse, the joints were stiff, and fractures—especially in the
distal femoral metaphysis—occurred during therapy or transfers.
We and others (576,577) use foam abduction pillows and knee
immobilizers and an incensive therapy program in the immediate
postoperative period to avoid the deconditioning, ostcopenia,
and joint stiffness that develop after prolonged cast immobiliza-
tion. In ambulatory children who need hip osteotomies, use of
rigid internal fixation allows standing and gait training within
2 weeks, preventing not only osteopenia but also the risk that
the child may never regain the full level of preoperative function
after a prolonged period of cast immobilization.

In nonambulatory children with severe cerebral palsy, some
degree of both malunion and shortening may be accepted. Well-
padded splints or casts are adequate treatment for many dis-
placed fractures. Acute femoral shaft fractures can be rreated
with a heavily padded hip spica cast and distal fractures of the
femur by a long-leg cast. Distal femoral buckle fractures in non-
ambulatory children are safely treated with a knee immobilizer.
If a long-leg cast is used for a fracture of the lower extremity
and the joint of the involved side is dislocated, the rigid cast
may function as a lever arm, with the posterior fracture of the
proximal femur beyond the cast.

T rac s

Insufficiency Fractures

Children with myelomeningocele sustain fractures of the lower
extremities through bone weakened by either disuse or immobi-
lization after reconstructive surgical procedures. The incidence
of fractures in several series of patients with myelomeningocele
ranges from 12% to 31% (586,588,592,594,592,603). The lo-
cations of these fractures, in order of decreasing frequency, are
mid-shaft of the femur, distal femur, mid-shaft of the tibia,
proximal femur, femoral neck, distal femoral physis, and proxi-
mal tibia (586). Fractures of the distal tibia also have been re-
ported in numerous series (590,594,595,602,603). Both me-
taphyseal and diaphyseal fractures, usually resulting from minor
trauma, are often either incomplete or impacted with intact peri-
osteum (597). They tend to heal rapidly—nonunion is rare
(586). Physeal fractures, however, may take 3 to 33 months to
heal (603).

Numerous factors predispose these patients to fracture. Chil-
dren with flail limbs tend to pick up one leg and drop it out of
the way when they roll over in bed or twist around while in a
sitting position, and this may be enough force to cause a fracture
(594). Because protective sensation is absent, the child can nei-
ther anticipate impending injury nor be aware of injury once it
has occurred. The level of neurologic involvement also affects
the incidence of fractures. In a series of 76 fractures, Lock and
Aronson (597) found that 41% occurred with neurologic deficic
at the thoracic level, 36% occurred with deficit at the upper
lumbar level, and only 13% occurred in patients with lower
lumbar or sacral deficits. Nearly 86% of these fractures occurred
before 9 years of age, and 76% were associated with cast immobi-
lization. Most fractures after immobilization occur within 4
weeks of cast removal (588), and in one series (597), 30% of
patients with casts had multiple cluster fractures of either the
casted extremity or the partially casted contralateral extremity.
In addition to the inherent disuse osteoporosis from immobiliza-
tion, casting causes stiffness of joints, with concentration of force
on the osteoporotic bone adjacent to the joints (597). Boytim
et al. (583) reported neonatal fractures in 6 infants with myelo-
meningocele and concluded that the risk of fracture was 17%
for patients with thoracic or high lumbar level deficits with sig-
nificant contracture of the lower extremities. The authors cau-
tioned that particular care must be used to avoid fractures in
these patients during physical therapy, x-ray positioning, or sur-
gical procedures.

Stable fracrures of the long bones may not require complete
immobilization (588). Femoral shaft fractures have been treated
with padding and sandbags (591). Skin traction of anesthetic
limbs may cause massive skin necrosis (586,591). Skeletal trac-
tion usually is inadvisable because of problems with decubitus
ulcers and poor fixation in atrophic bone (586,591). However,
Drummond et al. (588) treated 9 of 18 patients with skeletal
traction without mention of failure or fixation.

Preventive measures include limiting cast immobilization
after reconstructive surgery (587,588). Solid side cushions may
prevent fractures that occur when patients catch their lower ex-
tremities in bed rails (600). The most important consideration
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Casting in neuromuscular fractures. A: A poly-
urethane foam short-leg cast is being placed on a patient. Two
long rectangular sheets of foam (arrows) are placed anteriorly
and posteriorly over the stockinette, and Webril padding is
wrapped around the foam. B: A long toe plate is needed to
prevent injury to the foot of the patient. C: A thick, protective
cuff of foam is formed by folding the polyurethane toward
the center of the cast with the stockinette (arrow). D: The We-
bril must be wrapped quite snugly to compress the foam
against the underlying extremity evenly (black arrow). Extra
foam is placed over the anterior ankle and over the Achilles
tendon to prevent proximal migration of the foot in the cast.
A plaster cast is usually applied and covered with a layer of
fiberglass for strength. A lateral x-ray verifies the position of
the heel in the cast (white arrow).
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A: This 6-year-old boy sustained a severe closed head
injury and left femur fracture when he was struck by a car. His femur
was shortened 4.cm. His involuntary movements made management in
traction very difficult. He was treated with retrograde titanium elastic
nailing. B: At 13 days, early callus is seen. He was standing with a brace.
C: At 3 months, AP and (D) lateral radiographs show a healed femur
fracture in anatomic alignment. Nails were removed 6 months later.
(From Flynn JM: Current treatment options for pediatric femur fractures.
U Penn Orthop J 1998;11:27-35; with permission.)



was noted by Norton and Foley (599) in 1959, when they stated
“the quality of bone developed by activity appears to be the best
protection against pathologic fractures,” and the orthopaedist
should assist these patients in maintaining the highest activity
level possible.

Physeal Fractures

Fracures of the physes in patients with myelomeningocele are
relatively uncommon, but for the unwary, the diagnosis can be
difficule. The clinical presentation may mimic infection, with
elevated temperature and swelling, redness, and local warmth at
the fracture site (601,602). Fractures of the proximal tibia may
be confused with septic arthritis of the knee, with swelling up
to the mid-thigh and limited knee flexion. Both the white blood
cell count and erythrocyte sedimentation rate are often elevated.
Immobilization of these injuries usually results in a dramatic
decrease in swelling and redness of the extremity within 2 to 3
days of casting. With healing, the x-ray picture can be alarming,
with epiphyseal plate widening, metaphyseal fracture, and peri-
osteal elevation (593). The radiographic differential diagnosis
should include osteomyelitis, sarcoma, leukemia, and Charcot’s
joint (601-603).

Recurrent trauma to the physis, from either continued walk-
ing or passive joint motion after injury, results in an exuberant
healing reaction (Fig. 6-58) (590). Repetitive trauma delays re-
sumption of normal endochondral ossification, resulting in ab-
normal thickening of the cartilage in the zone of hypertrophy
and the physeal widening seen on radiographs (Fig. 6-59) (603).
In a study of 19 chronic physeal fractures, Rodgers et al. (601)
compared MRI with histology and found that adjacent to this
thickened, disorganized zone of hypertrophy is juxtameraphyseal
fibrovascular rissue that enhances gadolinium on MRI. Delayed
union is common, and premature growth arrest occurs in 29%
to 55% of paticnts (597,603). Anschuetz et al. (582) reported
a unique syndrome in three patients with myelomeningocele
and fracrure. These children sustained fractures of the lower
extremities during long-term immobilization and with cast re-
moval went on to dramatic cardiopulmonary distress with in-
creased pulse rate, hypotension, and increased respiratory rate.
Fever also developed with decreased hematocric levels. They sug-
gested thar the etiology of this problem was loss of incravascular
volume into the fracture sites and recommended intravenous
replacement of fluid losses, along with careful splinting of associ-
ated fractures.

Physeal injuries in patients with myelomeningocele are more
difficult to trear chan metaphyseal or diaphyseal long bone frac-
tures and require lengthy immobilization with strict avoidance
of weight bearing to avoid destructive repetitive trauma to the
physis (590). Either a plaster cast or a snug-fitting total-contact
orthosis is suggested for immobilization, and union can be deter-
mined by return of the physis to normal widch on x-ray study
(603). Kumar et al. (595) emphasized that application of a long-
leg cast for 8 to 12 weeks is necessary to obrtain satisfactory
healing of physeal fractures of the tibia, and weight bearing is
to be avoided until union occurs.

. A: This 7-year-old boy with spina bifida presented with
a increasing swelling of the distal tibia. This lateral radiograph of the
entire tibia shows slight widening of the distal tibial physis with subtle
signs of posterior displacement of the distal tibial physis. There was a
high suspicion of a fracture, so the leg was treated with a well-padded
cast. B: This lateral radiograph, taken 2 months later, shows slight phy-
seal widening with extraordinary periosteal new bone formation.

Cast Technique

Immediate casting (588) and bivalved casting (591) have been
used for long-bone fractures in children with myelomeningocele.
A bilateral hip spica cast is suggested for supracondylar fractures
of the femur, because use of a one-and-a-half hip spica cast may
predispose the uninjured side to fracture (586). A bulky Webril
dressing approximately 1.5 ¢cm thick wrapped with an elastic
bandage can be used instead of a plaster or fiberglass cast. Lock
and Aronson (597) used Webril immobilization for an average
of 1 to 3 weeks in their patients with fractures and discontinued
immobilization when callus was visible. They found similar out-
comes in patients treated with Webril dressings and those treated
with casts; however, there was much less difficulty with pressure




This 11-year-old boy with L4 myelomeningocele presented with a warm, swollen right
ankle and no clear history of trauma. This AP radiograph of both ankles shows right distal tikial physeat
widening with adjacent sclerosis, consistent with a chronic physeal injury. The child was treated in a
well-padded, non-weight-bearing short-leg cast. He had complete resolution of symptoms when the

cast was removed 6 weeks [ater.

sores in the group treated with Webril dressings. Kumar et al.
(595) used a polyurethane padded long-leg posterior plascer
splint for metaphyseal and diaphyseal fractures for 3 weeks, fol-
lowed by bracing.

Drennan and Frechafer (586) recommend a well-padded cast
for 2 to 3 weeks for infants with fracture and braces or Webril
immobilization for incomplete fractures that followed surgery.
Injuries with deformity were placed in a cast. Mobilization was
begun as soon as practical to prevent further osteopenia—pa-
tients with shaft fractures began ambulation 2 weeks after injury.
Shortening was not a problem in their series. Lock and Aronson
(597) cautioned that brace treatment of acute fractures may
cause pressure sores. Drummond et al. (588) reported on 18
fractures treated by closed techniques that resulted in three mal-
unions, two shortenings, and two episodes of pressure sores; one
patient had four refractures. Drabu and Walker (585) noted a
mean loss of knee movement of 58 degrees in 67% of fractures
about the knee. The stiffness began 2 months after fracture and
was well established by 6 months but resolved almost completely
in all patients 3 years after injury. They suggested that aggressive
physical therapy to restore knee motion is probably not necessary
in these injuries.

Operative fixation of fractures in children with myelomeningo-
cele is associated with a high rate of infection (591). Wenger

et al. (603) reported that most patients with proximal femoral
epiphyseal displacement can be treated with hip spica casts. Re-
duction and pinning with subtrochanteric osteotomy may be
necessary in certain patients. Bailey-Dubow rods may be valuable
in multiple recurrent pathologic fractures of the femoral or tibial
shaft (596). If operative treatment is necessary, it should be noted
that the incidence of malignant hyperthermia seems to be higher
in patients with myelomeningocele than in other children (581).

Latex Allergy

Life-threatening anaphylactic reactions due to latex allergy in
children with myelomeningocele have been reported with in-
creasing frequency (584,597). Minor allergic reactions, such as
rash, edema, hives, and respiratory symptoms are common when
children with myelodysplasia are exposed to latex products such
as gloves, catheters, and balloons. Between 18% and 40% of
children with myelodysplasia are allergic to latex (589). Meero-
pol etal. (598) emphasized that every child with myelomeningo-
cele should be screened for latex allergy, and those with a positive
history should be evaluated individually by the anesthesiologist
for preoperative prophylaxis. Current preoperative prophylaxis
begins 24 hours before surgery and is continued for 24 hours
after surgery. Medications used include diphenhydramine, 1 mg/
kg every 6 hours (maximum 50 mg); methylprednisolone, [ mg/
kg every 6 hours (maximum 125 mg); and cimetidine, 5 mg/
kg every 6 howrs (maximum 300 mg). A latex-free environment
must also be provided throughout the hospitalization.
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In nonambulatory patients, mild malunion and shortening can
be tolerated, and stable or minimally angulated fractures can
be treated with either polyurethane splints or Webril dressings.
Fractures with significant deformity may require reduction and
immobilization in a cast heavily padded with polyurethane foam.
In children who walk, fractures should be carefully aligned with
heavily padded casts that allow continued protective weight bear-
ing, if possible. Hip spica casts may be necessary for femoral
shalt fractures. Fractures of the proximal femur should be treated
by immobilization and any later deformity corrected by osteot-
omy. Any patient considered for operative intervention should
be screened for latex allergy, and if needed, given appropriate
prophylaxis. Physeal fractures are treated with padded long-leg
casts and non—weight bearing. Long-term follow-up is encour-
aged for physeal injuries because of the risk of growth arrest.
Significant discrepancies can be addressed through contralaceral
epiphysiodesis or bridge resection.

Fractures of the lower extremity in children with Duchenne
muscular dystrophy must be managed so as not to cause prema-
ture loss of the ability to walk (609) or transfer (606). In patients
9 to 10 years old, increasing muscle weakness and joint con-
tractures contribtite to falls, and a loss of normal muscle bulk
and fat limit the cushioning on impact (608). Patients in lower
extremity braces seem to sustain few fractures in falls (609),
probably because the overlying orthoses provide some protection
(608). Patients confined to a wheelchair can fall because they
have poor sitting balance, and fractures are frequent because
these patients are more osteoporotic than ambulatory individuals
(608).

Concentric “osseous atrophy” occurs in the long bones of
patients with Duchenne muscular dystrophy; osteoporosis is also
common (604,607). Fractures are seldom displaced and are fre-
quently minimally painful because there is minimal muscle
spasm (608). Fractures tend to heal rapidly. The most commonly
fractured bone is the femur (Fig. 6-60) (605,606,608), followed
by the proximal humerus (608).

A: This T4-year-old nonambulatory boy with Du-
chenne muscular dystrophy crashed his wheelchair into the bumper
of a stationary car, sustaining a displaced subcapital femoral frac-
ture. This AP pelvis radiograph at the time of injury shows a dis-
placed fracture and marked osteopenia of the pelvis and proximal
femur. B: The fracture was treated by reduction and internal fixa-

tion with two cannulated screws.



There are two goals of fracture care in children with muscular
dystrophy: limb stability and maintenance of maximal function
during fracture healing. In ambularory patients, treatment meth-
ods should allow children to maintain the ability to walk as the
fracture heals. When ambulatory ability is tenuous, even minor
bruises or ankle sprains (609) may end walking ability. As lictle
as 1 week in a wheelchair can prematurely end ambulacion (609);
patients at bed rest for more than 2 weeks will likely lose the
ability to ambulate (606). Hsu (605) reported that 25% of am-
bulatory patients with muscular dystrophy lost the ability to
walk after sustaining fractures. In one of these patients, the ankle
was casted in 20 degrees of plantar flexion, and the resuldng
contracture prevented ambulation at the end of treatment.

Treatment of specific fractures should be individualized.
Upper extremity fractures can be treated with lightweight slings
(608). Lower extremity fractures can be treated with eicher light
walking casts or long-leg double upright braces (608,609).
Splines also can be used until the patients are pain free. Routine
activities are begun as soon as possible (605). Protected standing
and ambulation with physical therapy are crucial in maintaining
independent ambulation (609).

Hsu and Garcia-Ariz (606) reported on 20 femoral fractures
in 16 patients with muscular dystrophy. Six of the seven ambula-
tory patients were able to walk after treacment. In the nonambu-
latory patients in this series, most had supracondylar femoral
fractures (Fig. 6-61), which were splinted for 2 to 3 weeks, with
emphasis on physical therapy to maintain functional abilities.
Although union was achieved rapidly, hip and knee flexion con-
rractures often increased in these patients, and up to 20 degrees
of angulation of the fracture was routinely accepred. One partient

© . This 13-year-old nonambulatory boy with Duchenne
muscular dystrophy sustained this typical impacted, minimally displaced
distal femoral metaphyseal fracture when he fell from his wheelchair.
Note the marked periarticular osteopenia.

with slipped capital femoral epiphysis was treated successfully
with pinning i situ.

VA o

The first goal of fracture treatment in children with muscular
dystrophy is to avoid making matters worse. The patient should
be mobilized as soon as possible in a lightweight cast or orthosis.
Aggressive physical therapy should be used to maintain func-
tional status. In a very young child, mid-shaft femoral fractures

can be treated by traction and hip spica techniques, but in an
older patient, ambulatory cast bracing might be a betrer choice.

Arthrogryposis is a rare disorder with an incidence of 3 in 10,000
live births (614). In this disease, muscle fiber is lost in utero,
joint motion is limited during development, and taut ligaments
and capsular tightness result in joint stiffness. Dislocations can
occur with severe shortening of the involved muscles. Fractures
may occur in 25% of infants with arthrogryposis multiplex con-
genita (610). Boch difficule delivery and forceful manipulation
of the extremirties in these children can lead to fracture (610).
Diamond and Alegado (610) reported on 16 fractures in 9 in-
fants with arthrogryposis; an ipsilateral dislocated hip was pres-
entin 35% of patients. Most fractures involved the femur, with
the remainder mostly tibial fractures, one humeral fracture, and
one clavicular fracture. Epiphyseal separations occurred in the
proximal tibia, distal femur, and proximal humerus. Clinical
symptroms included poor feeding, irritability, and fussiness when
handled. The involved extremity was thickened, and there was
often an increased white blood cell count. Plain radiographs after
acute Injury, especially with epiphyseal separations, were not
helpful, and arthrography was used in one patient to evaluate a
distal femoral epiphyseal separation. With healing, these frac-
tures develop exuberant callus with rapid union, and ready re-
modeling of angulated mid-shaft fractures.

Short-term immobilization is adequate to treat undisplaced
fractures in these patients. Heavy plaster splints are not necessary
(612). Some authors (611) recommend closed reduction of
acutely displaced epiphyseal fractures and fractures with rotatory
malalignment. Postnacal fractures are most common in patients
with either knee contracture or dislocation of the hip, and post-
natal injury could possibly be reduced by avoidance of forceful
manipulation of these extremities. Older patients with lower
extremity contractures do not seem to have difficulty with pacho-
logic fractures (613).

Acute poliomyelitis has become a relatively rare disease in
most Western countries but occasionally occurs in children who
live in less developed countries. There are few reports in the
literature concerning fractures in patients with poliomyelitis.
Robin (612) reported 62 fractures in patients with poliomyelitis.
More than half were fractures of the femur, and 90% of those
injuries were supracondylar fractures. More than half of the frac-
tures occurred after cast immobilization, and joint stiffness also



was associated with a significant number of fractures. There were
no epiphyseal injuries in this series.

Treatment of these fractures is simple immobilization. Be-
cause most fractures have very little displacement, reduction is
seldom necessary; if there is preexisting deformicty, manual os-
teoclasis through the fracture site can be used to correct deformi-
ties. Robin (612) stressed that joint mobility must be obrained
before general mobilization of the patient to reduce the incidence
of fracture after plaster immobilization. He also emphasized that
fractures in these patients heal rapidly, and immobilization times
should be reduced accordingly, with walking or standing in casts
to decrease osteoporosis.

Fortunately, childhood spinal cord injury is rare, and reports of
pathologic fractures usually are included in larger series of pa-
tients with fractures and myelomeningocele because of the clini-
cal similarities in presentation (621,622). Fractures of the femur,
especially supracondylar fractures, are most common (619), but
ribial fractures also are common (619). In most patients, these
are pathologic fractures through osteoporotic bone. Children
may be much more susceptible to these fractures than adules.
Although fractures in paraplegics appear to heal rapidly with
abundant callus (619), animal experiments suggest that in dener-
vated limbs, the quality of the callus in fractures is compromised
(620). Children with traumatic peripheral nerve lesions may
have distal tibial physeal lesions similar to those in patients with
myelomeningocele, neuropathic arthropathy of the small joints
of the foort, and soft tissue ulcers (623).

Conservative treatment of fractures in patients with spinal
cord injury is most commonly recommended. Skin traction is
contraindicated because of the possibility of skin necrosis (618).
Comarr et al. (616) also use pillow sandbag splints and, for
certain fraccures, treat patients with a turning frame. Open re-
ducrion and internal fixation of these fractures is controversial.
The conservative techniques used for the treatment of similar
fractures in children with myelomeningocele might best be ap-
plied to fractures in children with traumatic paraplegia (617,
621,622).

Although crutch and brace ambulation in paraplegics report-
edly restores bone integrity (615), fractures continue to occur
through osteoporotic bone in children actively ambulating with
brace support (621). Some authors advocate light protective
braces (616), but Katz (621) suggested that continuous splinting
will worsen the disuse osteoporosis. He recommended careful
manipulation of the lower extremities when they are out of am-
bulatory braces to reduce the incidence of fracture. Robin (622)
emphasized that immobilization should be discontinued as soon
as possible after fracture healing. Patient activity should be lim-
ited until knee motion is restored.

\/

Heavily padded casts or splints are recommended for most lower
extremity fractures in children with traumatic paraplegia. Re-

turning to ambulation with protection by walking braces is per-
mitted once callus and joint motion are adequare. Every effort
should be made to restore the child’s prefraccure function. Mod-
erate malunion and shortening are acceptable in patients who
are nonambulatory. Operative treatment of such fractures should
be reserved for selected patients whose function would be signifi-
cantly compromised by less than anatomic reducdon.
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Child abuse is maltreatment of the child by either parents or
caretakers, and includes physical, sexual, and emotional abuse,
as well as emotional and physical neglect. The epidemic of child
abuse continues to worsen in the United States, with approxi-
mately 2.9 million reports now filed annually compared with
1.2 million in 1982 (151). The incidence of physical abuse na-
tionally is estimated to be 4.9 children per thousand, and one
of every 1,000 abused children die (76). In Texas alone, 50,746
children were confirmed victims of child abuse or neglect in
fiscal year 1995, with 101 deaths recorded (152). The types of
abuse these children were subjected to included physical abuse
in 31.5%, sexual abuse in 15.6%, emotional abuse in 6.8%,
abandonment in 2%, medical neglect in 4.7%, physical neglect
in 15.4%, and neglectful supervision in 40.3%. The minimal
annual cost of child abuse in the Unired States is estimared to

be 9 billion dollars (151). The long-term social costs of child
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abuse are impossible to estimate: one third of the victims of
child abuse grow up to be seriously inept, neglectful, or abusive
parents; one third are at high risk for eventually becoming abu-
sive parents; and only one third do not repeat the destructive
patterns they were exposed to as children (120). The orthopae-
dist becomes involved in the care of 30% to 50% of abused
children (2). Early recognition of these abused patients by the
orthopaedist is critical, because the children who are returned
to their homes after an unrecognized episode of child abuse have
a 25% risk of serious reinjury and a 5% risk of death (132).

In 1946, Caffey (28) described six infants with long bone frac-
tures, chronic subdural hematomas, and intraocular bleeding
withour a history of trauma to explain the injuries. Although
his work is often cited as che first report in the English literature
of child abuse, Caffey did not speculate about the etiology of
the children’s injuries. In 1953, Silverman (139) characterized
the unique metaphyseal fractures found in abused children in



the pediatric literature and clearly emphasized chat these were
due to nonaccidental trauma. Altman and Smich (8) in 1960
published the first series in the orthopaedic literature of injuries
caused by child abuse. General public awareness of child abuse
increascd with the 1962 publication of a report by Kempe et al.
(79) characterizing the problem as the battered child syndrome.
In 1974, Caffey introduced the term whiplash-shaken infant syn-
drome to the literature t emphasize the etiology of subdural
hematomas in infants caused by shaking episodes (29). In 1974,
Congress acknowledged the national importance of the preven-
tion of child abuse by the passage of the Child Abuse Prevention
and Treatment Act.

In assessing where abuse of children may occur, households in
turmoil from marital separation, job loss, divorce, family death,
housing difficulties, or money problems are more likely to have
abusive episodes (49). Families with two unplanned births are
2.8 times more likely to have an episode of child abuse than
families with no unplanned births (164). In these homes ac risk,
stepparents, babysitwers, boyfriends, relatives, and even larger
siblings frequently are abusers (1,69,121). The parents of bat-
tered children may themselves have been abused when they were
children (63). Parental substance abuse, whether alcohol or other
drugs, makes child abuse more likely (67). The risk of physical
child abuse is fivefold more likely with maternal cocaine use
(158). Young, unmarried mothers are more likely to have their
infants die from intentional injury, with a peak incidence of
10.5 intentional deaths per 10,000 live births in one study (136).
Violence in the home is not dirccied solely toward the child; in
one study {30) of families with substantiated child abuse, 30%
of the mothers had been battered. Although the youngest, poo-
rest, mostsocially isolaced and economically fruscrated caretakers
are the most likely to act violently roward cheir children (161),
any adule from any social or economic level may be guilty of

abusing a child (1).

THE CHILDREN AT RISK

Cerrtain children of all ages are more likely to experience abuse,
and younger children are particularly at risk. Most reported cases
of child abuse involve children younger than age 3 years (G1).
In one report (18) of child abuse 78% of all fractures reported
were in children less than 3 years of age and 50% of all fractures
occurred in children younger than 1 year of age. [nfancs younger
than 1 year are especially at risk for the most severe form of child
abuse: infant homicide (44,86). Wich severe shaking injuries by
caretakers, 30% of infants are disabled and another 30% die
(25). The problem probably is more widespread than suspected.
There is evidence to suggest that in the United Kingdom, 10%
to 20% of children diagnosed as having sudden infant death
syndrome may be intentional infant homicides (56). In one re-
port (131), covert video recordings of adults attending their
children who were hospitalized for suspicious illness docu-
mented 14 separate instances of caretaker attempts at upper air-

way obstruction. First-born children (18), premarture infants,
stepchildren, and handicapped children are at a greater risk for
child abuse (2). Benedict et al. (19), in a longitudinal study of
500 handicapped children followed from birch to age 10 years,
documented a 4.6% incidence of physical abuse. Surprisingly,
they found that the most severely involved children werc less
likely to be abused, whereas the marginally funcrioning children
were at greater tisk, with parencal frustration possibly being a
factor.

Children who are persistently presented by parents for medi-
cal assessment of vague illness and have a history of muldple
diagnostic or therapeutic procedures with unclear outcome are
at risk for having a form of child abuse known as Munchausen’s
syndrome by proxy (14,111). Munchausen’s syndrome is named
for Baron von Munchausen, an 18th century mercenary whose
exaggerated tales of adventure were viewed with greac suspicion.
Asher, in 1951, described Munchausen’s syndrome in adults
who presented with apparent acute illness accompanied by dra-
matic, untruthful medical histories to gain attention (14). In
Munchausen’s syndrome by proxy, children become the victims
of this adult behavior when parents with a misguided sense of
purpose fabricate a wide range of childhood illnesses for their
children, often subjecting them to needless diagnostic work-ups
and treatment (111). Symproms of the child’s “illness” are based
on an imaginary medical history given by the parent, with signs
of the illness eicher simulated or induced by the parent. For
example, a child may be brought into the emergency room by
a parent with a complaint of vomiting. In Munchausen’s syn-
drome by proxy, this complaint may either be a total fabrication
by the parent or the parent may simulate the complaint by pro-
ducing “vomitus” from some source as proof of the illness. In
the most abusive of situations, the parent induces vomiting in
the child by the administration of salt (110) or ipecac. Over half
of reported cases of Munchausen’s syndrome by proxy involve
induced symptoms, whereas another 25% involve a combination
of both simulation and induction of symptoms (21).The bio-
logic mother is almost always the perpetrator of this pattern of
abuse and often has a medical background: 35% to 45% are
nurses, 5% are medical office workers, 3% are social workers,
and 1% are orderlies (129). Extreme examples of this syndrome
include a rodenticide-induced coagulopathy in a two-year-old
child (16), a deliberate self-induced preterm delivery (62), and
chronic illicit insulin administration to a 1-year-old child by
the caretaker (111). The perpetrator of the child’s illness denies
knowledge of its etiology, but the acute signs and symptoms of
the child’s illness in Munchausen’s syndrome by proxy will re-
solve if the syndrome is recognized and the child is separated
from the parent (129). Failure to diagnose this condition places
a child ac risk for either scrious long-term sequelac or death in
approximately 9% of cases.

Bizarre forms of child abuse may cause a confusing illness or
injury. There are reports of young children forced to aspirate
pepper, of intentional burns of infants by placing them in micro-
wave ovens (7), of children denied water who developed hyper-
natremic dehydration, and of infants poisoned with cocaine
given to them by caretakers (126). A high index of suspicion is
needed to avoid missing the diagnosis of nonaccidental trauma
in these situacions.



Although the orchopaedist usually considers child abuse in the
context of fractures and other obvious injuries, an increasingly
imporrant aspect of child abuse to recognize is sexual abuse. It
is estimated that 25% of abused or neglected children have been
sexually abused (96). Physically abused children have a 1:6
chance of being sexually abused, whereas sexually abused chil-
dren have a 1:7 risk of being physically abuse (70). Children
living with nonbiologic parents or with caretakers who are sub-
stance abusers are most at risk. The child usually discloses sexual
abuse under three types of circumstances: The child may have
just experienced an argument with the abuser and may “acciden-
tally” reveal the existence of the abusive relationship, the child
is permanently separated from the abuser, or the abusive adult
is shifting attention to a younger sibling (160). The incidence
of sexual abuse of handicapped parients has been estimated as
ranging from 25% to 83%, with handicapped males being more
likely to be sexually abused than nonhandicapped males in the
general population (148). Both sexual and physical abuse may be
assoclated with cults, which may be identified by their symbols.
Satanic cults may use a pentagram (an encircled five-pointed
star with an inverted apex), the eye of Horus (an eye within a
triangle), or various symbols that modify a cross, and the middle
or lictle finger of the left hand may be painted black (76). Sadistic
ritual abuse has been reported in preschool and elementary

school children (162).

The hiscory is critical in the diagnosis of child abuse. It usually
is taken in the chaotic environment of a busy emergency room,
so it is important to find a quiet area for the interview where
tempers can cool and distractions can be minimized. In addition
to taking a thorough history with regard to the mechanism of
injury, the orthopaedist must question the patient and the family
in an investigative fashion to establish accurately the circum-
stances of the injury and the environment in which the child
lives. These skills are seldom taught in residency training. In a
survey of pediatric residents (48), 42% of them had 1 hour or
less in training for detection of child abuse and most orthopaedic
residents likely have even less training in this area. The extensive
history needed to detect child abuse is termed the investigative
interview. It begins with documenting the history (or the lack of
history) of the injury and, more importantly, goes on to uncover
enough details about the child’s life so that plausible scenarios
can be created to explain the injury. A full physical examination
and skeletal survey should precede this interview to search for
any possible evidence of additional undocumented child abuse.
The orthopaedist must become both social worker and detective,
calmly and methodically establishing how the injured child lives;
finding out which family members, friends, or other caretakers
have access to the child; and how likely it is that they might
have contributed to the child’s injuries. A detailed history of
injury is obtained individually from each adulc family member
in a private secting. If the patient and siblings can communicate,

they should be interviewed separately from the parents and other
members of the family.

Once a full injury physical and radiographic assessment of the
child is complete, the investigative interview is begun by asking
the primary caregiver in a nonjudgmental way how the child
was acutely injured. To avoid provoking emotions, any addi-
tional soft tissue or skeletal trauma discovered should be brought
up at the end of the interview for explanation once the presenta-
tion injury has been thoroughly discussed. Fach investigative
interview should follow a systematic review of symptoms: what
happened, who was there, when was the injury recognized, and
how long before medical treatment was sought. Inconsistencies
are not challenged. Leading questions are avoided in favor of
open-end questions. Medical terms should be explained in plain
English, with care taken to avoid medical jargon. More plausible
explanations for the injury are not volunteered. The place where
the injury occurred and which individuals who were actually
present is determined. Leading questions should be avoided:
Never ask who caused the injury, but rather ask whar they saw
or what they think happened. Exactly who discovered the injury
and how soon the child received medical care after onset of
symptoms are established. Delays in seeking medical care for an
injured child are very suggestive of child abuse (49). The crucial
questions to be answered are not only whether the given history
of trauma is sufficient to explain the severity of injury but what
other possible scenarios could explain the injury if the volun-
teered explanation is not plausible. This requires acquiring a
working knowledge of the child’s environment, which can be
obrained by asking specific, detailed questions (Table 7-1).
When interviewing injured children, it is essential to be as
gentle as possible, asking how they got hurt rather than who
hurt them. Any question asked should be appropriate for the
child’s age. The child’s account of what he or she was doing at
time of injury should be compared with the accounts of the adulc
witnesses. If possible, the siblings of the injured child should be
interviewed because they also are at risk for child abuse. Nonvi-
sual clues during the interview also may be helpful (Table 7-1).
To make the diagnosis of child abuse, the orthopaedist must
make one crucial decision: s the history of trauma adequate to
explain the severity of injury? That decision should be based
on experience in the care of fractures with knowledge of cheir
mechanisms of injury and special insight into the types of trauma
most likely to cause significant injury. In addition, ic is also
extremely important to have knowledge of the developmental
abilities of a child when a caretaker states the child’s injuries are
self-inflicted (76). It is patently absurd for the parents to explain
char an infant’s femoral fracture occurred in a fall while the
infant was standing alone when the infant is too young to even
roll over. Derails of the accident given as the reason of the injury
should be carefully considered. Although it is not unusual for
a young child to sustain an accidental fall, ic is unusual to sustain
a serious injury from thar fall alone. Infancs fall from a bed or
a raised surface during a diaper change fairly frequently. In a
study of 536 normal infants (95), nearly 50% of them had fallen
accidentally from an elevated surface, usually after the first 5



m Primary caretakers
Unsupervised
Responsible for feeding, discipline, toilet training
Easy or difficult child
m Home environment
Place of residence
Living conditions
Adults employed or unemployed
Sleeping arrangements
Marital status of parents
Boyfriend or girlfriend of single parent
Substance abuse
m Home stress level
Recent job loss
Marital problems (separation or divorce)
Death in the family
Housing problems
Inadequate funds for food

Evasive, not readily responsive to guestions

Irritated by questioning

Contradictory in responses

Hostile and critical toward child

Fearful of losing child or criminal prosecution, or both
Unconcerned about child’s injuries

Disinterested in treatment and prognosis

Intermittently unavailable forinterview (without valid reason)
Unwilling to give medical information

Unwilling to give consent for tests

Indifferent to child’s:suffering (seldom touches or looks at
child)

(Select data from Akbarnia BA. The role of the orthopaedic
surgeon in child abuse. In: Morrissy PM, (ed.) Lowell and Winter’s
pediatric orthopaedic. Philadelphia: JB Lippincott, 1990; and Green
FC: Child abuse and neglect: a priority problem for the private
physician. Pediatr Clin North Am 1975;22:329-339; with
permission.)

months of life, when the children were able to roll over and pull
themselves up. Significant injury after such falls is, however,
extremely rare. Combining two studies (68,94) of 782 children
younger than 5 years of age who accidentally fell off an elevated
surface, such as bed or sofa, injuries were limited to three clavicu-
lar fractures, six skull fractures, one humeral fracture, and one
subdural hematoma. More injuries occur in falls from greater
heights. In a report (75) of 363 stairway injuries, 10 were in
infants who fell with their caretaker while being carried on stair-
ways, and four of those sustained skull fractures. In patients aged
6 months to 1 year, 60% were using walkers at time of injury.
Only 4% of patients had extremity fractures, and 1% had skull
fractures. Abrasions and contusions were present in 55% of pa-
tients, whereas 26% had lacerations. In anocher study (116) of
76 children who had fallen from a bed, a crib, or a chair (esti-
mated height 1 to 3 feet), while in the hospital for other illness,
18% had scalp or facial hematomas and 12% had lacerations

about the head. There was only one nondisplaced skull fraccure
and one Jong bone fracture in a patient with osteogenesis imper-
fecta.

Additional important information abour the child and the
family may be obrained by a review of past medical records or
by contacting social workers who may have been involved with
the family. Conferring with the family’s primary health care
provider also may be extremely helpful. A medical release from
the family is necessary before these sources of informarion can
be explored (49). The physician or social worker should be asked
if there have been prior concerns regarding abuse or neglect;
whether chere has been a suspicious pattern of injury, illness,
ingestion of objects, or medications or noncompliance with
health care recommendations; whether the family is recciving
counseling or other support from any community groups; and
whether the family has any previous involvement wich child
protective services or the police (49).

Careful documentation is critical. Chart notes may lacer be
needed in courtas evidence for either custodial hearings or crimi-
nal trial (101), and defending inaccurate or partial charc notes
in court can be extremely embarrassing. Each account should
be recorded in as much detail as possible, using quotation marks
for exact quotes and specifying who is giving the history. Particu-
larly with crucial answers, the exact question preceding the re-
sponse should be documented. In addition, the general emo-
tional state of the individual providing the account, as well as the
individual’s reaction to emotionally charged questions should be
documented to assist in later evaluation of the credibility of the
account. If the family wishes to change their story after the initial
account, no changes should be made to the eatlier record, but
an addendum should be placed detailing the new account. The
completed record should include several specific items (Table
7-2). If child protective services recommends emergency transfer
of custody of the child to a foster home or a shelter, then the
orthopaedist should summarize chart documentation in a sepa-
rate notarized narrative, which is preferred by most courts.

Mechanism of injury
Family social history
Past medical history
Family history of diseases such as osteogenesis imperfecta or
other metabolic disease
Physical examination findings (positive and negative)
X-ray findings
Laboratory results
Photographs of soft tissue injuries
Results of consultations
Diagnosis of child abuse
Teatment recommendations
Acute injuries
Investigation by child protective services




After the inital musculoskeletal evaluation for acute fracture
assessment, an extremely thorough physical examination of the
patient should follow, systematically going from the head ro the
toes, to detect any signs of additional acute or chronic injury.
Additional acute fractures may cause local tenderness and swell-
ing, whereas chronic fractures may produce swelling from the
presence of callus and clinical deformity from malunion. Specific
radiographs should detect clinical fractures, with skeletal surveys
showing most occult fractures. Other body areas commonly in-
volved in child abuse include the central nervous system, the
skin, the abdomen, and the genitalia. These areas should be
carefully evaluated for signs of acute and especially chronic in-
jury, because 50% of verified abuse cases show evidence of prior

abuse (63).

Head injuries are the leading cause of death in child abuse (21).
When an infant with musculoskeletal injury presents with al-
tered mental status, whiplash-shaken infant syndrome should
be suspected. Violent shaking of a small child whiplashes the
relatively large head back and forth over the thorax with possible
development of subdural hematomas (Fig. 7-1). Some authors
(50) believe these head injuries actually occur when the child’s

Violent shaking of a small child held by the chest whi-
plashes the head back and forth over the thorax, with the possible
development of subdural hematomas as well as rib fractures. Infants
held by the extremities are also at risk for long bone fracture.

head is slammed onto a soft surface such as a martress. On
impact, deceleration forces approaching 400 Gs may be seen,
tearing the bridging vessels between the skull and the brain, and
producing intracranial hemorrhage and cerebral edema. Skull
fractures, though, are rare unless the child is thrown onto a hard
object. Simple linear skull fractures usually are due to a fall of
less that 4 feet and may be accidental, but complex skull fractures
without a history of significant trauma, including comminuted,
diastatic (separated sutures), displaced fractures, and fractures
crossing suture lines, are suspicious for abuse (21). Children
with head injuries caused by direct impact trauma are described
as having shaken impact syndrome (50). Children with head
injuries have fevers, bulging fontanelles, and sometimes enlarge-
ment of the head. A pattern of paresis may be present, and
reflexes may be increased (29). Skull fractures generally are un-
common, and either ultrasound or computed tomography (CT)
scans are used to diagnose subdural hemaromas. Cerebral edema
may be lethal (37), and emergency neurosurgical consultation
is needed. Funduscopic examination by an ophthalmologist is
indicated because concurrent retinal hemorrhage is common
(29). The examiner should be aware, however, that retinal hem-
orrhages due to normal vaginal birth are present in 40% of
newborns, but these injuries resolve by 3 to 4 weeks of age (53).
Shaken baby syndrome has a high mortality rate: Thiry percent
of infants die of cheir injuries (25).

Fatal cerebral injury also occurs in the abusive tin ear syn-
drome: a clinical triad of unilateral ear bruising, CT scan evi-
dence of ipsilateral cerebral edema, and hemorrhagic retinopa-
thy, with a 100% mortality rate in one series (66).

Spinal fractures occur in child abuse when a child is forcibly
slammed onto a countertop with hyperflexion of the spine (1).
Although neurologic deficit with chis type of injury is uncom-
mon (41), children should be carefully evaluated for signs of
spinal cord injury secondary to spinal fracture when abuse is
suspected.

In addition to examination of the soft tissue around the acure
fracture site for swelling and bruising, the patient’s entire body
should be carefully and systematically evaluated to derect acute
and chronic soft tissue trauma. Deliberate soft tissue injuries are
present in 81% to 92% of abused patients (61,109). The types
of skin lesions commonly encountered in child abuse include
ecchymosis, welts, abrasions, lacerations, scars, and burns.
The typical toddler often has multiple bruises over bony
prominences such as cthe chin, brow, knees, and the shins (I,
132). Bruises on the back of the head, neck (1), buttocks, abdo-
men, legs, arms, cheeks, or genitalia may be suspicious for abuse,
although accidental bruises can occur in all cthese locations (132).
Accidental bruising of the head or face, though, is much less
common. In a study of 400 nonabused children, Robertson
(128) found an overall incidence of just 7% for accidental soft
tissue injuries of the face and head, with the peak incidence of
17% seen in to